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A B S T R A C T . The pattern of solar magnetic fields has been used as a tracer to determine how the 
sun's rotation rate varies with latitude and time. Two distinctly different rotation laws emerge from 
such an analysis, one agreeing with the surface Doppler rotation rate, the other corresponding to 
much more rigid rotation with a small polar spin-up. Detailed analysis shows that this second law 
cannot be explained in terms of flux redistribution on the solar surface, but that it represents the 
rotation properties of the sources of magnetic flux, which are likely to be located at the bottom of 
the convection zone. 

The rotational phase velocity of the source pattern is found to be constant with time, which 
suggests that the depth at which the magnetic flux is stored and amplified inside the sun does not 
vary with the solar cycle, and that the phase velocity also represents the plasma velocity. 

1. T h e T w o D i f f e r e n t i a l R o t a t i o n L a w s for t h e M a g n e t i c F i e l d P a t t e r n 

We have long been used to the "peaceful coexistence" of various rotation laws on the sun: 
The determined angular velocity of rotation and its variation with latitude is different for 
different tracers used, like sunspots, prominences, or coronal holes, and also differs from the 
rotation rate determined from the Doppler shifts of spectral lines (cf. Van Tend and Zwaan, 
1976). It is surprising, however, that the pattern phase velocity of photospheric magnetic 
fields is also found to be greatly different when different types of correlation analyses are 
carried out. 

This is illustrated in Figure 1. The solid line shows the synodic rotation period determined 
by Snodgrass (1983) from a cross-correlation analysis of daily Mt Wilson magnetograms. It 
agrees well with the Doppler rate (dashed-dotted line) of Howard et al. (1983). In striking 
contrast is the pattern rotation rate determined from an autocorrelation analysis of Mt 
Wilson - Kitt Peak synoptic magnetic field data over a 26 yr period (Stenflo, 1989). It is 
given by the four types of symbols in Figure 1, which refer to the four different autocorrelation 
peaks (with lags from 1 to 4 solar rotation periods) used. While the Snodgrass (1983) rotation 
law exhibits a steep latitude dependence, with a rotation period of about 38 days near the 
poles, the autocorrelation results give a rotation period that reaches a maximum of 29-30 
days at a latitude of 50-55°, with a tendency for a small polar spin-up. 

This huge discrepancy between a quasi-rigid and a steep differential rotation cannot be 

309 

/. O. Stenflo (ed.), Solar Photosphere: Structure, Convection, and Magnetic Fields, 309-314. 
©1990 by the IAU. 

https://doi.org/10.1017/S0074180900044260 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900044260


310 

40 

F i g . 1 . Differential rotation of the 
sun's magnetic field pattern. The sym-
bols (circles, stars, pluses, crosses) repre-
sent the autocorrelation results of Stenflo 
(1989), indicating a quasi-rigid rotation 
law with a small polar spin-up. The solid 
curve represents the cross-correlation re-
sults of Snodgrass (1983), which are in 
good agreement with the Doppler results 
(dashed-dotted curve), from Howard et 
al. (1983). 
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explained in t e rms of any stat is t ical errors or art ifacts . It also cannot be explained by 
variat ions wi th t ime of the solar ro ta t ion , since a detailed analysis (see below) shows t h a t 
t he quasi-rigid ro ta t ion law is t ime invariant over the 26 yr period to a high degree of accuracy, 
and Snodgrass (1983) also finds his s teep differential law to be t ime invariant ( fur thermore 
t he 15 yr period he used is covered by our 26 yr per iod) . Both analyses are based on Mt 
Wilson daily magne tograms (for the autocorrela t ion analysis supplemented by Ki t t Peak 
magne tograms from 1976 onwards) . 

2 . R e g e n e r a t i o n v s . R e d i s t r i b u t i o n o f M a g n e t i c F l u x 

T h e coexistence of these two entirely different ro ta t ion laws cannot be explained in t e rms 
of flux redis t r ibut ion on the solar surface, which otherwise in principle could cause large 
differences between the p lasma velocity and the pa t t e rn phase velocity. T h e most general 
and e labora te flux redis t r ibut ion model is due t o Sheeley et al . (1987). It shows, b o t h ana-
lytically and in par t icular by numerical s imulat ion, how a quasi-rigid p a t t e r n phase velocity 
can develop from a steeply differential p lasma velocity by flux redis t r ibut ion processes, like 
tu rbu len t diffusion and meridional circulation. T h e reason why any such model completely 
fails t o explain the coexistence of t he two rota t ion laws is t h a t if i t is used t o explain a 
quasi-rigid ro ta t ion law for t he autocorre la t ion analysis, it also predicts practically the same 
quasi-rigid law if Snodgrass (1983) cross-correlation analysis is applied, in s t r iking contras t 
with t h e s teep l a t i tude dependence t h a t he found. This conclusion follows b o t h from the 
numerical s imulat ions and the analyt ical expressions of such a general redis t r ibut ion model . 

Snodgrass (1983) analyses t he longi tude variation of t he magnet ic field in daily magne-
tograms , and determines by cross-correlation how the field p a t t e r n is displaced in longi tude 
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t h rough comparison of magne tograms separa ted in t ime by 1-4 days . His spat ia l resolution 
is abou t one min of a rc . No individual flux features are identified, bu t t h e p a t t e r n itself is 
used as a t racer for t he ro ta t ion . It is therefore surprising t h a t t h e p a t t e r n phase velocity 
obta ined agrees so closely wi th the p lasma velocity obta ined from Doppler measurements , in 
contradict ion with redis t r ibut ion models like t h a t of Sheeley et al . (1987). 

T h e autocorre la t ion analysis on t he other hand has been based on synopt ic d a t a sampled 
a t the central mer idian in daily magne tograms . This results in a 26 yr t ime series for each 
of the 30 l a t i tude zones. As the sun ro ta tes , t he pa t t e rn recurs a t t h e centra l mer id ian after 
an integer number of ro ta t ion periods, result ing in well-defined peaks in t he autocorre la t ion 
functions a t lags of an integer number of ro ta t ions . T h e precise lag a t which these peaks 
occur gives t h e ro ta t ion period for t he different l a t i tudes . No significant dependence of t he 
ro ta t ion period with peak number is found. 

T h e basic difference between the cross-correlation and autocorre la t ion m e t h o d s is thus 
the t ime scales involved. In the cross-correlation analysis lags of 1-4 days are used, in the 
autocorre la t ion analysis 27 days or more . T h e reason why flux redis t r ibut ion models fail 
is t h a t they implicitly assume tha t t he magnet ic flux t h a t we see in magne tograms a t any 
given t ime is domina ted by old flux t h a t has been around a t the solar surface for a long t ime 
(many solar ro ta t ions) , and is only shuffled around on the surface. In this p ic ture it does 
not m a t t e r if t he correlation analysis uses a lag of 27 days or 1 day; approximate ly the same 
p a t t e r n phase velocity of the old magnet ic fluxes will be picked up in b o t h cases. 

To explain the simultaneous coexistence of the two rota t ion laws we are therefore forced 
to in t roduce t he requirement tha t the magnetic-field pa t t e rn is regenerated over a t ime scale 
t h a t is shor ter t h a n 27 clays bu t longer t h a n 4 days. Such an extremely short pa t t e rn tu rn-
over t ime is indicated by video magne tograph observations of flux emergence and cancellation 
rates (cf. Mar t in , 1989). T h e pa t t e rn t h a t recurs at the central mer idian after one or more 
solar ro ta t ions then does not consist of the same magnet ic fluxes, bu t of new, recently emerged 
fluxes. Th i s p ic ture is reminiscent of the old concept of active longi tudes . T h e ro ta t ion ra te 
derived from the autocorrela t ion analysis is then not characteris t ic of t he p a t t e r n phase 
velocity in the photosphere , bu t of the pa t t e rn phase velocity in t he source region inside the 
sun, from which new flux is constant ly being "emi t ted" t o t he surface. 

3 . T i m e I n v a r i a n c e o f t h e Q u a s i - r i g i d R o t a t i o n L a w 

Next we want to identify t he source region and constrain i ts propert ies by de termining the 
possible t ime variat ions in the phase velocity of the synoptic magnet ic field p a t t e r n . Such 
variat ions could arise due to the following causes: 
- T h e dep th dis t r ibut ion of the sources inside the sun varies with t he solar cycle ( and t h e 

angular velocity varies with dep th ) . 
- T h e phase velocity in the source region may differ from the p la sma velocity the re , and 

this difference, being determined by some dynamo wave, may be expected t o vary with 
the solar cycle ( t he evolution of the d y n a m o ) . 

- The re may be torsional oscillations in the source region. 
- T h e connection between the source and the emergence a t the surface may no t be str ict ly 

in the radial direction, bu t the p a t h may be curved, connecting different l a t i tudes . In this 
case the l a t i tude migrat ion of the sources may cause variations in the observed ro ta t ion 
ra te . 

- We may have overlooked some effect of flux redis t r ibut ion of old flux a t t he surface. In this 
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case, however, since it is the low-lat i tude active regions t ha t would be t he main "source" of 
t he high- la t i tude flux, and since this "source" migrates in l a t i tude and varies in ampl i tude 
with the cycle, t ime variations in t he determined phase velocity would be expected . 
As we will see below, however, our analysis shows t h a t the ro ta t ion r a t e is cons tan t , with 

very t ight l imits on the possible t ime variat ion. Th i s severely constrains or par t ly rules out 
t h e above possibilities, and allows us t o make ra the r far-reaching conclusions concerning the 
dis t r ibut ion of magnet ic fields and angular velocity inside the sun. 

To search for possible t ime variations in the phase velocity of t he magnetic-field p a t t e r n , 
t h e 26 yr t ime series has been divided into 21 shorter per iods, each 16 Carr ing ton periods 
(16 X 27.2753 days « 1 . 2 yr ) long. As there are 30 l a t i tude zones, the re are 21 χ 30 = 630 
t ime series t o analyse. For each t ime series a power spec t rum has been computed . T h e sun ' s 
ro ta t ion shows up in t he form of power spec t rum peaks a t frequencies t h a t are an integer 
mult iple m of t he ro ta t ion frequency ( the inverse of t he synodic ro ta t ion per iod) , m = 1 
corresponds t o a sine wave with a wavelength equal to the ro ta t ion period, m = 2 to the 
second ha rmonic , e tc . T h e frequency of each peak defines a ro ta t ion period of the p a t t e r n . 

In Figure 2 we i l lus t ra te six of the 630 power spect ra , for six different la t i tudes in t he 
southern hemisphere and selected t ime periods (numbered from 1 t o 21). T h e frequency is 
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F i g . 2 . Power spectra for se-
lected latitude zones and time pe-
riods. VQ is the Carrington fre-
quency. 
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given in uni t s of t h e Carr ington frequency (1/27.2753 d a y s " 1 ) . Near the poles the peaks 
with t h e smallest m numbers (representing t h e large-scale s t ruc tures ) domina te , while a t 
lower la t i tudes t he power is shifted to the higher harmonics (smaller scales). 

T h e ou tcome of this analysis is t h a t no significant variations of t h e ro ta t ion ra te with t he 
solar cycle is found, within the numerical error bars . For each power spec t rum from which 
a well-defined rota t ion ra te can be derived ( the majori ty of the power spec t r a ) , t h e ro ta t ion 
ra te is found t o agree with t he quasi-rigid rota t ion r a t e given by the global autocorre la t ion 
resul ts . To suppress the apparent ly random fluctuations around this mean ro ta t ion ra te 
t o t ry t o br ing ou t any possible solar cycle variat ions, we have averaged the corresponding 
la t i tudes in the nor th and south hemispheres and applied a 3.7 yr smooth ing t ime window, 
t o filter out the fluctuations with periods much shorter than the cycle period. No sys temat ic , 
cycle-dependent pa t t e rn in the deviations Δα; from the mean sidereal angular velocity ω is 
found. Also "moda l cleaning" (Stenflo, 1988) by harmonic decomposi t ion of t he unsmoothed 
Δα; pa t t e rn fails t o reveal an underlying solar-cycle pa t t e rn . 
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F i g . 3 . Open circles in the left diagram: Rms fluctuations of the angular velocity ω around the 
mean value (the quasi-rigid rotation law), expressed in percent. Right diagram: The rms fluctuations 
converted to linear velocity (m s""1), assuming that the observed pattern phase velocity refers to 
the bottom (solid line) or the top (dashed line) of the convection zone. Left diagram, solid line: 
The difference between the angular velocities of Snodgrass (1983) and the autocorrelation results, 
expressed in percent. 

Figure 3 shows t h a t the rms fluctuations of t he smoothed ω values are & 0.3 % , or £ 4 
m s""1 a t lower la t i tudes , bu t increases t o 2-3 % (10-20 m s " 1 ) a t higher l a t i tudes (where t he 
a m o u n t of magnet ic flux and thus t he signal-to-noise ra t io is smaller) . Whi le these numbers 
represent rms fluctuations a round a mean level, t he systematic deviat ion of t h e Snodgrass 
curve readies as much as 20 % at the poles. 

Our values for the rms fluctuations can be regarded as one-sigma upper l imits t o possible 
solar-cycle variat ions of the pa t t e rn phase velocity of the sources of magnet ic flux in t he solar 
interior . These very low upper l imits suggest t h a t the dep th dis t r ibut ion of t he sources does 
not vary much with the solar cycle, otherwise the dep th variation of t he angular velocity 
would show up as a t ime variat ion in t he pa t t e rn phase velocity. Th i s speaks in favour of 
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flux s torage a t the b o t t o m of the convection zone with the d y n a m o opera t ing the re , r a the r 
t h a n being d is t r ibuted within the convection zone, in agreement with theoret ical a rguments 
by a number of au thors (e.g. Spiegel and Weiss, 1980; DeLuca, 1987; Schüssler, 1987). 

T h e absence of significant t ime variations also seems to favour the view t h a t the p a t t e r n 
phase velocity closely represents t he p lasma velocity in the source region, since one would 
expect a difference generated by a dynamo wave to vary with the phase of the solar cycle, 
which does not seem to be the case. Our upper l imits are also similar in magn i tude or 
smaller t h a n t h e ampl i tudes of the "torsional oscillations" of the observed surface Doppler 
velocities (Howard and LaBonte , 1980; LaBonte and Howard, 1982). Torsional oscillations in 
t he source region (a t t he b o t t o m of t he convection zone) , if they exist a t all, should therefore 
be smaller t h a n these l imits . 

T h e r e are thus good reasons why the quasi-rigid rotat ion law should represent t h e p la sma 
velocity near t h e base of the convection zone, while the Snodgrass law represents t he p lasma 
velocity a t t he top of the convection zone. Th i s appears to be consistent wi th t he results 
of helioseismology. Interpolat ing between the top and b o t t o m of the convection zone we 
ob ta in isocontours for the angular velocity which are very similar t o the theoretical ly derived 
contours in Fig. 2 of Rüdiger and Tuominen (1989). 
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