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DIFFERENTIAL ROTATION OF SOLAR FEATURES AND ITS VARIATION AS
DEDUCED FROM THE ‘SHOCK-TRANSITION MODEL' OF THE SOLAR CYCLE

M. H. GOKHALE

ABBTRACT

From the topalogy of tha two famlifes of fiux tubss in the shock-transition model of the soles oycle we piediol
the genars) naturs of the differsntlal roistlan of i (1) sunspols and {he smnall agsle emission fostures in aatlve roglone
and (I} tha lasge scals magnatla and samisslon [eaturea whioh have major contribulions lrem tha qulel regiona, From
tha sxpactad verlatlon of the proportion In which the twe flux tube famllles would eontribute to 1ho relovent date wa
also prediot (he manner in which tha differsmiial rotstlon of fastures In theso oategories wHl vary wiih the soler
aycle, Theas predictions are found to be In good agreament with the so far obamivad ratmilon oharaciorisilca of
vailous featurss In ssoh category. Tha aigallloanca of this agreement s dlacusasd. Dlrections tar futther thaoratl-

cal and obamvatlons! sjudien are suggasted,

Koy words :

1. latreductlon

It I8 well known that all solar magnetic features,
axcapt some of those In high latltudes, rotatse faster
than the photospheric plasma {e.g summarty of ob-
sorved rotatlon ratea InVan Tend and Zwaan, 1976).
Such a faster rotatlon must be Imposed on tham by
the rotatlon of plasma In thelarge dasptha. Therefore,
the magnetic fleld lines must be conocantrated In
strong structuras [Ike flux tubes and/or thelr olustsrs,
and the magnatlc rigldity of thaas strusturea mustbe
Increes!ng with depth. This wlll enabie thelr despar
portlons to drag the uppar portlone ehead of the
surrounding plasma {s.g. Stenflo, 1974). If theas
baelc condltions sre satlafled then the rotetlon of &
phetospherlc Interasctlon of a glven flux tube will
depend upon the '‘maximum depth'’ reached along
that flux tube bafors rssching ths nsxt Interssoction.
Owing to the Inertlal and magnatic forces In the flux
tube and the frictional forces at all the psnetrated
depths, the photaspherlc Interssction may not
neoeaserlly rotate at the samae rate s the plagma at
the ‘maxlmum depth’. However, aince the mass
dendlty Inside as well aa outslde the flux tube will
generally Increase with depth, the rotation of the
photoapharlc Interssction will be ultimately cont roliad
by the rotetlon of the plasma at the *'maximum dapth™,

solar oyole—aolar magnetio Helda—sdlar rotation

The ’'shock-tranaition maodal’ of the solar
magnatlc cycle [s conelatant with tha aforamentionad
bagla aondltlone In that for sach 1t-yeer oycle of
aativity It provides magnatic flelds In the form of
flux tubes end thelr clusters which are atronger at
!prgar depths. For each activity cycle It prevides
two topologically distinct sets of fiux tube clustora !
the ‘R’ famlly and the 'S' famlly (Gokhale, 1978).

In the next sectlon we summarize the model and
from the topology of the two flux tube familles wo
derlva cartaln relatlons betwean the 'meaxImum depths’
reached along flux tubes of elther famlly starting
from observable magnstlc end smisslon featuses st
different latltudes. From thls wa predict the nature
of the ""rotatlon curves” (ourves represanting tha
differentlal rotetion) for features glvan by olther
family separately and aigo for those features to which
both famllles contrlbute. From the solar cyala
veriations of the topologles of the two famllies and
from the varlatlon of thelr relative oontrlbution to
the relevant data, we pradict the nature of varlatlon
of the rotatlon curves with the solar aycle.

In Sectlon 3 we compare the prediotions with
the observed rotatlon curves for various typos of
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magnetlc and amlsslon features and thelr varlation
with the soler cycle. We flnd In general a good
egresment of the pradicted and tha observed nature
of the rotation curves and thelr varations.

In Sectlon 4 wa dlscuea the significance of the
agreement and polnt out the necesslty of having
‘'simulteneous obaervations' during different phases
In 8 whaole solar cycla.

2, The Natura of the Rotatlon Curves and thelr
Bolar Cycle Varlatlons as Prediatad from
the Model

2.1 Tha 'Two Componsnt Modsl of the ‘Activity
Cycle’ 88 8 Consaguence of the "Shock-
Transitlon Modal’ of the ‘Magnetic Cycla’

According to the shock-transition model of the
ealar magnetlc aycle (Gokhaie, 1977). two topalogi-
cally distinct famliles of flux tubes ara eraated bafore
the beginning of each ‘actlvity cycle’. As acorollery,
wo have the ‘two-component model' of the ‘activity
cycle’ (Gokhale 1979). According to thla modal, all
obaervable magnatic features {and Lhe aasoclated
emlesfon features) are produced by the flux tubes of
ona or both femilles as thay graduelly rise aoroas the
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Flg, 1 Tha Curvea 'S’ and *A’ represent sahamatically the mannar
In whloh the contributions from the & and tha & {amilles of {lux
tube® {to most of the varlatles of chesrvable magnetio featurss
end flold-relsted emisslon fealures) are expaoted 1o very n
tims. The resulting variation of the maan sunspot numbaers will
detarmina ths phasa of the aolar oyols, and s repressntad by
the dotltad gurve. (8inoe the & family flux tuba ofuaters will
be morae {ragmented, they will ylald larger sunspot numbers
than "R’ famlly flux 1ube clusters of same magnello {lux. Thare-
fare for llluatrating Lhe variatlon of sunspot numbare we have
arb|trarlly assignad welghtage mtlo 2:1 to the S end the R
{amlly contributions).

phaotosphare and the outer layers of the solar atmo-
epherte durlng the course of tha whole actlvity cycla,
For any varlaty of observable features to which hoth
famlliae contrlbute, the conirlbutlon from the 'S’
famlly peaks around the solsr maxlmum (the maln
maximum of the yearly mean sunspot number), and
the contributlon from the ‘R’ famlly peaks one or two
years |aler (cf Fig. 1),

2.2 The nature of the rotstlon curve for festuras
with ‘maximum depths’ in the 'base layer’

Accoarding to the ‘two-component model’ of the
‘acthvity cycle’, the ‘R’ famlly of Hux tubes produces
the follewlng observabie fealures :

{a) large, stable, epota formed from 'olusters’
emarging In latltudes < 20°,

(b) the smali ecale emission festures formed
{rom lcoee flux tubas (which elther emerge along
with the clustera or get detached from the clusters
durlng the deocay of the apots), and

(¢) thelong-llved 'unipolar’, open-ileld ragions
in the large scela magneticflelds ('*M** reglone) and
tha essoclated long-llved coronal holes which may
be formed, /n any latiiudss, during the deolining
yeara of the solar eycle.

From the topology of the *A* famlly flux tubes It
followa that for epota and the small soale fostures
produoed by theae flux tubes In latitudes £ 20°, and
for the long-lived ‘M* reglons and the aesoclatad
coronal holes In any latltudes, the *maxImum dspihs’
es deflned in Sec. 1 wlll be In the ‘basa layer’.
{Aocording to the model, thie |a a lsyer of thiokness
about one densliy-tcale-helght neer the base of the
convection zone). Hence the rotatlon of theae
features will be as Imposed by the rotation of plasma
In the 'bage layer’.

Thus, {(s.g. In the dlagremn of Van Tend and
Zwaen, 1878) If we draw an ‘anveloping curve’
starting from the rotation of the fastast rotating spats
in the low latitudes end golng over to the ‘rigld*
rotation of tha long-lived coronal holes In the High
latitudes, It will represent the rotatlon as Imposed by
tha rotatlon of plasma In the base laysr. Such &
ourve (8 echemstlcally reprosanied by the cutve ‘R’
In Fig. 2, '
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Fig.2 A sohematic dlagram showing the pradicisd nature of
the differentisl rotstion ourves for: (1) featurea produoed by
the ‘S’ famlily of flux tubes only (ourve S), (I) actlve-raglon
featurae produaad by both the familisa of flux tubss (ourve A’
during solar maximum and ourva A In othar phaase of the solar
cyole), () large soale features contribuled by both femilles
of tlux tubss during solar maximum (ourva Qmex oF Q'max do-
pending on the method} and during solar minimum {ourve
Quia). (of. Saatlons 2.2-2.4}, Thess curves ila In-between
the ourves F and R repressnung. respealively, the observad
differantlal rotation of tha photoapherio plasma and the naarly
righd rotatien of faaturss whoss ‘maximum depthe’ are expeotad
to bs In the baga-layer.

2.3 Rotation curva for featurss produced by the *S’
family Flux tubss

According to the two-component model, the §
famlly flux tubes produce the following featurea :

In Iatitudes 5 40° they yleld supspots of varlous
slzea and the assoclated emall scale features Ilke
faoulas and network elements. /n alf /atitudes they
also yleld only small-scals activity without apots (6.g.
‘ephemeral active reglona’, ‘XBP's eto.). '

From the topology of the S’ famlly flux tubes In
the model It follows that: (e) near the equator the
*maximum depths’’ reached along these flux tubes
wiil be In the base leyer, and (b) #t succassivsly

higher lstktudes the *“maximum depthe’’ reached wll|
be succassively smallar,

Therefore, near the equator the rotetion of sun-
apots and small scale features produced by "S* family
flux tubes wlil be controlled by the rotation of plasma
In the “base layar’ while at successively higher lalitudas
thalr rotation wlll be determined by plasma roteilon
at sccesslvely ameller depths. Thus, the small scele
teatures In the hlghest lat/tudes might aimost co-rotate
with the pholospherlc plasma,

Thus for the features given by the ‘S’ family the
rotatlon curve wlil be llko tha curve 'S’ In Figure 2.

2.4 Rotstion curves for festures coniributed by
both the famillys of flux tubes snd the verialion
of such curves with solar cycle

in cese of most (but certalnly nat all) varletios
of features the data uaad for determining the roiation
rates will have cantrlbutions from both the ‘A" and
the 'S’ famllles of flux tubes, Far any such variely
of faatursa, the rotation curves can be pradicled to
have the following prapertles.

(1) The rotation curves will lle betwaen tho ‘R’
and tha S’ curves of Flgure 2.

(lI) Around the solar maximum the nontirlbutlon
from the 'S’ family wlill be dominant (c/. Fig. 1.)
Hence, around thal tima, the rotation ourves of such
featurea wlll be nearer to the curve *S’, for axample,
88 [ilustreted by the curve Q. In Flgure 2. How-
ever, If the ‘chserved rotatlon curve’ fs derlvad by
statlsticel methods (llke autocorrelations and powoer
epectra of tima serles which effeatively flitar out the
contribntlon from the shallow, short-llved festures),
then In the high latltudes It wi// not descend so much
aa to colnalde with curve 'P* for the photoaphorlc
plasma rotatlon. Instead, It will be like the curve

Q' o,

(IN)  As the annuel mean sunapot ntmber decreasas
the relatlve cantributlon of the *S* famlly wilil decreass
and that of the 'R’ family will inoresse (cf. Fig. 1),
Therefore, the rotatlon curves will vary with the solar
cycla in the following manner.

(A) Curvas for astive mglon featurex

With the decline of the aotlvity aycle, the contrl-
butlona to the aatlve reglon features from both familles
of flux tubea drlft towards the equator. Thls Inoiudey
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the /ncressing contribution trom the faster rotating
‘R* famlly flux tubes. Consaquently the rotation In
the low latitudes will become somewhat faster with
the decline of the solar activity (88 In the curve A),
but the general shape (A) of tha rotatlon curve wlll
not vary much with solar cycle.

{R) Curves for the larpe-scals festuros which have s mejor
contribirtion from tho quiet ragions

In the case of large acale fleld and emlaslon
fenlures which have a major contrlbutlon from the
quiei regions, tha cantrlbutlon of the 'R’ femlly flux
tubas goes on Increasing at all latltudes as the yearly
sunspol number goes on decreaging. ConsequentlY
the rotatlon proflles of auch festures wlil change
from Quas-lype or Q'n..-lype around the eolar
maxlmum 1o °‘R’-type Just before the solar
minlmum. Thie trend wlll reverse when tha fastures
of the next cycle starl contributing. Thus, around
the solar minimum the rotatlon curves will look lke
len-

3. Comparlson with ths Observed Rotatlon
Curvas for different variaties of Solar Mag-
netlo and Emleslon Features.

3.1 Sunspols and assoclstad chromospheric emis-
gion faalures

J3.f.1 Sunapotz

Sunspots have contributlons from 'S’ famlly In
lstlludes =5 40° and from ‘A’ famlly In latitudes < 20°.

Tho shapes of the rotatlon curves obteined by
Newlon end Nunn (1861) for recurrent spota and by
Ward (1988) for recurrant as well 88 nonracurrent
spotgroups are similer 10 the cuive ‘A’ In Flg. 2 a8
pradiated In Sec, 2.4,

Tha nature of variation of the rotation curve for
all spota with solar cyols |8 not known, but at last
for ragurrant spots Newton and Nunn found praotl-
oally no variatlon. Thiels as predicted In Seo. 2.4
(Pradiction lll-A).

2.7.2 A nole on tha rmisiively tlow rotstion of long-thrad round
apolgraups and the accaleration of the squetorfal plasma.

ward (1866) found that long llved and approxl-
mately round epotgroups rolate on the average
slowar than the short lived and elongated spatgroups.
Thls seems to contradict the contentlon that tho
mejor contribution to the lerge spoigroups comes
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from the faetar rotating ‘R’ famfly flux tubes. How-
ever, tha dlacrepancy would not arlse If the long-
lived round epotgroups glven by the clusters of the
‘A* family flux tubea rapidly exchange ratational
energy and momentum with the surrounding plasma
In the first few daye of thelr |ife and thereby contrl-
bute more lo the slow retatlon durlng the rest of tha
life (¢/. Delury’s remark quoted by Wsrd). Such &
procees (also suggested by Stienflo, 1977) would
meks the photospheric plasms rotate faster with the
decline of the solar cycle, This effect wlll be pra-
domlinant at emall iatitudes. Howeard (1876) hee, In
fact, observad such an acceleration of the equatorial
plasma from the solar maximum of 1888 to the solar

minimum of 1978 (cf. elso Livingston and Duvall,
1979).

3.1.3 Solar Cyols varistion of \ha rotation perfod dedusad from
the psaks In the power spaatra of Sunspot Numbers.

In the power spectra of year-long time of series
of dally sunepot numbare, Rajaram and Singh {1979}
found peaks at fraquenciea vp.: In the viclnlty of
1/27 day "', They found that during each of the
laat four solar cycles, the “‘rotatlon perlod” Tpess
{(defined a8 1/vp.a) varies In the seme manner es
the yearly mean sunspot number. They elso pointed
cut that the amplituda and the smoothness of thia
verlation preclude [ts almple Interpretation In terms
of the drift of eunepot latltudea. The observed varl-
atlon leads to the concluslon that the aub photo-
spharlc sources of aunspota must be, on the average,
rotetlng faster during the sunspot minimum than
durlng the maximum, In our model, auch a verlation
In the everage ‘rotaticn rate’ of the sourcea Is pro-
vided by the preaence of twe kinds of ‘sources’ (viz,
the A and the & famllles of flux tubes) aleng with the
varlation In thalr contributions and !atitudinal distri-
butiona (c¢f. Predictlop ‘[11-A* In Seotlon 2.4).

3.1.4 Smail soele feaiures sssoo/ated with sotive ragions

Small scale features associated with active
reglona such as ‘photospherlc faculae’, 'Ca K3
fagulae’, ‘Ca* bright mottles’, 'EUV bright polnts’,
gll have rotatlon curves slmller to those of sunapots.
(Schroter and Wohl, 1976; Slmon and Noyes, 1972;
Van Tend and Zwaan, 1976). Moreover, as pointed
out by Antonuccl at a/ (1877), thie slmllerlty la thers
sven though the observations of thaae featuras cover
different phases of the solar cycle. Thus tha rotation
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curveas for the small scale active reglon featuree esem
to agree with the predictlon ‘Ill-A” in Sec. 2 4,

3.2 Largs scale photospheric flelos and large scale
chromospheric and coronal emission fasiures

Acoording to the model outlined In Sac. 2.1, the
photospherle fleld at any stage le provided by the
phaotoapherlc intersactlons of the flux tuba stltchss.
The stitchaes themselves produce the chromospheric
and the coronal Jnhomogeneiiies. Thue, the iarge
scale photospherlo flelds and the large acale chromo-
epherlc and caronal Inhomogenaltles will have con-
tributlons from both the 'A* and the ‘S’ famlly flux
tubss. Thersfore, here we compare thelr rotational
properties with the predicilons of Sec. 2.4,

3.2.1 Large scafs photozphario flokds

Woe find that the nature of the roletlon ourva for
large scale photospheria flelds and Its varlationa with
the solar cycle aa absarved by Stenflo (1974, 1977)
ars In complete agreement with all the three predic-
tfons of Sec, 2.4, In factthe topology of the 'R” and
the 'S famllies of flux tubes In the present model Is
conslstent with the requiremente of Stenflo’s {(1877)
own intsrpretation of hls obasrvations.

8.2.2 Prominsnges

The observed rotatlon curve for prominenoces
followa that of tha large ecale flelda (¢f. Van Tend
and Zwean, 1878). Thle istobe expeated slnce the
prominences ile elong the neutral lines In the large
scale photespherlo fls|ds.

3,2,3 Larga scale chromaspher ¢ amizsfon foalurss
{a) Ca’-Ky emisslon Faetures :

During the yaars 19872-1873 (which are Inter-
madlate between the solar maximum of 1868 and the
minimum of 1978), the large soale Ca*-K3 smisalon
fentures which survived langer than one rotatlon gave
a rotatlon curve almllar to the curve ‘R’ In Flg. 2
(Antonucci et a/. 1977). However, when simller
features with life times 1-27 days were [noluded in
the data, the rotatlon ourve looked Ilke the curve
Cuone (Antonucol oz o/, 1978)*. This shows that the
long-lived and the ghort-lived features ere produced
by topologleally distinct sets of flux tubes ; and In the
comblned date the shert-llved varlety dominates
complately. If the two verlatles coma from the A and
the S famiiles of flux tubes as auggested In the modsl,
then the long-llved one must be produced by the ‘A’

famlly and the short-lived one by the 'S’ famlly. If
It Is 5o, the shapes of the observed rotatlon curvas
are ga expacted from the model.

[*In a latest paper (Solar Phys. 83 (1879), 17}.
Anntonucel st a/ have filtered the 1972 datainto
‘amall-acele’ and ‘large scals’ groupa correaponding
to Fourier wavelength ranges ~ 24000-110000 km
and ~ 120000-300000 km reepectively. Both these
scale-ranges coms under the tarm ‘large soale’ used
In the present papsr. Each ‘soale-group’ inoludes
features with life-limes down to ~ 1 day. So, as
axpected, ths rotation curves for both acale-groups
resemble the curve Q.. The slight difference bet-
waean the rotatlon rates of the two groups, If real,
could result from a emall dlfferennce In the relatlve
contfibutions from tha ‘R* and the *S' flux tube
famlles to the two scale-groups.]

(b} Ly-alpha Emlsslon Features

Rotatlon curve for the large acale Ly-alpha con-
tinuum emlaelon features seems to vary form the Qiaps-
type In 1967 to A-typein 1969, (Dupree and Henze,
1972; Henze end Dupree, 1973). According to
Gnavyshev, 1977), the years 1987 and 1969 corres-
pond to the peaks of the two components of the
actlvity cycie 1968-18768. Tharefore, the ohserved
varlation of the rotatlon ocurve Is In acoordanas with
the predictlon '[I1-B’ of Sac, 2.4

3.2.4 Coroml Inhormoganeliisx
Fe 6303 Emlsalon Featuras

Rotatlon curves for the coronel Inhomogeneltiss
as gbserved In the Fe6303 llne by Antonuecl and
Svealgard (1974) and by Antonucel and Dodero
(1977) also show the solar cycle varlatlon as per
prediction 'III-B’.

The long ilved Coronei Holes ;

The 'rlgid" rotatlon of the long-lived coronal
holes Is siready Incorparated In the definition of the
curve ‘R (cf, Section 2.2),

4. Conoluslons and Disgussion

't le olear that the obaerved rotatlon ourves and
thelr solar cycie varlations are llke those predicted
from the topology of the 'R' and the 'S’ famllles of
flux tubes and from the varylng contributlions of these
two famllies to the relevant data.
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This conelusion does not nacsssarlly Imply that
the shock-tranaltlon model or its corollary (the ‘lwo
componanl model’) are correct in &# details. How-
aver, along with the agresmant between tha predicted
and the observed properties of the two compo-
nents of the aativity cycle (Gokhale 1979), |t strongly
suggaests that this modoel might represent assanilally
the trua overall topology of the subphotospherlc
fields and its variatlon durlng the solar cycle.

The agreoment regarding the rotation characteri-
etice indicates that It may be correct te Interpret the
cbearved rotallons of the varlous features as those
fmpoasad by the rotatlon of plaama at the “*max|mum
dopths’’ reachad olong the megnetlc flux tubes. If
this Interpretation 13 correct, then a theoretical study
of the motion of magnetlc flux tubes in moving atrsatl-
fled medla muy enable one o uee the rotatlon rates
of magnetlc footures for determining the ratas of
plasma rotaton at varlous depths and latitudes
(Stenflo 1977). Conversely if the rotation ratea of
the plasma at various dopthe could he accurately
delermined by somo indapendant method (like e.g.
Dsaubner af al, 1979) then such a study wlll be of
help ta lenrn more ehout the depth dependence of
the siructure of llux tubes below the pholosphere.
Such studles may bo needed for guantitatlive com-
parison betwean theory and obearvatlons,

For undersianding the exchange of rotational
energy and momentum betwean tha flux tubes and

the solar plasma, It mey be necessary to determine
ihe rotatlan eurves for the plasma and simultanaousty
for varloua kinds of megnetlc {and emlasion) features

durlng differant phaeea of the eolar cycle. A large

cooperstlve effort will be necessary for acquiring
such informatlon.
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