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ON A TWO-COMPOI\IENt MODEI, 03 THE I\4ACNETIC 3]EID
AND THE VEI,OCITY FTE]JD IN A SUNS?OT

A.A. IEWSOV

1 . Introd.uction

the magnetic f ield and the velocity f leld ln the penumbra of
a rel l-developed sunspot has a f ine structure. However, most of
photoelectrtc observations of nagnetlc f ields and" l ine-of-sight

velocitj.es in sunspots are cuxrently nad.e with a low spatial resolu-
t ion of 1tr-zrr.  Results obtained. are treated. in terms of a homoge-
neous penumbra, which 1eads, on occasions, to contrad.ictory conclu-
gions. This refers, ln part j-cu1ar, to the question of the magnetic
f ieLd frozen-ln to the plasma in a sunspot. Observations reported.

by Kotov fi, tor example, show a good. coi.neidenee of zero lines
antl hi.]1g of field and velooity, thus givlng evid.ence for the fxo-

zen-in f leld. We, however, f2J observed. their spatial negative cor-
relation when the line-of-sight veloclty maxirnum ( V11 ) lies near
tbe zero line of the longitudinal fieltl ( l{il ). Although the ns,ss
rotion in a sunspot acaoss magnetic f ield l ines d.oes contratLict the

theory, tbe very fact of the Leck of colncid.ence of zero J. lnes Vl l
-  t tand H11 was obgervecl by rnany investigators (for the f irst t ime,

obviously, by V.E.Stepanov f.rJ) and is, pxobably, the usual proper-

ty for a sunspot with a weLl-developed penumbra. Kukl in and Stepe-
rlov f4J icientlfiect such a non-coincidence with the motion of the
nagnetic f le1d, while MaLtby and Erikset l5J attr ibuted. i t  to t lre
pleseace of sn acoustlc wave propagating across magnetic f ield 11-
aes. A.B.Severny in his.recently publ ished book f6J suggests that
the plasma 1n a sunspot can penetrate into the space between f ield.
l ine  ropes .

In this paper an attenpt is made to explain the contrad.i .c-,
t ions, assoclated. with the f,rozen-in condit ion, in terms of a two-
component mod.el of the magnetic fJ.eld. and the velocity field. in e
sunspot I

2 . 0 b s e r v a t i o n s

The unipolar sunspot SD 42/86 was obgerved on the Sayan obsex-
vatory vector magnetograph on 25 August and. from. l0 August to 2
September 1985. The instrument, the observing technique and the
treatment proced.ure are d,escribed. in detaj-I  in f7/.  The obeerva-
t ions  were  car r ied .  ou t . in  l ine  Fe l .L525o i ,  * t t ; ;2x2 ' r  s l i t  and  the
scaDning rete of 2" s-r . Simultaneously with meaEulenents of all
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Stokes parameters, the l ine-of-sight velocity signal from the l ine-

of-sight velocity compensator was recorded. fhe t ime required. for

taking one magnetogram was 2O-5O ninutes. A total of 15 observation

seauences were obtained..

3. Treatrnent results

Maps of the distrlbutj.on of the longitudinal conponent of the

magnetic fiel.cl and. of line-of-sight velocities show a negatlve cor-

relat ion clescribed. in our earl ier paper fZJ.0n 15 rnaps the V,,-ma-

ximurn l ies on the zero l ine of H11 arising due to the project ion or

wlthin 2-4r from it. On lO August when the sunspot wag located. near

the cl isk center, the usual picture of the Evershed. effect was not

observecl,  as well  as the zero l j .ne of Hrr,

In aclclition to making a clirect comparison, for each map we

constructed the d.ependence of the modulus of l ine-of-sight velo-

city (nornalized. to maximum velocity {rm on the nap) on the value

of the incl ination angle ( 
f ,  )  of the magnetic f ield vector to the

l ine of sight. fn the case of para11e1lsm of the f ield and the velo-

city, the largest V,t must correspond to the smallest f ,  .
tr ' ig. 1 (1 September, 1.02-1.21 Uf) gj.ves an exarnple of such a d.e-
pendence; a sol id. l ine corresponds to the functlon sinl1; '1.

3 i  C. 1. The dependence of the value of l ine-of-sight velo-
clty on the inclination angle of the magnetic field vector
to the l ine of sight.

Maxlmum l ine-of-sight velocit les in this case 1ie near large angles

1. I  i .€.,  in places whexe the nagnetlc f ielct ls nearJ-y pexpen-
u

ri iCular to the l ine of 6ight, such a relat ionship between Vtt and

t ,  as the negatlve correlat ion between V,, and Htt ,  indi-

cate, most l ikely, the orthogonali ty of the motion and the f ielc!

rather than their parellelisn.

/ ' t ' .1

.t . €q

r. .1.  - {

o  . - . .  I
- . o  . . 1.  . . . .  i

TO



Further, the t l istr ibution of the velocity vector in sunspot

radius was calculated for the 15 maps under the assumption of clr-

cular symmetry. The calculations useat a method dlescrlbed in PJ.
The possible incl ination of the veloclty f ieLtl  to the solar surfa-

ce r&s neglectei l  because, as mentioned above, at the dtsk center

tbe Eversh€d. effect in the Eunspot d.isappeered.
'  

The obtained distr ibution of three components of the velocity

vector for the obeervation mentloned above is shown in Fig. 2.
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T i g. 2. ?he cornponents of the velocity vector
in cylindrj-cal symmetry.

fho pred.ominant motj.on in this sunspot is outflow ( U' tg the ra-
d.1a1 velocity component), the ma,ximum velocity of 2.5 km s- '  cor-
respon(ls to D/R = 0.5 (DrlR, ls the distance fron the sunspot centex
ln units of the eunspot radius), ancl downward velocitles of about
O.l - O.4 km s-l are observeaL thxoughout the sunspot ( \r' is the
vertical component). Tbe tangentlal ( V ) courponent shorys e conpli-
cated charecter of the rotstion of meterial Ln the sunspot (a naxi-
num value is O.4 kn s-1, and. i l+rt is the counter-clockwlee rotat lon).
Such a tt igtr lbution of the velocity vector f i ts 1n well  wi. th that

d,escrlbed eerl ier; however, attention should be paid to the fact
that virtually throug[out ths sunspot penumbra the ve]"ocities of
nateriel ere rlirected. across magnetlo fieltt lines. fhls ls clearly
aeen in Fig. 3, showing velocity vectors (arrows) end. megnetlc field
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3 i g. 3. Velocity veetor project ions and.
nean incl ination anglee of f ield l ines.

l ines (dashed t ines) projectect onto a plane perpendicular to tbe
solar surface (for the same obgervation). The magnetic f ield vector
was aleo d.eterrninecl from circular synmetry in H,,.

The results described. above, in our opinion, eltber speak for
the l-ack of a frozen-in f ield to the plasna in a sunspot or requi-
re a d. i f ferent e:qrlanatLon, without reject ing the frozen-in condi-
t ion, In search of an answer to t lr is question, we tr ied. to d. ivid.e
the magnetic field and. veloci-ties lnto two components slrch that one
component make a lerger contribution to tbe field. signal, anci the
other contr ibute more strongly to the veLocity signal.

4 .  D iscuss ion

4.1. A t ivo-component mod.el of the sunspot penunbra magneti .c

f ie ld

Let us imagtne that the na6netic fleld in the sunspot penumbra

consists of tv.o ind.epend.ent components: a d.ark one with a strong

horizontaL field ancl a light one wlth a moxe verticaL magnetic

f ield. Such components can be, for example, separate magnetic tu-

bes. This supposi-t ion correspond.s quite well  to observations with
high spatiaf resolut ion. In observations with low resolut ion sig-
nals from these two components wil l  combine to give some resulttng
(averaged) slgnal:

/i] = ̂,/il} .,, ̂,,{il} ,
LvJ LvJo [vjs

r08
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rhere  J ,  0 ,  U '  and.  V  are  the  cor respondLng Stokes  parameters t

ana A4 characterizes the contribution of the dark component (her€-

efter indices d ancl 6 
"ott""pontl 

to the tlark and bright compo-

aents ,  respec t ive ly ) .  The coef f i c ien t  A6 is  de f ined '  as :

rhere 16,g is the brightness of the colnponents wlth resp€ct to the

photosphere, antl o( is the fraction of the averaged surfaee occu-

pied by l ight elements.

Hencer on the basis of the rneagured (averaged) magnetic f ieldt

by speci.fying the f ield in the d.ark componentr one can try to re-

construct the f ield in the l ight component.

As an example; we consld.er an ideatj .zed sunopot with a f ield

Yarying as:

H ( p )  = H ^ ( l *  p 2 + p 4 +  p t +  p l 6 ) - { -  ( 3 )' I  t  I  /  '

rbere l{o is a rnaxlnum fiel-d. strength, end f is the distance from

the sunspot center in units of penumbra rsdlus. The distr ibutlon

of the incl j-natlon angle ( E' )  of the f ield vector to the vert ical

ri1J. be the sanie ag in a paper of Wittrnan {aJ ftee Teble 1 , column

I E D T E  I

A6 = ( ' l  a)  Ia / ( (  |  -a)  Ia  + ot  Ig)  ,  Q)

o l l .0
I '

Ha,& S;  Hg,& 8 ;' 0

o.4 2445
o.5 2203
0.6 19?5
o , 7  1 6 1 9
0.8 1291
0 .9  941
1 .0  580

2571 90
2317 90
2024 90
1703 90
135e 90
990 90
6 1 0  9 0

2100  44
?100  51
2000 68
1500  75
1300  85
800 90
500 90

59
7o
7A

.a.o

90

3). According to data. reported by Mul1er /9/,  we put I tr  = O.52,

ig  =  O.9  fo r  the  inner  penumbra  and I4  =  O.6 ,  Ig  =  0 .95  fo r  the

oriter penumbra; o( = o.43. We take Ho for tbe averaged f ield to

equal 29OO G. For the dark component we shal1 assurne Ho = 3050 G,

ri th the sarne distr ibut:,on (3) ln P and the horizontal t l i rect lon

of the f ield (such a choiee of f lo for the dark eLenent ls caused. by

the desire to have the st irength Hd = 1?OO G for g = O.7 for com-

parison with Abilusanaatovrs observatiorc f lOJ). lhe above parameters

i09



fu1ly clesoribe the averaged field ( !l , f ) anri the dark conpo-

nent field ( lla , D4 ) and permit the fieltt of the brieht component
( H3, f ,g ) of the penumbra to be calculated from (1).

Uging calibration curves calculated by Staude f1l/, frorn the
given ll and 8 , and. !16 anA D4 re determined the respectlve

{ r l  f t l
s tokes  pa rame te rs . .  

\ $ \ " "u  {$ f  .  A f t e r  t ha t ,  f o rmu}a  (1 )  was

fll IVJ LVJa
f n

used to a"t"t t i"" 
{$f 

and., f inal ly, [13 and. ] t  .  Table 1 gives

lv/ 3
the resulte of thie calculation.

The ealculatecl magnetic field in the light elementg satisfies
quite well the observed cheracteristics. I'or exanple, the inclina-
tion angle of the vector to the vertical varies fron 44o on the

inne! bounalary of the penunbra to 9Oo on its outer boundary. fhe

magnetic field strength in the light element ls by 100-300 G smal-

1er than that ln the dark elenent. (Accortling to an estlmate mad.e

by Abdueamatov f'lOJ, this tli-fference makes up 100-4O0 G). A change
of the fxee parameter H6 for the dark co4ronent cauges only the
value of Flg to vary but does almost not affect the angles 'e .

4.2. [he velocity structure in the penumbra

We shel1 notr suppose tha,t in the penumbra, along with megnetlc

field structules, there also erist two intlepend.ent systems of mo-

t lons: along dark end l ight elenents, respectively. 0f course, the

lnclusion of velocit ies in the model wi l l  elso affect the preced.ing

step: l'lg and Eg of the calculated field must change; however,
gince we are constructing only a qualitative nodel, such changes
can be neglected. j .n the f lrst approximatLon.

It ri1l be assumed. that the mass motion out of the sunspot
proceeds along the horizontal (dart) component of the nagaetic

field, and. the vefocity of such a notlon is 4 kn s-' as a maximum
and varies in the sene fashion as the radial ( U ) component ln
Fig. 2. In l ight elements with a more"vert i .cal f lel t i  the material
descends w l th  tbe  ve loc i ty  o f ' l  km s- ' .  For  such cond. i t ions ,  an
averaged velocity f j -eld was calculated.. The velocit ies were determi-
neil in the following way. tr'irst, a spectral line profile fron the

d.ark and ligbt components was constructed., by taking their cliffe-

rent weights into account. After having d.etermin-ecl the resld.ual in-
tensity r (  ] .  )1 we calculeted the integrats 

frt f)  dI in the
!ed. and blue wings of the l ine. The l ini ts of ini#gration correspon-
ded to the exit slit edges o{ the Sayan observatory vector-magneto-
graph photometer (.1.1 = 376[ - one etlge of the e] i t ,  and. ] ,2 =

I IO



o
.  95 rnA - the other edge of the sl l t  from the center of the un-

ehifted l ine). Subsequently, wlth otat ionary sl i ts ( l imits of in-
tegration) the contour r ( L ) was rlisplaced until the integrals
in its wings beoame equal. Such a proced.ure of d.etermining the.ve-
locity is similar to operation of a l ine-of-slght velocity compensa-
to! of the megnetograph. the results obtainecl by this method. are
given in lleble 2. (?he angular cllstance of the sunspot 0 = 45",

Table 2

P V,otr 
"-l tioean r. P Vnkt s-1 f,oro"". f .

1 n

0 . 9
o . 8
o . 7
u . o

o . 5
0 . 4

- o . 5 1
-o.82
-  |  r U )

- 1 . 1 4

- 1 .  1 . '

- 1 . 0 8

- U .  l b

0 . 4
o . 5
U r O

o . 7
0 . 8
0 . 9

l . Z  I

1  . 4 8
|  . r+ |

r . ) v

, .  |  |
0 . 8 2
o . 5 1

- a o

-65
-57
-52
-48
'46
-45

45
44
+ a

2 5
r +

aaA ft d.enotes the Ilmb-ward side of the penumbre. The angles
tor a mean f ield are also presenteci.  the posit ive veloclty corres-
ponals to the rnotj .on from the observer). For the above case i t  is
evident that large velocit ies 1ie within the range of larger angles

l. 
. Oo the whole, the V,1 -clistribution correaponds to the observed

averaged, pj.cture of the Evershed. effect.
Let us'examine how the picture of the V -distr ibution wil l

vary nith a change in angular distance 0 of the sunspot frorn tlre
d.igk center. Fig. 4 presents the depend.ences of lv,, /Vr*l  o" lyl

lvir I
lt*l

0,5

F I  g .  4 . -The dependence_of - I ine-o f -s igh t  ve loc i ty  on  the
modul"us of.angle lpl for dif ferent angufar posit ioirs of
the eunspot

II]



for three values of the angles I .  For I  = 30o (f ' fe,4a), thle
clependence corresponds quite well  to orthogonali ty of the motion
and the fleld.; with increasing 0 ( 0 = 45", Flg. 4b) the apperent
oxthogonality begtns to be viorated and., for large angular distan-
ce" (0 = 70o, Fig. 4c), changes to peraLtel ism of the f ie]at antt
the velocity. Kotovrs observations OJ iust correspond^ to the last
case ( 0 = 56"), while our obgervations fal]  within the range

I  <  lo ' .
The nod.e1 of motions in e sunspot conaid.exed. above explalns

also enother pecul lari ty ln the Evershed. effect, nanely the ' f lagg,

observed. by Prof. V.Bumba. Indeecl, when averaging two velocity
f lerds with dif ferent relat ionships between them the result lng l ine
profi le wi l l  show either aeymmetry or wi l l  even epl i t  into two pro-
fiLes: €rx alnost unshif,ted line and e strongly ehifted weak satel-
l i te. this is quite d, iscernible i f  the l in€ profi le i .s examlned.
at d.i.fferent angular distances of the suaspot from the d.isk center.

Hencer the model of a two-component etructuxe of the penurnbre
agrees nicely wlth observed distributlons of the magnetic fieral, anil
the velocity i"n a sunspot and. can explain some contred.lctions asgo-
cl-ated. wtth the vi.ew that the field i.s frozen-in to the plasna in a
surxspot.
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