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AZIMUTHAL FIELD PERTURBATIONS IN THE JOVIANMAGNETOSPHERE: ULYSSES OBSERVATIONST. M. Edwards,1 A. Balogh,2 S. W. H. Cowley,3 M. K. Dougherty,2 M. W. Dunlop,2 R. J. Forsyth,2N. F. Laxton,2 and K. Staines2RESUMENLas perturba
iones azimutales del 
ampo magn�eti
o observadas por el sat�eliteUlysses durante la entrada y salida de la magnet�osfera joviana son 
omparadas 
onlos valores 
al
ulados 
on la tranferen
ia de momento angular de la ion�osfera a lamagnet�osfera debido a plasma magnetosf�eri
o que no est�a 
orrotando. Durantela entrada se observ�o una 
on�gura
i�on \retrasada" del 
ampo, 
orrespondiente a
ujos 
on sub
orrota
i�on. Se en
ontr�o que los valores m�aximos del 
ampo azimutaldisminuyen 
on la distan
ia 
omo r�1:4. Los valores te�ori
os resultan similaresa los observados usando una 
ondu
tividad de Pedersen de 0:136 � 0:028 mho.Este valor es menor al obtenido por Vasyliunas, 0:4 mho, del an�alisis de los datosdel Pioneer 10 y los Voyager 1 y 2. La diferen
ia se debe a los 
ampos mayoresobservados por el �ultimo sat�elite. A la salida, la teor��a da un buen ajuste 
on dostrazas de 
ampos \retrasados" donde el 
ampo es nuevamente sub
orrota
ional. Sinembargo, a distan
ias grandes se observa la presen
ia de una 
on�gura
i�on de 
ampo\adelantado" que no es predi
ho por la teor��a ya que el 
ujo es sub
orrota
ional.Se sugiere que el 
ampo \adelantado" es debido al sistema 
ola-magnetopausa.ABSTRACTAzimuthal magneti
 �eld perturbations observed by the Ulysses spa
e
raftduring the inbound and outbound passes of the Jovian magnetosphere are 
om-pared with theoreti
ally 
al
ulated values based on the transfer of angular momen-tum from the ionosphere to the magnetosphere due to departures from 
orotationof the magnetospheri
 plasma. On the inbound pass a \lagging" �eld 
on�gurationwas observed 
orresponding to regions of sub
orotational 
ow. The peak azimuthal�elds were found to fall with radial distan
e as r�1:4. Good theoreti
al agreementis obtained with the observed values using a value for the Pedersen 
ondu
tivityof 0:136 � 0:028 mho. This value is smaller than the 0:4 mho obtained by Va-syliunas from the analysis of the Pioneer 10 and the Voyager 1 and 2 data. Thedi�eren
e is due to the larger �elds observed by the latter spa
e
raft to whi
h thetheory was �tted. On the outbound pass the theory gives good agreement with twolarge \lagging" �eld signatures where the 
ow is again sub
orotational. At largerdistan
es, however, the presen
e of a 
onsistently \leading" �eld 
on�guration isobserved whi
h is not predi
ted by the theory, sin
e the 
ow was still sub
orota-tional in this region. This \leading" 
on�guration is suggested to be due to thetail-magnetopause 
urrent system.Key Words: INTERPLANETARYMEDIUM|MAGNETIC FIELDS |PLANETS AND SATELLITES: INDIVIDUAL (JUPITER)| PLASMAS1Instituto de Geof��si
a, Universidad Na
ional Aut�onoma de M�exi
o.2Bla
kett Laboratory, Imperial College, UK.3Department of Physi
s and Astronomy, University of Lei
ester, UK. 108
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AZIMUTHAL FIELD PERTURBATIONS IN THE JOVIAN MAGNETOSPHERE 1091. INTRODUCTIONA 
entral 
on
ept in the physi
s of the Jovian magnetosphere is that the majority of the plasma originatesfrom the moon Io (5.9 RJ , RJ=71,393 km). This plasma then di�uses outwards into the middle magnetosphere
urrent sheet and beyond (Hill 1979; Vasyliunas 1983). In the inner magnetosphere, 10 RJ , the plasmaapproximately 
orotates with the planet. As the plasma di�uses outwards, its velo
ity falls below that requiredfor 
orotation due to the 
onservation of angular momentum. These departures from 
orotation generate atorque from the ionosphere, via the Pedersen 
ondu
ting layer, to the magnetosphere. The e�e
t is thenthat this torque a
ts to speed up the magnetosphere while at the same time braking the atmosphere. In thisway momentum is transferred from the planet to the magnetosphere. This torque imposes a 
urrent systemin the Pedersen layer of the ionosphere to the magnetosphere. This 
urrent 
ows equatorwards in 
onjugateionospheres, radially outwards in the magnetosphere and 
loses via �eld aligned 
urrents between these regions.The result of this 
urrent system is that the magneti
 �eld lines are bent out of meridian planes into a \lagging"�eld 
on�guration whi
h, due to the southward polarity of the Jovian �eld, results in a negative azimuthal�eld perturbation north of the magneti
 equator and a positive azimuthal �eld perturbation south of themagneti
 equator. Previous analyses of the Pioneer and Voyager data has shown the presen
e of azimuthal�eld perturbations on the dawn side of the planet 
orresponding to times of sub
orotating 
ow (Van Allen 1976;M
Donald, S
hardt, & Trainor 1979; Carbary et al. 1981). These perturbations have been interpreted in termsof momentum transfer from the solar wind (Ness et al. 1979), and in terms of momentum transfer from Jupiter(Vasyliunas 1983). There is, however, no way to distinguish between the two sin
e Pioneer/Voyager did nottraverse the dusk side of the planet where the two predi
t di�erent signs for the perturbations. We now wish toanalyse the perturbations observed by Ulysses,(Dougherty et al. 1993) in terms of magnetosphere-ionosphere
oupling.

Fig. 1. Ulysses data and Vasyliunas's theoreti
al and empiri
al �ts to the Pioneer/Voyager data.2. THEORETICAL RELATIONSHIP BETWEEN FIELD PERTURBATIONS AND PLASMA FLOWWe �rst assume steady state 
onditions. Equilibrium is established between the ionosphere and the mag-netosphere by the propagation of Alfven waves. Departures from 
orotation are asso
iated with a rotation, !,of the �eld lines about the magneti
 axis (in
lined at 10o to the spin axis) in the planetary rest frame su
hthat the total plasma velo
ity is given by V = V
 + ! � r. This di�erential rotation indu
es an ele
tri
 �eld
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110 EDWARDS ET AL.

(b)

(a)

Fig. 2. Theoreti
al B�: (a) Inbound traje
tory (b) Outbound traje
tory.in the planetary rest frame given by E0 = �(! � r) �B whi
h for a positive ! gives a poleward ele
tri
 �eldin the ionosphere whi
h drives a poleward Pedersen 
urrent. Noting that the angular momentum 
ux perunit magneti
 
ux is ��B�=�0 and that this is 
onserved along the �eld between the sour
e and sink regionsand that the Pedersen 
urrent produ
es �eld perturbations solely in the azimuthal dire
tion just above theionosphere, then we have a �nal expression for the �eld perturbation due to departures from 
orotation asB� = ��0�P �2i� Bi!. Here �i is the ? distan
e of the �eld line footprint in the ionosphere from the magneti
axis, � is the ? distan
e to the spa
e
raft from the magneti
 axis, Bi is the polar �eld strength and �p is theheight integrated Pedersen 
ondu
tivity. The positive and negative signs refer to 
onditions above and belowthe magneti
 equator respe
tively.3. APPLICATION TO ULYSSES DATAIn order to determine B� we need the angular velo
ity of the �eld lines about the magneti
 axis in theplanetary frame. This is done by subtra
ting the 
orotational velo
ity from the �eld perpendi
ular MeVproton veo
ities, as provided by Laxton et al. (1997). We also need an estimate for the Pedersen 
ondu
tivity.This is obtained by 
al
ulating �P using the observed B� values and averaging over one hour during the peaksin the B� pro�le observed by Ulysses. These peak values are found to 
orrespond to a value for �P of 0.136�0.028 mho and a value for the ratio !=
J of -1.17�0.26. This value for �P is mu
h smaller than the 0.4mho obtained by Vasyliunas (1983). One reason for this 
ould be due to a di�eren
e in the plasma velo
ity.However, Vasyliunas had no detailed plasma velo
ities and assumed that the plasma was stationary in the
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AZIMUTHAL FIELD PERTURBATIONS IN THE JOVIAN MAGNETOSPHERE 111inertial frame i.e., !=
J=-1. Our value of -1.17 is very 
lose to this and so this is unlikely to be the reason.Another possible reason 
ould be due to the �eld model used to 
al
ulate the �i's. To investigate this we haverepeated Vasyliunas's analyses using his values of �P and !=
J and our values to highlight the di�eren
e inthe �i's. This is shown in Figure 1. Here we 
an see that using the Vasyliunas values does not provide a good�t to the Ulysses data. However, using the values determined here we 
an see that the Vasyliunas theoreti
almodel provides a good �t, thus refuting the 
ontention that the �i's are the sour
e of the dis
repan
y. If wenow look at the Vasyliunas empiri
al �t to the Pioneer/Voyager data we 
an see that at small distan
es wehave good agreement but at larger distan
es we do not. We therefore 
on
lude that the dis
repan
y is due tolarger B� values observed by Pioneer/Voyager at large radial distan
es. We now 
al
ulate B� for the inboundand outbound passes using the values we have obtained. Figure 2a shows the 
al
ulated B� and the observedB� for the inbound pass. Here we 
an see we have very good agreement. Figure 2b shows the 
al
ulated B� andthe observed B� for the outbound pass. Here we have reasonable agreement for the �rst two observed peaks inB� but at larger radial distan
es a 
onsistently \leading" 
on�guration is observed whi
h has no 
ounterpartin the theory sin
e the 
ow was still sub
orotational. We suggest that this is due to the tail-magnetopause
urrent system. REFERENCESCarbary, J. F., Krimigis, S. M., Keath, E. P., Gloe
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