%) INTERNATIONAL ATONIC ENEHOY AGENOY
UNITED NATIONS EDUCATIONAL, BCIENTIFIC AND CULTUHAL OROANIZATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIES'TE (ITALY) - 0. B. 588 - MIRAMARE - STHADA COSTIERA 1} - TELEPHONE: £340-L
CABLE: CENTRATOM - TELEX 400803 - [

RA.SMR.203 ~ 32

" SPRING COLLEGE ON GEOMAGNETISN AND AERONOMY

( 2 - 27 March 1987 )

" Magnetic fields fin solar systems *

presented by 1

F." MARTANI
Dipartiemtno di FPistca
11 Universitd di Roma

Via Orazio Raimondo

00173 Roma

Italy

These are preliminary lecture notes, intended for distributiom to participants
only. .

A -

-t

IR MAGUETIC FlELLS N

O
1. INTRODUCTION SOLAR Sy STEM

The Interaclion and relationships belwecn solar tadial lon
{eleclrumagnetLic and corpuscular) and the  terresirial
envirvnment have been already extensively Lfeated in other
leclures. A very complicale overall piviure ot Lhe phyulcu]
characterlstics has bueen observed; many guestions have Leen
answered but Lhere is a number of unsolved problems, yol.,

In vur lectures we shall consider in some deluil  Lhe
physical properties of Lhe inlerplanclary medium and ol the
celestial bodics pertaining to Lhe solar syslewm, also taking
advantuye Lrem  the progress made in recend years on bhe
knuwledge of the Lerrestrial environment.

In summary,the plasmwa properties close Lo Carlh,  aw
derived by in-situ uvbservalions of Lhe interplanclary magneljc
tield starled in Lhe carly sixlies, are given below:

(1) the fleld intensily al 1 AU, trom Lhe Sun i ol Lhe
order ol a tow nanoleskas {or Gummis ) ;

(11) the geomelrical struclurce of the fleld vectour  is un
average well described Ly a heliocentric gpiral conl iguration

where the field tends tu be at an dangle of 4% or 2¢H  deyees

. from the oulwmard direcLion from the Sun.

(iii) the solar wind, mainly compused by protons and
electrouns, propagates al a radial VUlociyy ol several humdreds
km/sce,

{iv) Lhe particle densily al the Earlh's  orbit Qg of  Lhe

order of a few particles/emd; Lhe [lux is of the order ot
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1080 parLicles/cmArZlsec,
{v) Lhe particle cocrgy (lux iy ol Lhe urder of
409 keV/cmcAZ/sec, while Lhe magnelic energy flux is of the

vrder ot 4 lew percentof bhat,

4. 'THE  INTERPLANETARY MAGNETIC FILLD AND TFIS GOURCE
REGION.

2.1 THE PHOTOSPHERIC MAGNELIC FIFLD,

LL is known since a lonyg Lime thal Lhe Sun is surrounded
by 4 larye scale magnelic field, other than that ot up to
Leveral bthousands Gauss prescnl in Lhe stnspot  regiuns, But
il was pot unbil 1953 Lhat il became clear that a sori of
"regular” ficld existed in the polar caps at latitules above
LY deqrees, with a strength of a lew Gauss.

The detalled structure of the Ficld Lopoloygy is very
cunplex  to describe {n the photosphiere, where Lhe field lines
velglnale.  However, such a vomplexily Is not apparewl in  the
inlerplanctary field: Lhe reason is Lhal in Lhe Lerminulaogy
of  polynomial capansion the hiyher harmonics ot Lhe
pholuspleric fleld are not presenl  al  Lhe heiykts in the
tutOna, wherce Lhe Cield pallern 1s frozen in the souler wind,

The simple patterns of Lhe lpterplancetary fiela augyest,
uiowe Lhall see, Lhal lurge uipolar {un the averageld arvas of
Lhe photusphere extend in lungilude one tourth to one halt of
the  solar  circumberence close Lo ecliptic, Existence of
valensive unipolar reglons was postulated much ecawrlier to

eiplain the f[eatures of some maynelic storms.

b ) . _-J
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The presenl  status ol knowledye ol Lhe larye  scaio
ragnelic tleld In the pholosplicre  dedived by luw angular
resolulicn can be be summarized as tollows:

(1) during quiel years Lhe fleld ofLen has a norlh-soulh
dipole structure, although there arc periods when the same
polariiy is observed in buth polar caps.

(11} The fileld in the two caps can reverse ils maynetic
orlentalion, nol necessarily at Lhe same time.

(111) Durlng active perjiods also persistent casl-wesl (as
opposed to north-south) dipule structures have been observed.

(1v) The coumplexity of Lhe field configuration Lncreases
when higher resolution observalions arc made.

In principle, Lhe malhemalical deseripltion ul Lhe
photogpheric ficld is possible by Ltechniques similar to Lbooc
used for Lhe geomagnetic field, but big complications arise
bzcause of Lhe fact Lhat:

(1) only the line -ot-sight field component  Is  observed
from Eartn,

(1i) some kind of temporal averaging musl be made due Lu.
the long perlod of observationy required Lo collect a
reasonable map of Lhe globul photospheric [leld cont iguralion
around the Sun,

(11f+ data gaps are almost always present in the cenlral
meridian region (where the field uobservations are mure
vecllable) . so that the less reliuble data collecbed away [rowm

Lhe¢ central meridian are Lo be used. As a result ol all above
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il is evidenl thal appropriale corrcctions are Lo  be applicd Wiy as re J'-—J_! H(~+l)(;) (<2 cosmé + d? sin mg) P2 (0)
-t mumd .
ul the data to guarentee Lhal  the necessary  boundary e
- L]
. . . , i i " 1 R\**? p-(g)
conditions are fulfilled (in particular, that the global (ZJ —Jemy ,,() (& cosm + o sinmg)"
r
magnetic Llux emerging Irum Lthe Sun is zuero). o1 ane
Reminding Lhe goeomelrical and physical meaning of ULhe —“-’o-"”XX () (c’.'linm¢-d:'cou|¢)’i_':ap;(a)_
%l mup
sphwtical  harmonics  (Lig, i ) it is lnteresting Lo swe Lhe

Spherical harmonics cxpressions ot Lhe [ieid componenls

tenulls of a lony  Lerm  sludy of  Lhe contribution of Lhe

zan  Le compuled as a Cunsequence.  Another interesting caue
diltercnl  harmonics Lo Lhe luarye scale phutospheric {isld in

solvable by means of spherical harmonics Is  thal  of i
Lhe years 14959 1972, As a4 whole the field has ofien a R )

~orce-froe  current  systew, delined by Lhe condition Vx!_!-'-‘B
preduwinant  dipole  structure in a tusl-west direction. more - -
ito whick & x B0, l.e., nu turce densily, is associaled),
utlen Lwo (dipole) Lhan tour (quadrupole}) or more scctors. .
Sone examples of computed Licld line Lupulugy  are  shown
fluwever,  conal  struclures are not unt requent., expecia_ly in
n fig. 1.. and 5 r tuspecltively lor a curl-free or a torce

free currenl system, 5‘I\NM-M$ Olffd %Mm ?rﬂv

ylobul harmunics suggest ellher that Lhe svurce of the global - h'l

proximily of big events on the Sun. The rapid changes Im the

‘ue conclusion ol bthese sludics is Lhal, wunlesy  corotial
lield is not very deep or Lhat very strong fluid flows couple
currents are relalively larye, Lhe ctfect produced by Lhusae
phulusphere and Luwer layvrs,
currenis Ao not nlgnificanlly afleel Uwe aclual magnetic tivid

2.2 THE MACNETIC FIELD IN TIE S0LAR CORONA. conf iguralion as comparcd Lo Lhal oblained in the case of

The tfamiliar cxpression of Lhe maynelbic lield poluntial Folenlial ficld contiguralion. i other wourds, any  agr cemenl,
detlved by an inlernal  source amnl nu cureents oulside ol a belween  coronal  observal ions and curonal potential [INUTIT YR
sphere of radius R Is given by 3 B . ] - tield configuralions should nol be interpreted Lo wean  thal

atl
. . coronal eleclric currenls are nedcessaril absenl  or
4) sanenf £ (") (¢ coumd + 2 ) £2(0)] ; - y
- insignificant.

this vatistics the conditions Wxi1=0 and geB-0.
- T - laking intu accounl Lhe facl Lhal Lhe solar wind is

A currenl density vector J_salislying similar condilions ‘
[lowing oulward from the Sun and that it Lbends Lo sleetcl

{ V.J -0, l.e. no electric charge build up and qu=0. which ' .
- T - radially Lhe local magnelic field dihes, Lhe simple assumption
is o simple cuhuequence ot Ar—‘O) may be writton ina slallar
can  be made thal atl 4 certaln dislance KA from Lhe Sun (which
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Locmany oludies has been taken RA-1.6 selar radii above  Lhe
pholusphere Lhe Lleld {5 radial.  In the polenlial tleld (PF)
wodel this means Lhat Lhe surface r=R*  is an  equipotenticl.

1L is cvasy to show that Lhe magnetic potential 13 expressed by
(3 vm.o.n-RZ Z £(YPR(OXAT con mé + AT sin m4),

W"UR— f-(r)m ""(%).]' an = (RARP*1 21,

R, = radivs in the corona at which =0, orequmlmlly.therd_uwhl:h

the magnetic feld is radial;

R =1he solar radius at which the linc-of-sight magnetic fiekis are mesmred,

mulaﬂnphmmﬂwncndmstGMmh
N-mu(n)suunauon limit of the harmmcunel
and the field cumpoucnls Dy

Bin e~ Py 2 U-(r)l’:'(‘)(l."cos mé-+ k2 sin md),
[tr’ Bicag=-§ § v

By(r,8,4)= ;m _g' _f_:. mVL(IPT(BY g sin m — hT cos me),
: U.(r}--R d_f_._(()ldr. Va(r)= RE(o)e

(l.. cot mé + h7 sin mé),

Using an equal area grid of up to 180x360 elemenls the
detalled struclture has been evidenced with ditferent
gevmetrical resolutions (tig:‘T.

One  power  specltrum  is  also shown In fig. ‘-. The
wllenuation of  higher urder spatial lrequencies is expected
bevause Lhe line-of -sighl field on each grid element 1s Lhe
sverage ol wmany measutemenls over several days during which
Linv delails are lust. The change al about =42 is consisbent
with o distribution of proper molion velocibies up Lu roughl y
100 w/see, in agreement with direct observations of sucl.

velocilies. The {lattening ol  the speclrum at n=80 Js

h—-d
|
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allribuled bo the instLrumental noise.

The wethod of delerminabion of  Lhe harmonics  ciApansion
coeft iclents implies iaversion of bly wmalrices, which becomes
prohibpitively bLime consuming when the uveder n oincreates beyond
10 (or s30), A Lig slwplification was jintroduced by Allschulet
by tak_ny advanlage of  sume osywmelry propetbics associabed
with spherical harmonics. " In Lhis way il was pussible Lo
increase Lhe degree ol harmonics expansion Lo n=40.

More recently, Neubauer and Hiesebeller pointed out  Lhal
the orthogonality veelaliuvns of Lhe spherical harmunics allow
further reduction of the computational etforts: in
particular;, the hargonic coetficienls can be delerminced very
simply once Lhose ot the highesl vrder are compuled by a  »sel
of recursion formulae allowing deterwination of Lhe remaining
coefiic.ents down Lo Lhe lowest order.

I is wourth wentioning that some mnore complicale
geomeblr_es,  in particular non - spherical, have also  Lbeen
studied by some authors: Lheiv resulls  are  uscelul Lo
interpret some ubuervalional details but  the overall
descripllve picture iu nol chanyged so wuch. More® ctloeetive in
determinlng SO [ealuten of Lhe inlaerplanelary ficld
configuration is the magnetic field In Lhe sulur  polar

veglons, whuse relevance was [lest gealized by Preuwan et al.

2.3 TIE EXPANS10N 0F Tilk SOLAR MAGNETIC FIELD INTO ‘THE
INTERVLANITARY MEDIUM,

2.3.1 General consideralions. The basic model of  Lhe
3
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Lield vapanuiun Lowatrd the inlerplanclary wedium s desce ibed

Ly Lhe eguations
(5) - B =0 (lhe (ieid is solenvldal)
(£) Vx(vxB)=0

Lauation (&) is a straighticrward conseguence of Maxwel ]
egualions asduming a steady expansion of a highly electric

conduct ive solar wind towaed interplanctary medium. The

physical  wcaning  of (é?) can  be belter undersiood shuwing

(Cowling’'s vr Alfven’s Lheorem) Lhat it ig vquivaient to stale
Llwe Lime  §ovarjance of  Lhe total magnetic {lux throcugh any
tlosed Line each poinl of which driils al the velocily v of
Lhe lucal solar wind.

Assuming spherical symmetry the egquation (5)  can be
reduced, in a pular reference system, Lo

d (o2
(3) '.Ezﬁ'é('b; )fm (-;-' P)=o

where [(r,ﬂ) is an arbitrary funciion ot the heliocentric

diolunce v and helioyraphic colalitude O sarnyd g;;.j{l:?iadial
ﬁﬂmgmuuﬁfsul Lhe solar wind velocity,

As o consequence of above uual iovns

2 fle0) v - g8

Lie, By ‘J‘B'/(V"&) wilh gi8) urbitrary Guuction of @ and
Lhe field componenls can be writlen as
@ v 4@ B = glt) 2 b

T x* P

vt

el
N

l'ages 4

Cwnere <L i the svlar angutar velocity,

We can also wrile lﬂﬂ' in a dilterent way

mpu-geBmo

Takitg vzquo km/see, rel, 5 % 10AAY km, J2= 2"}(:; ““‘ﬂ

unhe yuly ol = 4J {ur 2&5! with respect Lo Lhe  oulward

Muu;& ol He bdd

2.3.2 THE OBSERVATIONAL RLSULIS.

rad¥us vector r trom the Sun,

Direcl exploralion of Lhe interplanctary mediue has  beon
performed by a  large number  of space vehicles. Dynamical
characterlstics of Lhe possible orbils limit the region  whero
the observations are made Lo the helivgraphic latitude
lntetval:t 7.3 degrves, wilh some  extenslon Lo hghe
latitudes only in very speclal cases  (see 2.4 . Sowe
Iinformations ab latiludes beyond above liwmils Lo gel a  bLelbor
"Lreldimensional " plclure of the solar wind have hoeen culleeled

by sume Indirecl method AAGMAY . Lhe i mum disbunce  [on

.Lhu.:Sqn reached by a  opace vehiicle has leen 0,29 ALLUL Liy

Hellos 2. We shatl consider in G tollowing  puragraphs the

fleld characlerislics belween Sun dmd Luvrlh,

2.3.2.1 THE RADIAL COMPONLNT . .-B,& .

Before the Helios measurements inside 1 A U, Lhe only
available intormations were from individudl radlal escursiong
of Pluneer 6, Mariner % and Mariner 10 (see Lhe review by

Behannor.y (%), Data were in the [irst case solar rolalions
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avurages, in Lhe scecond and Lhicd Cane smocbhed J day  running
averages or respeclively daily averages.

Lincar besb fits ol Loy ‘?ﬁ;ﬁ’ versus log r o indicatled &
slupe 5 cluse Lo Lhe Lheorelically eapected s.-2, althouch
wilh not neyligible statistical uncertainties, with LLe
exceplivn of Mariner % which gave y= -1.78 1 0.02. )

Helivs 1 and 2 had  Lhe unigque  poussibility Lo cxplore
repealedly and gquickly the inner heliospheric range aof
distunces range from 1 to 0.3 A.U. 50 Lhal 1lung term
vatriat.ions do not yenerally allecl Loo much the resulls arsd
Lhus o "goud" Lime resolubLion ig possible.

As concerns Lhe speciflic variation law of ULhe [ield
components, Lhe absolule values ol daily averayes /<Br>/ have
been shown {o scale with r as AE’ with 5--2.00, during the
Pilrst radial excursion of Helios | (Dec. 10, 1974 - March 15,
1975):  tiyg. 7 a shows the large scatter of individual
averages which is  at  least partially an effect ot Lhe
varlativns of Lhe helloegraphic lungltude and to a lesser
exlenl ol the latitude and GLime. The observed Bm. variation
wpprars tou be In guod agrement willi Lhe model prediclions.
Aclually, dala by olher s/c show some difference which is
probably due Ly Lhe use ot different time intervals ut
dittvrent solar cycle conditions, as well a5, last not least,
Lo Lhe use of different definitions of Lhe displayed “radial®

cumponent. .

Data with higher time (and hence uilso wpatial) resoiutlon

. L L .

Cagye §4

. (5)
(3 Lo 12 hours) were used by Mariani ct al. m, whou alou

<onsider2d Lwu regions of low and high  sular  wind veluciLy.
They aiso found a substantial agreemenl wilh Lhe capected

sower law wilh w=-2, fur Lhe B component (Table L).

T

2,3.4.2 THi: AZIMUTHAL COMIONENT @ .1t wau  evidenl  since
Lhe wearly sludics Lhal  in gencral obseevational dala usniny
/B ’5/> do nol cxraclbly (1L Lhe asymplulic power  law r-‘
cvrpressed by (B). Values 45+-1.29 or s- 1.05 were derived in
“he loner heliosphere by Mardower 10 (0.46 Lo 1 A, W) and
Mariner S (0.66 tu 1 AU dula, reospectively.

Thue best fit of Helios 1 daily averayes has given an
exporient 8=-1.0. Actually, a number of following studies
which all usc (Illqb /) lead cunsistently Lo sumewhal luaiyer
values of /s/, eilher inside or outside the terresterial orbil.,
Higher resolution lellos data lead (fig. gQ) Lo an  eaponceul
5=~1.327 for sular wind velocity v (%00 kw/s and s=-1.08 Lor v
600 km/s. Tuble 1 shows an humegeneous sel of  resulls  on
B ¢ conputed wn bolh Helios, essentially in the same Limes
interval, cerrespording Lo the primaiy mission of Heliow 2. A
consislent wvalue ob 3% 1.10 is found independenlly upon L
solar wind velovity regime down Lo Lime scales as low as  lew
hours. These results, combined with those at distances @21
A.U. allow Lhe counclusion Lhat s5=-1.10 is tuo be Laken as  Lhe
normal value of s, at leasl in Lhe inner hellosphere il une
tits (Il:l¢ ] an:l‘?]:.-(} if vne tity I(H¢ . The dlscrepancy

between Lhe predicled varialion and Lhe observalions hay b
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abliibuted Lo several dillctent nechard sins, Une possibility

is Lhat the reclification of U+ in /0 /) usced by mout
authors cahances the Ind lucnce of fluctualions on Lhe resu_tbs,

l([s, >/ is  less dependent  on fluctuations and muy be apre

tepresentative of magnebic [lux elemenly being cumpared., Boze

alsu Lhat  Lhe quantiLy “Bf’ /) i3 difficult Lu treat

Lhworetically,

C
As varly suggusted by Jokipii an additional conlribution

tu Lhe radlal varlation may be due Lo correlaled {luctuations

Under the

ol B¢ and Lhe solar wind velocity. conditions

Lhal H9 =0 and v is independent upon Lhe distance, the radial

varialion of qfis given by

<évi%E
« 9 <$¢>='-,;‘-—-— pv= +2

whure any correlalion Letween B and v fluctuations impl ey

4 nun zero ¢ JTV~J_8> ard hence a decrease slecper Lhan r

i %@F«rfgp) >0 , uoas

cons iderations and

FurLher Ltheoretical

model  calculations for an idealised

situation of stream-associaled fluctuations Inside the

pruopayaling solar wind indicate Lhat parlLicular choices of Lhe
bouwrndary conditions in the Source region of the solar wind may

lead Lu an exponent /s/ slightliy .larger Lhan 1, s0 to result

In a ducrease up Lo 10% between 1 and 6 AL U; but at lower

dislances Lthe effect mighl. by significanlly smaller, although

sbill obscevable, due Lo Lhe non linearity on the effe-t

e - - P —-

L, ] "o

l'ayge 13
Itself,
(%3
Cther mechanlums have  been suggested, to justify
discrepancies from expectation. One of Lhcs& 15 baved un the

fact Lhat, as a consequence of a meridional lmaynetic pressure

gradlent, a meridional flow 15 culablished which Lendy Lo

decreasc Lhe azimullul Maxwell slress In Lthe vyuatlurial plane

where azinulbal wagnelic [iux iy accumulaled compared wilh Lhe
-
polar region. The llp decrease, close Lo ¢ up Lo 10 solar

rudli, beyond Lhal becomes steeper su Lo Le in Lhe order of
e thau 4

several pvrcenti:xL 1 AU, and in Lhe order of 25%
aml % A U,
the radlal field component B

belween |
The mechanism also predicts similar devialions Lor

which implies that Lhe

'b ’

angular azimuthal orifentation is not atfected. One obvious

difficalty of this skelch is thal
-2
than r

experimental dala do nol

support a fasater variation of B ,» S0 thal iLs

z

reve_an:e is guesiionable. On the olher hand, some evidence

that Lhe overall struclure of the field topology is consislent
with me-idional transport of magnelic flux Lo higher latitudes
has been given.

The second meclmnisa% is based un the counslderalion o!
the kimemalic etfcvels which are expecled  because ol the
prescnce of sbreaws, which tend Lo medity both B'L and ll’} .
Two paraneters are polenlially important: the azimulhal angle

at the source reglon which may be different from Lhe exacl

o o
radial orientation ¢ qé <90 or 270 1; and Lhe solar wind

velocity ﬂzimuthalrprufile (in particular due Lo the presence

15
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ul Slreams)  which  althouyh L way  be slalionary in a
corobaling lerame applats as Lemporally  variable Lo a  [ixed

wboerver. A model  cowputation with four identical sbreams,

slwulaling in some way the Lypical four seclors

around the
Sun, shuws Lbhal while Lhe averaged Bp, vver the Lime profile

-2
of an jidividual slream sLill has a o variation tihe
averaye Uf vxhibits ®2egee€eR 4 sirong dependence upon Lhe

deviation of the field orientation

law,

from the {deal Parker's

model and on  a

shorter time scale its actual values depend

very much upun the averaging time interval. This may Jjustify

Lhe  usually large scatter of individual point.s by Helios

uig.g)f. a5 well as a significant discrepancy [rom Lhe r
law, in particular when averages ot Bﬁ are coumpuled ouver
Lime intervals during which streams are present.

U o much

longer tlme scales Lhere are somewhal,
vcunlradictory results: using averages from Pioneer 10 and 11
dala coumpuled over distance intervals of 0.5% A.U,

(cotrespording Lo temporal Inteevals of several months), Smith

el al.

have found that Lhe product rﬂﬂis very much

indipendent upon ¢; however, using annual averages ol bLhe sane

{8
data a best tIL value 3--1.12 A 0,04 has been found %ﬁﬂl’ in
Lhe dislance range 1 Lo 12 A.U.‘

In conclusion, a variely of effects can alfect the B

radial varfalion al  any Lhe

tectilication effect, labitudinal and Lemporal effects,

distance from Sun  {Lhe

solar

wind wvelocily fluctuations, - presence  of slreams, kilnemalic

Tage 1D

elfects, etec.). 'The Helios dala In the inner heilsospherce

summarized in Table 1 sugyest Lhab o value s 1.1 can be

taken a8 a good represcilation of the aclual vadial variation

of <JB‘, /¥ inside Lhe terrestrlal orbit. But a subsLuntially

sluila: value of s can alsu be adopled al wuch laryger

heliocentbric distances.

2.3.2.3 THE NORMAL CUMPONENT Bg

Despilte the facl Lhat "9 - 0 iy predicled by Darker’s

model, 4 algnificant component }Se is experimentally vbserved

on telatively shorl Lime scales. Best [ibtse on Hedios | oand 2

12-hours averages (/B F /> sugyest a radial power law wilh an
average value L
g do

slupe 5=-1.24 to -1.3%, with no appreciable dilterence

at 1 A U in Lhe range 1.4 Lo 1.9 [or H&

and a

at different velocity regimes. 'The values ot 8 are consislenl

with those from Mariner 4 and 10 beyond our inside Lhe

terrcetrial orbil; Lhe values of uo. from different s/c  are

remarhebly different from each olher, probably also because of

the rather large systemalblic wuncerlainlies occurring on the

apin component of Lhe observed ficvlds. On longer Lime wcaloes,

in the ovrder of solar rolaliovus or more, Lhe average I 9 ¥
are ecgentially equal Lo zero, once Lhe above syslumalic
eftects on the spin componenl arce properly Laken care of. n

conclus jun, allhough occasionally vven large B ) cunponeni s

do exlel, they have Lhe characleristics of  “sburl”  Lompucal

flucltuctions.
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2.3.2.08 T F1ELD MAUNTIUDL .

Accurding to  Lhe Larkuer ' s wmodel  Lthe [leld maga tude
cannul by pruperly Litted by a siwple power law; even so,
several authors used Lhiy appruach, obLaining values ol 5 less
Lhane 2. Aclual values ranye from -1.56 for Helios 1l Lo -1.88
tor Helioy 2, which vompare wilh values g=-1,6% for Mariner 10
amd  -1.37 fter Pioneer 1o {in this case at distances up to 3
AUL). A study(azf combined data from Helios 1 using
hellocenteic dislance bLins of 0,1 A.U. and from Pioneer 10 up
Lo 3 A.U. has shown Lhal the radial wvariation of B is

consistent with the expression
: 42
I 3
«9:r B= a@.,.:t}) /#_

with a-5 off (it r is in A uy.
A similar resylt has bLeen found by Mariner 10, in the

Fange 0,46 <r<1 A U; in this cuse, however, Lhe factor a was
tvYual Lo 4 ‘hT’.

2.3.2.5 HE FIELD CRIENTATION,

The maynelic field vt Lor vrientalion, as glven Ly Lhe
obuvrved  elevalion 6 un Lthe equalor and the azimuth ¢ .
vkbhiblts signulffcant devialions frowm the heliovcenLric vapoecled
variation of Lhe theoreljcal mudel, expecially ub lowsr time
scales. A simple way Lo represent Lhose Lluctuations §s to
leok  at  the differences between Lthe ubserved angles and the

theoretically predicted  values eXpressed by  delinil,og us

Puye 17
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’ B ¢ and #' = 0 {or LU0 } for a nowinal solat

wind specd of 430 km/sec,

A study ot Lhis Lypgagn Hellos 1 and 2 dala extended over
21 solar rotations centered on the periheliony (the maximum
distance from the Sun, although variable, never exceeded
0.58 A.U., the time duratiun of wach SH was close to 39 days),
has shown thal In the inner solar syatem the peaks ot Lhe
azimulhal FErequency distribution are well cenlered on the
angles f' = 0" and {‘ = 180°  wilh a Lruugh in between ol
aboul 4% of Lhe prak values. By comparison o similar sludy in
the distancz range 1 to 8.5 A.U. 1led to a Lrough about. 17% ot
Lhe peaks.

As concerns the elevalion angle 8 the Helios data show
4 substantial siamelry abuul © {(with more Lhan 2/3 ol the
aveilable data having /ﬂ’{ 20" ), which confirms what we have
seen before.

The narrower angular distributions ubserved cluser Lo Lhe
Sur might be the simple conseyguence 0f the still small cliccly
of stream imleractions, Alsu, the included angle  Lelween
3uruafd ani  antisunward peaks Qs 180 * not  only on Lhe
average durlng Lhe seven yedars Lulal interval, bul also  for
individual years, somc sdall ditferences in last case are
only laliludinal effecls, i.¢. a vonsequence ol Lhe Jdillercnl
perventages of Inward and oulward fileld lines observed al

different latitudes.
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<4 T BECTOR STHRUCTURE AND  PHE  HEL IUMAUNETIC CURINT
SHELT .

The  existence of  an internsl oryanlzation  of the
inlerplanetary magnetic field with a well dJdelined gross
struclure on Lhe scale of hourly averages, was Lhe result of
the early observablons of Explorer lBF”'Phe 50-Called magnelic
secbor  slructure was  found, l.e., a spiral [ield line
vonliguration, as implied by Lhe solar wind Parker’s mendel,
with alternabively outward (posilive) or sunward (negalive)
wagnelic polarities, At the time of discovery four seclors
per solar rotation were present. Beyund & few degrees abuve
or Lelow Lhe ecliptic plane, due to the limited latitudinal
hwliographlc excursion of the pd?untly possible arbital
pPlanes, no direct information was since then available on Lhe
Ltheee dimensional structure. There was an early leeling Lhal
Lhe  separalion line of pusitive and negative sectors might be
mote Or less meridional. 1L was on Lhe olher hand found in
bubsequent  studies Lhat a characLeristic magnelic pularily
Sigralure eaisled, Lhe so-called dominant pularily effecﬁ,
l.e. Lhat Lhere was a preferential polarity of the licld when
the obsveving spacecralt was north of Lhe ecliplic plange, and
an oppusite preferentlal polarity will the s/¢ in Lhe soubhern
hemisphere. Also, Lhe sign of preferred polarity changed aa
Llie seclur polarity changed its sign.

Hy ey
Some years later il was suygested Lhat the surface

separating pousitive and Hegulive sectors around the Sun might

3 M
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Le a worped (non planar) suefuce ab sowe varlable  laclination
to Lhe ecliplic plane anyway much closer Lo Lhe celiplic than
Lo & meridian.

A clear-cvut indication cane by Lhe Piuneur 11
magnetometer: during the encounter phase with Jupiter the us/c
Look a yravilational kick off the ecliptic plane which moved
it to a modlfied orbit to a maximun helivgraphic lalitude of
about 8 degrees. During a 27 days lnlerval corresponding Lo
a [ull sviar rotation Lhe field polarily was always pousitive.
This resull showed Lhal above a corlaio latitude Lhe field has
the sawe vulward {or inward) uvrieptalion: Lthe interplanclary
{ie.d .hen appears as Lhe cxpansion  iubo Lhe  iolerplanclary
medium ol a Lficld rouled on Lhe Sun with ficld lines poinling
in opposibte ourienlalions in Lhe opposile higher lalitude
regivias ol the Sun. The svparation between Lhe Lwo reyions
is a Lridimensivnal ynon plunut' surface v known ab
hellomiynecic sheel. Il Lhe gource field was Lhat ol a
periect Sun centered dipole, we should observe a sinusoidal
separabtion line; in contrast, any olher shape is lndicative ol
higher order contribulions (guadrupole, oclupule, and 50 und.

A systematic study on data by Helios 1 and 2 fur Lhe year
1976 showed for the firsi Lime the shape of the heliumagnelic
sheet as observed beyond 0.3 AU,

These Hellios observalions represent a very significant
improvemenLt 1n the knowledge of the latiiudinal dependence of

the IMF polarity, also because of the avallabllily of
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simul Laneous plasma dala: preciue knowledye of the solar wind

tadial velocity allows the projection of Lhe field pularil_es

from the observing spacecraft onto Lhe actual coronal source

polnik of cach rield line through the s/c. S0, the azimulLbal

(]
width al Helios location wWas used uu fnput to determine the

cortrespording width  on  the corona. Data fur early 1¢7e

relalive Lo 4 golar rolalions show Lhal Uhe azimuthal widths

of the unipolar region were actually Independent of the

helivecenieie distance; the pusilive and negat ive pularity
dislributions and the projected sector boundary locablions were

consisbenl with an average quasi planar configuration al an

'y
lucliuaLILulogslo with respect tu Lhe heliographic equator,

In addition, a distortion oI Lhe boundary surface abuve te
equator was noticed such that a four sector structure could He
uvbserved wlthin a certain latftudinal interval, but only a two

seclor structure In anotlher latitudinal interval south of the

vquator (fig.-JD .  Local triangulalion of a seclor boundary
usliyg Helioy ) datéﬂgiso shuwed  significanl deviations frum
the picture of a rigidly rolaling, flat current sheet.,

A uLudyﬁﬁgLunded over Lhe solar minimum, based on dala

trom  Lhe Llwe Helius, has shown Lhat the angle defining the

leasl square fit ol the inclinaltion of the boundary surface to

Lhe  equalorial plane In 1975 and edarly 1976 was cluse Lo 19e

L4

Wwilh Lhe dominant two seclor configuralion which was dalso

vlbuerved  Jn Lhe neariy weyqualorial region on Lhe Heos data

singe 1972, The change of ng between 1975 and 1976 tan be

L

T e i -
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cunsidered as a dircect jndication of a Lemporal, i.e. solar

vycle, variallon of Lhe inclinalion of Lhe boundary surface.

Both values n;~ﬂ, are compatible with the resulls olblained at
larger cistances by Plonecr 11,
The overall picture for Lhe years 1972-7% Qs Lhen Lhal of

an approiimalely flat  current sbweel inclined Lo Lhe Sun’s

equatorial plane, {rom which, due tu the solar rotalion, a

spiral wavé is produced propaganling oulward (fig. {f ).
Smaller scale variations are superimposed Lo it.
Approaching Lhe solar maximum in 1978 and beyoend it. Lhe

(4, §]
effect wus no longer observable, a [ealure

dominant polarily
whith is Lo be relaled to Lhe chanye of conilguration ot
<) .
coronal holes, and solar wind slreams, with oppusile
Fularities extendlng beyond the equatur in the opposile

hemispheres and a highly erralic behaviour, as expecled for a

highly irregulur and rapidly evolving IMF organizallun.

The appearence of a four seclur configuration implies a

heliospheric current sheet already not planar fn Lhe solaer
Working in this frame, bthe gquadrupole conlrlibulion Lo
)

the magrnetic fleld potential was estimated Lo be In Lhe order

corona.

of 17% of the dipole for Lhe one year time inLervalc':?xauiz?ﬁ

to May 1977. All abuve resulis consistenlly Msosdedss Lhv

picture of an heliospheric current sheeb, not planar, at a

variable ‘“average” inclinabtion wilh respect Lo Lhe solar

equalorial plane, wilh an vverall geomebtry depending upon  the

solar cycle phase in thal it wodilies the geomeley of large

COSAR AL = sereletew | ki

ha L R TE
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so0lar scule fealures in parlicular of Lhe courunal holes.

The wvery existence of an heliospheric current sheeot

iwmedlutely raises the problem of connecling the interplanery

obuerved fleld of solar origin to its source un the Sun. We

have  alrcady considered this problem assuming Lhat Lhe field

i an expansion of the pholospheric field. Here we 1like Lo
ook al o ditheevend observalional approach taken by Hansen et
wl. They locate Lhe projection of Lhe seclor boundary on Lhe

LOurce  surlace  on Lhe bright tealures observed In Lhe white

liyht cotona.

In a study of the coronal and Interplanetary current

sheel, Lhe sector pallern from bthe Hellos 1 oand 2 dala in

}]
carly 1976 was cumparc&25ulth the maximum brighthess curve

(MHC)  obtuined from plots of the K-coronameter brightness

conlours as the line, encircling the Sun,

lalitudes of maximum bright.ne:ss({’[?_h,),

The projected polarities have been

connecting the

compared with the

heutral  line as computed by Lhe PF  model, during four

constculive solar rotations, Interestingly enough, although

Lhe neutral lines  derived from the Lwu methods are sumewhal

ditlveent  from each other, they also show  considerable

qualilLalive similarities. Apparently, the excursion of the

neubral lioe about the equalor was a litlle larger for the PP

wodel  Lhan fur Lhe MBC model. The observed seclor boundarles

exlrapolated back to Lhe Sun match Lhe crossings of Lhis line

wilth the warped neutral sheel inferred by the two Lechniques

i il
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tc withir the expected dccuracy of Ll seclur boundary

cxlrapolation amd Lbhe neulral shect {in Lhe order of 1%y,

In the case shown In Lig. a Lhe separalion ol Lhe Helios 1

and 2 otfital paths by aboul 10 in lalitudes made possible a

precise lalitudinal delermination of Lhe neuilral line which

lcoks belter represented by the MHBC curve than the IF

determined contour. The time resolutlon of the Lwoe neulral

line determinazions was good in Lhe hypotesis of little

structure changes during 27 days (for the MBC) or 6 monlhs

(for the PF wodel), s0 Lhat short term transients are uot

properly taken care of. Apparently, in the case ol fig. A2, &

LLe PF pevilral Line should be displaced soulhward Zy about, 20°
ale

13
te agree with the patiern observed by Hulius{./ﬂﬁgﬁ-‘ﬁ?ﬁuu

several queslions: in particular on the distortion due Lo Lhe

pourly known strength of the polar magnelic field, on  Lhe

stlape ol Lhe source region, which mighl well be far Lrom

spherical, and un the [icld oricnlation al the source nol

necessarily radial as generally assumed.
Intrcducing a solar polar [ield, plthough largely unknown

g
ard then arbil-ary, in the PF wwiel, has the impuriant eftecl

‘ .
of reducirg the latitudinal excursion of Lhe computed uheuL(éyhﬂd'

Such stucy ex-ended wouver the 18 wunths [ollowing Lhe lasL

sunspot ninimum has also shown a slow but steady 1ncrease of

the latitidinal excursion from abuut 15 near Lhe starl of the

] !
irterval to about 45 near Lhe end., An overall survey ?h Lthe

structure of <=he heliospheric current sheel in the years

f— - -
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197082 gives further support Lo the piclure of an evulving

struclure during Lhe solar cycle up to amd beyond the reversal

of Lhe solur polar field orientation. A remarkable fcature is

the conLinuég evoluLion from a four seclor boundary topoloyy

to a complex situalion, approaching Lhe solar maximum, when

the hellographic latitude of the sheel approaches the poles

and  also disconnecled current shects are predicted not

fiecessarily intersecling Lhe Lerrestrial urbit (Lig.lﬁr ).
The improved neulral lines derived from Lhe DPF and the

ap
MBC  models have  been shuwnl Lo be closer Lo each oLher.

. : k349 )
Compar isun vver six solar rotalions *sliows that only during a 6
Lhe PF and MBC curves failed Lo be cluse Lu each

duys  period

ulher and Lhis occurred In colneidence wilh the appearence of
@f) unusually large pholospheric reglon of unbalanced "tuward™
polaritly which was not present neither in Lhe previous noe  In
the  following solar rotations,

An overall counclusion is that

Lhe MBC method works better when large bipolar magnetic

reylons  suddenly appear on  the pholousphere, the IF method
wurky better when fast evolving deformalions appear, This
Intekfiz Lhat, when approaching solar maximum Lhe coronal

slrucbure becomes much wore complex and the PF melhod seems to

be  preferable, whlle when a more slable situalion vecurs Lhe

MEC melhud is somewhalt more reliable.,

It i3 not very salistactory in Lhese shludies of the

conneclion belween Lhe solar maynetic and Lhe interplanelary

field at ¢ > 0.3 AU, Lhal no direcl measurement of the

L X3
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wagnetic Fleld are generally available belween Lhe pholusphere

amd 0.3 A.U. However, for a Llimited number of cases, Faraday
rotal.oun neaLurcements have been oblained when Lhe
bpacecriit-Farth line passed Lhrough Lhe corona. A

<omblnation between a three -dimensional MHD model of Lhe svlar
wind uw.¥ from the Sun and Lhe polential wagnetic Field close
to 1L wﬂs used Lo compule a simulated Faraday rotation prufile
during Lhe outbound pass of Hellos 1 after {lirst perihelion in
1975. The  resulta

were  composed wilth Lhe observed Faraday

rolalion profile. It was found Lo closuvly ayree In a  broad
longltude barl bul to

Jeflned longitude band.

strongly disagree In  anolher well

This represents direct evidence for

major stirtcomings in the potential ficld models,
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3. THE INTIRACTION OF LHE SOLAR WIND WITH THE BODIES
THL LGOLAR SYSTEM: general consideralions,

The study of the sclar wind characteristics 1 proximity
vl a wolar gystem body Is a complementary todxl Lo oblain
informations on the magnetic field Ltupology about the body
ituelt. Acvtually, in Lhe region whiere Lhe wagetic eneryy
densily and Lhe Kinetic energy density ot the particles are
Comparable both the {ield topoloyy and the particls paraneters
are mulually and strongly affected due Lo Lhe indued eleclric
tield and electric current?,which in turn modifr the ficld.
[{ ihe budy pussesses a sulticiently slrung magnet_.c [ield the
sular wind cannol penetrate deep into Lhe planetary
vhvironmenl:  the particle (lux will be deflected arcund a
limiLting surface which, in analogy wilth Lerrestr-al case, fs
still called maynelopause {or mure generally
hagncelolonopause ), which includes the planetery ionized
atmusphere (L0 any). Although the precise  shape of such a
sutiacve is  extremely difficult Lo compute sume gqualitative
cunuliderations are of interesl here: two basic siluations may
wccur when the planel has an atmosphere and, ruspggtively, has
ur has not an intrinsic internal magnetic fleld, "Th; first
vupe  iu Lhat  of Lhe Earth and the glant planels (Jupiter,
saturn and  Uranus); the second Case  occurs when only a
fonuuphere exlsts, produced by the jonizing UV sclar radialion
uit Lhe planetary lonosphere.

in both cases a4 magnetuionopause Is ygenerabed, although

TN N -
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very different in sizu. The magnetic field lines

contlyuLration  inside the waynelouionopause iy couplelely

separaled by Lhat vutside: as a consequence a disconlinuily

of the fleld occurs, which also means that the separal jon
L

surface becumes a current layer (because of qu:g). When no
Li

Inbrinsic fleld existsy arcund bhe planet, s5Lill o  waynelic

field 1s produced mmw due to Lhe
induced currents fAsnngsonit; a perlurbed solar wind wlaning
the o -
ia vbarved out.;im-.-.'ll amd  u  relalively stallonary plasuu
A~ LA is obscrved Inside.
| L RLP

A different sltuation  occurs when tCthe body has no
atmosphere; 1in Lhis case Lhe solar wind can freely impinge un
its surface (&s in Lhe case of the Moon). Nu case is known ab
present of a stronyly magnetized body with nu atmosphere,

The perturbation of Lhe solar wind  beyond Lhe
nagneloionopalse exlends externally up Lo another limiting
surface shich separatea Lhe interplanetary undislurbed solas
wind {from that inside. This surface is a shock-wave, i.¢. o
surface Jhere the paramelers describing the characterislics of
Lhe solar wind (in particular the pressure and  Lhe
temperat;rei%nd ‘the magnetic fleld underge a pronounced
discontiwily, which again can be described as a complex
current layer. The shock is genetated because of Lhe facl
vhat Lh2 velociiy of the impinging solar wind is much higher

than tha: of the wave propagation in the magnetoionic gas, In

analogy with what happens in similar hydrodynamical problems.

e e T
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It is somewhat surprlising Lhal a good hydrodynamical analogy

can  be eslablished, althouyll Lhe plaswma 1s rarefied to Lhe

point to be consldered collisionless. As matter of fact, Lhe

ambient and/or the induced magnetic fleld acts as a powerful

mechanism strongly affecting the plasma [low, 80 to produce

effects similar Lo those of collisions in the case of urdinary
elastic flulds, A skelch of the field

configuration In a

meridian  plane, for the Earth's case Is shown in figq.
18 ,where levels of theoretical description are also indicated
in vrder of increasing difficully.

Slnce Lhe exact mathematical treatment of the problem
becomes Immediately almost impouysible, some approximuatlons are
duncrally made:

(1) due to the generally high Alfven Mach number q‘ a
hydrodynamic approach is taken and the magnetic ficld is added
a4s a second step, once the flow hag been computed;

(11) the pressure of Lhe solar wind on the magnetopause

! 2 1
iy approximated by f:‘mmﬂ;,cﬂaf where Kk is a constant of
the urder of 1; My, Vieare the asymptotic number density and
velocity; 'r is

Lthe angle of the flow to the normal to the

naynelopause;

(111} Lthe actual maynelic fleld is the dipole fleld pius
an estimated field produced by Lhe currents flowing on Lhe
magnetopause current layer,

A summary of results Is shown In flg.l?,where old and new

more  accurale computed shapes of the magnetopause are shown,

ot

| TR
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for a meridian and un equatorial cross section.

Remarkably, the dislance D of Lhe so talled  staynation

polint, i.e, of the nose of the magnetoionopause, is

praportional to the 1/3 power of the dipole momenl M of  Lhe

planelary lield, and then engy slighlly sensilive Lo

variations of Lhe sular wind paramelers. Ay a  counseguence,

the observational value of the distance D, as well us the

obscrved shape of the maghetopause, may be Laken as a gooud

For Lhe Barth's
-3

imdicator of Lhe planetacy dipule wmument,
-2
case, with M =B.10AA25 qauas.cu3,ﬂ=l.6‘lp 'fa ) m"_-fcw

40 401 cmfiac

one gets DﬁgEath‘a radii. the distance of

as the ang1e7°

where 7‘

becomes close to 90'. the approximation on which the Lheury Is

As fig. 2D shows

increases  ponotonically

nagnetopause

inceuses. Along the flanks of the magnetopause,

based becowes bad. Fortunately, in some special case, one cau

compute exaclly the shock boundaries and Lhe magnelopausce ([or

example when the flow velocity is aligned with the frouzen-in

magnetic field)., A remarkable finding Is that the guusdynamic

sheck description becomes coincident with Lhe

magietohydrodynanic description when the Alfven Mach numbor 1y

grealer than 10. In yencral Lhe nose gels c¢loser Lo Lhe

planet  when M‘ becomes  smaller: on Lthe flanks of Lhe
magnetopause just the opposgile occurs, since Lhey move
outward,

A somuwhal simplier physlcal situation occurs {n  Lhe

abaepce of an intrinsic magnetic field, as is the case of the

et SR ..~ e
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solur wind dnlLeraction wilh fhe venusian ionosphere. It is
worthi muenlivning that a compression of the lrozen-in maygnetic
fivld wccues oubside Lhe magnetoionopause; in  Lerms af
eleclric currenis thils means that a current clrculation 1s
required oulside Lthe lonupause. A sumnury of results ia shawn
in f[iy. i? where a varicly of 51LuaLions‘and planets is tasen
into account.

The picture given so fae completely neglects dissipative
effecls, s0 Lthalt the buundary surfaces. are considered as
guometrical surfaces. Actually, when dissipative effects (du=
Lo fluid viscosily, thermal and electric conductivity) are
Laken doto account a  finite thickness of Lhe suclaces L3
ubtained, generally variable from point to point.

A very iwmportanl fealure of the muynetic field Lopology,
In  Lhe anlisolar direction {s the so called magnelic La:l,
which is a magnetic flux tube extending in a direclLion
uppusile to the Sun, where a northern and a southern lobes can
be ldentlfied with respectively antiparallel fleld lines: in
the cave of Earth, field 1lines are away from Barth in Lhe
suubhern reglon, below the so called neutral sheet, and
eartlhward north of Lhis plane. The maynetic tail represents &
thannel of access for solar wind particles along Lhe fiel¢
lines to the innermost part of a planetary nagnetosphere.
Because of the instability assoclated with the closeness of
antiparallel field 1lines on  Lhe two sides of the neutral

sheel, one  can  expect Lransient phenomena, like particle

Boead . M
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acceleration and dumping Loward the planel, with ussucialed
magnetic field variations. Phenowena of this Lype are well
observed in tLhe Earth’'s polar caps, also in associalion wilh

auroral activity.
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4& PLANLEARY MAGNLTIGM: sumt general conslderationg.,
It is generally accepled Lhat, the field of“ magnet, 1 zed
planets iy produced by an internal dynawmo. Assuming o
primordial small field, a regenerative aclion of organized

1luid molions is auppaaed te lead, by a proyressive

autovexcitatlon Process, Lo a ﬂtable field configuration, The

mathemallcal problem is exceedingly difficult, also because of

the non linearity of Lhe basic equalions. An obvlous

tequitemcnl for fluiqd molions is the existence of a conductive

liquid core. ‘This emphasizes thal Lhe study of planetary

magnetic fields can lead Lo unique informatlons on the body

inner structure,

The first question Lo be answered 1s whether or not

yenerablon and amplification of Lhe field

electrical flujds symmetric motions s possible, An  early

yeneral  statement » Lthat slLable symmelric flelds cannot be

gencrated Lhal way, Puls sirong constralnis on any Lheory, Inp

@4 qualitative way, we can a4y that a symmetric motion around a

syimelry axls has Lhe eftfect of transpurtinq the axisymmetric

field 1lines wilhout crealion of any new field line.

S50, Lhe
simultaneous [leld diffustlon due to Lhe finite conductivity
hecessarily leads Lu Lhe pProgressive decay of the field

itself, which 1a thus not stable.

The first succesaful] attempt of a non-symmetric

: field {s due to
Parker, who showed Lthe pussibility of conveciLive fluid motiouns

virculation model leadlng to g "stable"

]
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capable to distort the ficld lines In such a way to supporL

the regeneratlion neuhanléﬁ.
It has also been convincingly shown that, in addllion Lo
sinble conf lgurations, Lime varilable

magnekbic fiefa

oscillalory solutions exist  which might DLbe appropriale Lo

deuct lbe the pefludic reversils {1lke the 22 year :uvhrauls of

tie solar pulan‘field); iﬂowcver, Lthe mure or less  candum
Lemporal stLribution uf the geomagnelic field reversals
implies thal so]utiuns uﬁ_ the basic equatfunu not  simply

o:zillatory are‘ to be;'expected when dynamical (ralher Lhan

simply kine=matical) Lrguiment 1s used, Iln particular when a
veriability of ‘the flﬁiEZVelociLy is inlroduced in the theory.
Ccnsideration of;the dynaﬁical approach is completely out ot
tre purpose qffour 1}¢£ﬁres. We only show as an exampie, in
tsg.21 | o aket&n of n‘::‘;‘.r‘nbdel by Busse where Coriolis and

forces have an essential role

pressure to produce the

necessary non—ﬁynietriéfhotion Althogh energy consideralions
show  that the growing fleld Lends to an equllibrium amplilude

of the fie.d, the details.of the equilibrating mechanism arc

nok knuun The driviﬂg force ol the [luld motlon is alswe
wikrniown: posusible LandluaLv- are thermal buoyancy, chemical
separation of lighte conJLituents, relative molions by

differertial precession fates of internally Lo the planct.
The mzgnetf: monent predicled by the bBusse model Is ylven

by

3
fﬂ’} M= Bc Qc ’é [H‘?c ) 32 Rc#
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where Bc. is Lhe Licld strength  in Lhe cure,gc) Ro are
its densily and radius.

ULher ways have been suggested Ly oLher authors Lo
vlimate maynetic mowents on the basls of scaliny laws, i.e.
mure or less empirical relationships between sone Lyplical
planetury paramclers: one  classic example, dating back to
Schuster, I8 Lhe assumplion of a proportionalliy between
magnelic and angulur momenta. This relationship is often
Called magneltic Bode‘s law (Iig.lll. Although one can bring
sume  physical  supporl Lo such scaling laws, yet significant
discrepancies do exist between Lhe observed values and Lhose
“predicled” by Lhem. IL is quiq'clear that Lhe radius of Lhe
liquid core is a critical parameter upon which the magnetic
momenits  strongly depend. The Earth represents Lhe ounly case
where Lhe core size Is well known by seismic information. In
all other cases only estimates are available. Recenlly some
new ideas have been suggested: Elphic and Rusuelfuitaud ag
tore  size Lhe depth at which dipole and higher harmonics give
Lhe same conlribution to the RMS magnetic field (which happens
Lu be the case of the Earth). Temporal variations of the
lield as a function of deplh have been used Lo luuk for the
deplth al which the vertical compunent of the field becomes
cotistant, which means thal the [ield is frozen-in. In the

case  of Lhe Earth, such tehnique leads to a cord within 2% of

that actually known.

By 3;

.

jﬂ LIRECT OBSERVATION OF PLANETARY MAGNLETIC FLELDS

In Lhis section we summarize Lhe resulbks of  recent
in-situ measprements of the magnetic field arvund Lhe plancls
(ai]l sume of Lheir idmplications). Physical interprelations
are based on spherical harmonics analysis of Lhe field, on
scaling of properties from the Earth’s magnetosphere ard
parlicie propertlies or on  olher indirect observations

{radicemisslon, oplLical oubservations, elc.).

$.1 MERCURY. o

Duta collected by Mariner 10 revealed (Q4GAk o saull
butl sLill surprisingly high fleld in Lhe ovrder of several
hundreds gammas. Bow shock and wagnetopause gualibualively
similar to those surrounding Earth have been clearly obsuived.
However, due to the lower field {ntensily Lhe Lwo surfaccs arc
much closer (in wunits of planetary radii) to the planct and
the possibility exists for solar wind particles to hit the
Mercury's surface. The external ficld confiquralion gtrungly
suggests exisience of a tail-like structure in the antiuolar
direction, The main field is described by a cenlured dipule,
inclined about 11. to the orbilal nourmal, orienled soulhward,
Just as for EBarih. No radiation bells have been obuserved.

Tablez glves best fit eslimales of the lower wullipule
coefficients as compuled Dby simple use of low order
approximations of | 43 with Lhe addition, in some castus, ol
slmple external currenl configuralions.

{30) _
As regards Lhe origin ol Lhe [jvld, Lwo pustible



i . il

Page 3‘

wechanivms  have  been tuggestod 4 dynawo action as Inslde

Earlh and/or a temnanl maynelizalion, A third Possibility,

inductivn by the maytictized solar wingd nagnictic field, dous

nob seen reasonable because of Lhe too high observed planetary

Hield, comparced will the frozen-in solar wind ficld., The facl

Lhal the mattler densily of Mercury iy compurable with thal of

Lhe  Farth dlrongly supports  the  jdea  of an internal core

eusenlially made by lron and nickel. If Lhis s Lhe case, Lhe

wagnel fc Reynolds number  must  bLe big  cnough Lo alluow the

internal fluid motions hecessary Lo produce and amplify the

ficld at a rcate faster than 1t tan be diffused. Sawme

difficulties, j.e, Lhal the core is very probably not molten,

can  actually be ogvercome because of Lhe fact that Dusse’s

theory only requires thal part of the core, in particular an

outer shell be mollen. As regards Lhe hypothesls of a remnant

magnelizatjon, unly a spherical layer several km

of uniformly magnelized matier al g level comparable to

hundreds
Lhick

Lhal uf Lhe samples relurned from the Moon mighl be sulficient

Lo produce Lhe obuerved Field. In Lhis case an open guestlon

would be Lhe source of the inducing external field. One may

Llunk in  Lerms of a strong polarizing solar lield, as bilg as

10 Oersted at the Mercury orbit; however, since the cooling

Lime s long and the solar field is knuwn Lo change ity

polarity periodically, one should nol expecl a  significant

eftect from the mechanism, Alsc sume arguments have beepn

raised against the remnant wmagnetization nechanism, at present

1y 3?

it caunul  be complelely  distcegarded, A acllive  dynamo

mechanism 1s more Likely., A crucial Lest would be Lo look |or

a pussible secular change, similar to Lhal un Ear Lh. Acbually
Lhe few available ubservatlons, althouyh some diiterences were

found belween the resulls from the 1974 and Lhe 1975 L1lybys,

cannot be of much help due to Lhe tacl Lhal Lhey are not  out
of the exrerimental uncerlainties,
In conclusion, lovking at maynetic data and relaled

theoret:cal studies, Il is possible Lo think of Mercuy

interior in terms of a core whose wuter portion is mollen so
to mahe pussible the required dynamo active clreulation. The
excitallon is Lo be abttribuled Lo thermal vl lecbys, raLther Lhan

precession induced turbolence which seems to be weak.

€.2 vEnus @ |
Early finding by Mariner 2 and 5

3»

Lthat. nho  signiijcant

field enisted down to 0.7 venusiun radii [rom Lhe surlace puls

an upper limit of B.104422 G.cm3 lor  the magnelic moment.

Interpretation of simullaneous dala by Venera 4 alluwed a

reductian of Lhe upper 1imil to less Lhan 10AA22  C.cm3. Bl

exlatenoe of a bow shock is convincingly seen (£ig9.2D on Lhe

data by Venera 9 and 10, as well as un varly data I'ron Mavioce

10 Tt shock is very close Lo Lhe planvtary surfacue, a:u a

consequence of 4 very low (ur even null) inlernal magnetic

field. Existence ol a Lail-like field iy alse evidenlL. The

critical quesiion, whether or not an  Intrinsic small field

exists, requires cleaning the observalional dala {rom bLhe
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effecls of a complex exlernal current syslem.,
AL present, Lthe best available dala come from the

Ploneer-Venus Orbiter.

Existence of very 1uow fields is

tSystematicocally confirmed: fileld strenglhs up to a few Lens

Ydiuna i, are  observed down Lo Lhe periVenus regions A very

pecullar observalional feature is the existence of locallized

Tunusplier ic regions  where high fields are observed {(fiyg.

2“-). This feature has been Interpreled as an  indicallon of

twisled bundles of magnetic flux or “flux ropes” , In

ptinciple, bhe root of Lhe observed magnelbic {lux might be

ellther below the lonwsphere or 1In  Lhe magnetosheatlh; the

authurs believe that actually the tubes originate in the

magueLbsheaLh, which means Lhat the field is not an Intrinsic

field from the planelary body. An estimated upper limit of

the planetary dipole moment would be much lower than 104A22

G.cm3. All above lmplies Lhat motions In Lhe venusian core,

if at all existing, are extremely slow, because of a less

efficient energy source and/or of a much louwer electric

conductivity.

5.3 Maxs.
In principle, Lhe most interesting dala are Lhose Ly Mary
2, 3 und 5, gince the carly flyby by Mariner 4 occurred so fur

thal only a yrazing encounter with the planelary bow shock wib
(33,34

apparenily 90351blc.' The interprelation of Lhe few avajilable -

maynelic data is very conlroversial,

since nu general

consensus  has  been reached, However, it is evident that the
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intrins_¢ marLian field, if any, is very low. On wne side

Dolginow claims Lhat a planelary field exisls, currespond ing
to a magnetic dipole mowenl of Lhe order of 2.10AA22 G.cm3; on
after a data reinterpretation Russell

the other side,

concluded that Lhe observed fileld might be produced by a
mechenism similar to that operatlng about Venus.
shock,

Actually, Lhe geomelry of the bow although ounly

observed on the dusk side of the planet (fiq.li) indicates
that a small Internal field may exist. Considerable confusion
exists about the orientation of the dipole. After the initial
eatliuuate by Dulginuf?gaho Iidicated a tilt of 72’ from Lhe

normal Lo Lhe orbitl, Lhe same author wore recently quuLeﬁyg
much different value, i.e. 15°,

The present knowledge of Mars inlerior is very poor: {10
doubl that the lower malter density lmplies a slygnificantly
differert constitution of the inner core, as compared wilh

that of The size of the core is eslLimaled

Earth or Mercury.
to be 1200 to 2000 km and the sefsmic activily appears Lo bLe
smaller tLthan on Earth, So, although several aulhors assume
the exiztence of a fluid core, the possibility it is frozen-ln
cannot be disregarded. In the first case, if an.intrjnaic

tfield im praoved Lo exist, a dynamo mechanism 1s a real

candidate. In counclusion, new reliuable in silu measuremcnts
are reguired to pruve (ur disprove) the very existence of an

Intriansic martian [icld.

&.4 JurirER.
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This glant planct I o very sprelal body In bthe  solar
system, surrounded by a clowd of 15 (7) butellites, ovme of
which, 10, exhlbits very unique features, Thul Jupiter wus
hiyhly magnetized is known since several decades, un Lhe basis
uf  observations ofF polarized decamelyic and declmetric
radicemissions, interpreled abs  synchrotron radiatfor by
relativistic electrons in an  amblenl wagnelic field. The
varly esbimates of Lhe field gave ‘slrenghts from sume Leniths
Lo wore Lhan 10 Gauss In Lthe radiation reglon, which after
catrapolation to the planetary surface implied an equatorial
Cleld of 3 Lo 15 Causs. The large margin of uncertainly  wag
due Lo Lhe uncerlalnljes of the Lheorelical parameters used in
the  computalion. IL was not wunLil 1974 that dire:t
measurements  were  obtained (fig. Jﬁr ) onboard Pioneer 19,
whose dala sugyested .a mumenl of aboul  1.5.104430 G.cu3€
Results from a second flyby, by Pioneer 11 uvne year later,
after sume conlroversy because of differences between Lhe
Mwdasurenents by the Lwo onboard mignelomelers (a vector heliun
wagnclumeter and a high Iiel% fluxgate mugnetometer) indlcated
d  substantial agreumenfaﬂiﬁ a dipule moment of 1.55.104430
Coemd wid a ralle of dipule Lo quadrupule and Lo uetupale
momenls of 1:0.25:0.20,

Ny cowparison with Lhe Earth's case, the nun-dipole terus
arce  significanlly higher in Lhe Jupiter's case. 1In additien,
an lnclination of Lhe dipole with respect to the jov.an

rolation axls of about 10. in a direction Ooppusile Lu the
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Earth’s dipole, f.e. toward Lhe Nokth pole, wisi delermined in
substaniiul ayreement with Lhe findings of  radloemkssion
vbserval lony, which were very consisbent with  each  olher
althouyh made al differcnl wavelengths,

Takle 3 summarizes Lhe best fit paramcters {womenl and
dipole tilt, higher order moments, offsel) decived by Lhe
Ploneera’ flybys. The large contribution from from higher
order woments Implies significant axlal non asyumelry of Lhe
internal source which extends out of Lhe center more Lhan in
the Earth's case. The dipole moment derived by Pioneer 11
appears 1o be a few percent higher than Lhat from Ploneer 10
one year earlier: if the Jdifference 1is real it mightL be
Indicative of a secular variation,

Mure recently, Jupliter was revisited by Voyager 1 and 2.
The flyby of Voyager 1 was selected Lo make possible a close
encounter  with [0, which, ualthough lmplying a higher
peri juovian distance, had the advantage of allowing the
exploration of the dusk side also Including Lhe region wheio a
tuil straclure was expecled, by analugy with Lhe Earth's case.
Fiq.!.‘snows in the upper panel location and model shapes of
the bow shock and of the magnetopause, as derived by the
combined magnetic and plasma data. ébme detalls of the [ield
strength are shown in the lower panel , where also individual
Identifizallions of the magnelopause (MP) and bow shock (BS)
croessings are indicated. The magnetloupause nose is located

5 rlose 5 ard
about 9 R, and the bow shock close to 80 R g I the Sunw

J
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directfon. Bul  Lhese distances become several Limes largyer

along Lhe dusk side of Lhe huye jovian  magnelosphere. An

ImpourLant fealure of this

cavity is Ils rewmarkable

coupressibilily, as cumpared with thal of the EarlLh,

The rapld rotation of the planel. and Lhe several days

long residence of Lhe Voyagers close Lo Jupilzr allowed a

belter geographycal sampling distribution, FET bulter

informalions on the field distribution arownd the planel. aAn

interesting result s that the reversals of field solarily at

Lhe lovalion expecled because of Lhe inclina.ion  of the

wugnelic dipole Lo the orbilal plane, are only obsarvcj P Lo

4 waxlmuin distance of aboutl 80 R_ . This is lrle-pretable us

the warping effect of a diamagnetic plasma sheet with a Lhin

embedded current sheel un which a field directional

discontinuily occurs. During the planetary rolation at

distances exceeding a certain value Lhe s/c no lomyer reaches

Lhe plasma sheet and Lhen no pularily change is observed.

Several explanations have been suggesied Lo _usLify the

warpling. One is the centrifugal force distortion in the ouler

region, which would however lead Lo a symnetry between the two

types  of crossings.

Als50 a splral shaped distortion has been

suggested, In North to

bulh  cases South reversals, and

viceversa, should be expected al constant longitudes, and this

15 only roughly true leoking at  Lhe observed crutisings

longitudes. Also,

a significant asymmetry between N—p- 5 arc

S N reversal longitudes is observed. A mure plausible
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suygestion is Lhat ol Lhe bending of a plane cureent sheel

depending upun Lhe angle belween Lhe solar wind direction amd

the dipo_e direclion, in a way very much Lhe sawe as four Lhe

Earth’'s neulLral sheel. This idea is corruburated by Lhe lacl

that the field Intensity corresponding to the crossing tends

Lo be smaller and vanishing as the antisolar distance trow Lhe

planel Increases. The general slructure ol Lhwe  juvian

magnelossicre, as oull ined above by using magtictic

ooservations, 13 confirmed by Lhe resulls of solar wid

cuservabtiong: locations and shapes of bow shock and

magnetopadse, cowpatible wilth the measured solar wind pressure

are found as well as a remarkable compressibility of L.he

jovian maygnelosphere. As regards trapped particles, Lhey

corogtate in the inncr region of Lhe magnetosphere, i.e.

rotate rigidly wiLh the planet, with two flux maxima puor

ES - f - - t
rotation. However, above a jovian distance of aboul 8% QT

anly one peak remains and this concurs with Lha‘mugnutic dala
to show the distortion of the plasma sheet from a planar Lo a

Eended configuration.

.6.. 5 JUPITER‘'S SATELLITLES.

Uncypected results of Lhe in-situ plasma and Lield

uvbservatlons  are the perturbations correlated with Lhe

position of some jovian satcllites, in particular 10 and

Ganymede. Voyager 1 was Lurgeted Lo cross the Jovian field
tube connecting IO and the Jjovian surtace , with closest
approach at 20500 km,i.e. 44 I0 radii.
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Significant field direcLional chinges, with no intensity

changes, were ubserved in Lthe few minutes when the flux Lube

was crossed by Lhe s/c. The fleld perturbation, super impused

Jovian fleld (rig.2}) has been Ve-ry
consistently inlerpreted as

Lo Lhe ambtent

an effect of a twin current

syslem, one flowing toward Jupiter and Lhe other outward, both

belng aligned along the local field lines, distributed on a

cylimdrical tube flux thick just one 10's

radius, The

existence of nu radial varialion of the field strength rules

out Lhe pussibilily of an lo jntrinsic field. The

_ ubservations supporbt Lhe idea of 10's role as a unipolar

dyname where the clectrumotive fForce {s generated by Lhe I0'y
motion in the corvlaling jovian magnetosphuere plasma.

uf Lhe

A puwer

order of 10A*12 walts ig dissipaled [n the current.

loop. This power, close to that dissipated by tidal forces,

may play an imporlant role inside I0 and/or its plaswa torus

With regard to Canymede, a distinct perturbation way

ubstrved atb distances approximately between -60 and + 60 R
-

No definile stalement can be made on of this

the origin

perturbation, The hypolLhesis that long wavelength Alfven

Waves may be responsible wag Suggested; but also some kind of
instability might be the source.

§¢ sarun.

Similarity wilh Jupiler and Lhe Lentative observation of

tadiv bursty from Salurn at decametric wavelenglh suggeated a

wagnetic field of Lhe order of thal of

Jupiter. Dul there

- 4

Paqgu 45‘

only was little observational evidence whether ur not o tield
actually existed until Lhe first in situ observallons during

the 2loneer 11 flyby. Bow shock and magnelopause crossings

.28)»
were clearly 1denL1f1ed(t”The character of Lhe field inside 10
-3

planetary radil is of the @ type, i.e. closely dipolar amd

symmelrlc around the rolalion axis of Saturn. Significant

diascrepancies from the dipole are found only above 10 l& .

The spherical harmonics analysis shows that the only inlernal

coefflicients (of degree n=1 and 2) different from zero are

g: =0,203 and q; =0.015. No significanl external contribution

has Dbeen derived Inside a few Q# from Lhe analysis. The

ratlo of gquadrupole to dlipole moments is  about 0.07,

remarkably smaller than the corresponding values for Earth and
Jupiter. A small, but significant offset of Lhe dipole alomny
the rotation axis (A ¢=0.04 Rg} 1s sufficient Lo remove Lhe
quadrupole effects. The mosL striking result of Lthese
Observations f§s Lthe ncar-axial character of Lhe field (i.e.
axislt.

no tiit of the dipole wilh respect to the rotational

This requires an o¢xplanation to be conciled with planclary

A Wbmce- .
% i iy that the high  symmelry

of tLhe Tfield precludes Lhe of poussibility of delermlning Lhe

dynamo Lheuvry.
rotation periud by using magnelic tield data. The smallness
of the guadrupule moment is inlLerprelable as a conseguence ot

a smull aize of Lhe internal conduclive core where the  dynamo
action takes place. In comparison, GLhe Jupitee’'s core is

larger than the Salurn’s core, As matter of fact current
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mole: Ly ul  balutne and  dupiter  inbeenal  steucture  assume
wetallic ”.'I- cures having a radius bebween 0,2 and 0.9 Saturn
tadil or belween 0.2 aid 0.75 Jupiter’s rvadii.

About. one year after the encounter of Piloneer 11 Lhe
Juy&t:::Lf magnetosphere was visited by Voyager 1 c¢n a
Lrajecbory which covered a larger lalitudinal ioterval Lhan

Ploneer 11, In addilion, another [lyby was also made by

Voyager 2.

7Ll

Generally speaking, Voyager 1 confirmed Lhe basical
fimlings héguuneer llleluwever, the much larger Lransversal
excursion allowed betler exploralion out of the equalcrail
plane. The off{sel of Lhe dipole was reduced Lo about 0.02
RJ - Appreaclable conlribution Ly external sources beyond
sueveral  planetary radil made nocessary bhe inbroducticon of
calbernal currentos effects in the models. A dipole moment of
abuul. 0.2 R: Gauss.cm3 was found agaln; addition of an
equalorial ring current to  interpret Lhe external source,
makes  no change In the RMS residuals, which is interpreted as
an ¢ffect of non-potential sources (for exapple field aligned
currentys  associaled with Lhe  inleraclion of the corotaling
wagnelosphere wilth a salurnian saiellite or Birkeland currents
delven by  some asymmch{f'. The beot £it i1t of Lhe dipole
1s nlightlf less Lhan 10‘ The orientation of the womenb  ip
et chwaett, Simdialig b bue ju¥ian dipule,

The field al  latger dislances in Lhe antisunward

direction  shows a4 slructure ioterpretable in Lerms of a

.ll [ R—
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magebolail; on Lhe sunside a compresued dipole is ween,

Some inference about Lhe field al high latiludues can be
pale  lovking atbt the radivemission which s definitely proved
Lo be generated by Saturn., This emission shows sulle atiymuelry
a3 a1 consequence of the axial asymmetry of Lhe field at high

lasitudes.

$.6.1 Trvan.

A possible intraction of thig satellite wilh the
gaturnian  magnelosphere has been suggesbled: the interaction
migh. be expluined as that Dbetween a corotating magnelized

piasma and a conducting or magnelized object al a distance of

aboub 145 Titan radii.

5.7 uranus.

The firast observatious of Lhis planet, abt 19 A.U, L rum
the Sun, have been muéﬁ%)by Vuyager 2 during il: clusesl
approach at'107000 km {rom Lhe plancl un Jan, 24,1980, Tl
Ortit  was chosen in such a way Lu make pussible alsu g ojose
apfroach to Miranda, ovne of ils 1% moons 3% alecady  known,
Mirarda, Arivl, Umbriel, Titania, Oberon (which is  Lhe
outermost) and 10 newly idenlified,

The planet poinks ils rolallion axis approximalely
suward; il has a dense almosphere with melhan ice clouds at a
level where the pressure is 1300 mbar and the Lewperature s
Bl *K. At 2000 and 3500 km a two layer lonosphere has also

been fowrd, with eleclrun density peak of several 104A3
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el/emd. Plg;;p shows  Lhe  observed field strenglhs  several
boundarivs corres sponding Lo Lhe buw shock and bhe magnetopause
have bLuen identiffed. Upon entry into Lhe magnetusphere the
field magnitude was aboul 7 nT; il reached a maximum of 413 nT
slightly before closest approach; then it decreased stencily
to a few 0T, In the Lime spenl by Lhe s/c inside 12 R,., Lhe
subspacecraft longitude varied by a full 360" tycle, #hile
lalitude varied from +52 Lo -78 degrees, An offset, tilted
dipule pepresentation of Lhe {ield wew assumed [rom Lhe very
beginning: best fit LumpuLatiun of Lhe parametcrd led .o &
momenl  of 0,23 GR liu and & positive pole Lill of 60° from
Lthe rotation axis. The magnetic field intensily on  Lhe
plahet’s  surface ranges from a minimum 0.1 G on the sanlit
hemisphere to a maxinum of 1.1 G on the oppusite hemisphere.
This large 10:1 difference in surface field maynlitude 1¢ far
grealer Lhan Lhal of either Jupiter or Salurn  and stroengly
utfects trapped and precipitating charged particles. The
Magnetosphere of Uranus also has a fully developed magmelic
tail; the observed magnetic field direction is consistent
wilh a prugressive sweeping back of the Planelary magretic
field by Lhe solar wind Lo furm a Lwo- lobed, blpolur magnatic
Lail. Fig. ad.xudicattg Lhree complete crossings of the
neutral  wuranian  sheet svparaling the Lwo lobea. It app=ars
thal the tail rotates wilh Lthe dipule motion with a sl:ght
(5.5% ) helical twisting. A 10 R.. Uhickness has besn

estimated for the neubral sheel; Lhe Lail radjus is about &2
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RU" The nose of Lhe maynetopause in Lhe sunward direclion iz
about 18 RU s 1.e. Blightly less Lhan the Oberun  distance
from Uranus. This implies Lhat a latye frucltiuvn of Lhe
Uranus’ satellites ovrbily are internal Lo Lhe magucLouspher e;
this also means that Lhe moons  can  be very effective in
sweeping up the trapped viergetfe particles.

Bo atmosphere has been observed around any of Lhe moons,
although there are pussible mechanisms Lo produce some Lenuous
gaseows environment. Thus, similarly to Ll case of the
terrestrial moun, we can expuecl small field perturbalions and
dimensions of a shadow region not much more  than a wouon
diameler perpendiculur to Lhe waynelic field direclion.

The Uranus magnetic field is suppused Lo be produced by o
dynarc mechanismn rather than by a permanent magnetizalions
the real question is Lhe radial range inslde which Lhe dynamo
is operating, The planetary intertor is believed assumed Lo
be made by a three layer spherlical structure: an  upper
molecular' layer, an Intermediate "uceanlie® layer Aud dh
interail “rocky® core, The oveanic layer might be Lhe region
where Lhe fluid nuLioﬁs Lake place; however, al present stalus
of knuwledge, the posslibility also exisls of an  {run liquid
inner core inside the “rocky” cure, similarly Lo Barth’'s casc.
The high dipule inclination leighl also mean Lhat Lhe planel s
Lhe phase of polarity ceceversals, well known in the Farth's
history. It is also possible Lhat Lhe dynamo  §s  not in

staliorary stalus.

" " e
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The peculiar field confiyuralion has  Leen particularly

suilable Lo make youd delerwination of the planetary
e

rotalivnal periuwd (17.3 hours), whlch is Lthen lews Lhan

previously esiLimated.

1 Moon,

Following the first measurements by Lunik 2 which led to
att upper limit of  6.104A21 Gauss.cm3 for the dipole moment
based uﬁ vbuervations Laken as close as 50 km above the
surluce, Lhe Lirst  exlensive measurements are Lhose by
Explorer 35 which showed evidence of nu bow shock, 1.e. of
the [acvt  Lhal solar wind particles are justl impinging on the
lunar surface. Occasional increases of [feld in the lunar
waki  wuere  however  ubserved. This revealed Lhe exislence of
local fields as strung as tens up to more Lhan 100 ganmas,
wilh Lypical sizes of Lhe order of hundreds of kas. Continuzd
magnelic measuremenlts on Lhe Moun surface have been essentlal
Lo establioh the  lunar  suil conductlivily, because of Lhe
correlalions belween [ield perturbalions in the solar wind and
induced perturbations of Lhe fleld al the surface.

The syslemallc wmagnetic survey onboard “he Apollo
sUbsalellites "has been used Lo compule Lhe lower order
coclliclents of the spherical harmonics exbunsion. The dipole
terw  is as low as 0.04 yammas, which means an upper limiit of
1.3,104418 Gauss.cm3 for Lhe magnelic moment.

The cbvious question ol Lhe orlgin of Lhe lunar wagnetlc

fields is yet largely unanswered. Runvorn suggesbed that bhe

l'(i\j [0 5‘

maganetlizalicn of the returned samples could be Lhe product  of
an  internald dynamo aclive in the past, The very low dipule
fleld 1is too small Lo be reconciled wilh a uniformly
maynelized crust of reasonable thickness. The probleu was
sulved when it was shown that a unitorm spherical shell
magnetized by an internally generabted [ield much  laler
disappears and produces no external wagnetic fileld al all,
Thus _.he mull value of the presenl lunar dipule field would
argue In favour of an early dipole field. This idea has  buoon
tested by studying Lhe mugneiic anomaly maps of Lhe Apullo 15
and 16 subsatellites: ImporLant informalions on the direction
of magnelization of areas of the lunar crust (a few hundreds
km across) were collected. As for other solar syslem bodies
the dominance of the Coriolis force on the cure hydrodynamics
would Bave resulted in the wean dipole lying alony  Lhe
rotation axkis, Conseyquently, Lhe palacovmagnetic poles
calculeted from the directlons of cruslal magnelizabion are
ancient poles of rolaliuvn. These are found Lu fall inlu Lhroo
groups, in each of which poles are anLtipodally arranged alung
an aris, _he mean poles being al 100 apart. Thuse
"reversals” may be reversals ol Lhe polar ity of Lhe  Junax
dynamo or <hey way arise Dbecause of anuvmalies produced by
demagnelizalion of alrcady magnetized crust or by exceus
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