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The third encounter of Mariner 10 with Mercury occured on March 16, 1975.
The magnetic field data obtained during this flyby confirmed that Mercury
possesses a modest intrinsic magnetic field sufficient to deflect the solar wind
flow, Our present research is to study the model magnetosphere of Mercury using
Mariner 10 data.,

Because the planet Mercury occupies a very large fraction of the volume of
the magnetosphere, the observed magnetic' field data from Mariner 10 represents
the vector sum of the planetary intrinsic field, the Chapman-Ferraro field due
to magnetopause curvent and the tail field due to current in the tail sheet.

We use the image-dipole method to represent the model magnetosphere.

A new feature identified from our model study is the crossing of the Mariner
10 spacecraft over the tail sheet of Mercury at 2047 UT March 29, 1974 during
the first encounter as shown in Figure 1. The thickness of the tail sheet is
approximately 100 km at the crossing. A summary of the magnetospheric field ’
calculated from our model is shown in Figure 2, which shows the field lines in the
noon-midnight me:llan plane. All planetary field lines are confined inside a
magnetopause. The size of the model magnetosphere also agrees with the magneto-
pause crossings directly observed from Mariner 10, The magnitude of the magnetic
field at the stagnation point is consistent with the observed solar wind condition.
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- MAGNETOSPHERIC MAGNETIC FIELD OF MERCURY
Y.C. Whang (Catholic University of America, Washington,
T D.C20064) '

N. F. Ness, K. W. Behannon, R. P, Lepping (Laboratory
for Exiraterrestrial Physics, NASA-Goddard Space
Flight Center, Greenbelt, Maryland 20771)

" The first encounter of Mariner 10 with Mercury (Mercury
I) occurred on 29 March 1974, The magnetic field meas-
urements during the Mercury | encounter unexpectedly re-
vealed that the planet Mercury has a significant intrinsic
magnetic field, The interaction of the solar wind with
Mercury is Eorth-like. The planctary magnetic field is
compressed to form a magnetosphere, and a detached bow
shock is formed upstream of the planet.

" The second encounter ofsMariner 10 with Mercury took
place on 2| September 1974, The targeting strategy of the
second encounter was to provide optimum imaging cover~
age of the south polar region, ond the spacecraft passed
the planet on the supward side at too great o distance to
permit observations inside the planet's bow shock. The
third, and lost, encounter took place on 16 March 1974,
at which time the spacecruft flew on a near cellision
course, the distance from the planetary surface at closest
approach being approximately 330 km. Magnetic field
data from the Mercury Il encounter provided unequivocal
evidence that there exists an intrinsic planetary magnetic
field, and yielded further data on the nature of its inter-
action with the solar wind,

This paper presents a model study of the magnetospheric
magnetic field of Mercury using Mercury | data. The pla-
net Mercury occupies a very large fraction of the volume
of the magnetosphere, A substantial part of the observed
magnetic field data during the Mercury | encounter is due
to external sources: the magnetopause current and the
tai] sheet current, We adopt the imoge-dipole method of
Hones and Taylor to study the model magnetosphere., The
available data set being very limited essentially restricts
us to the choice of a simple model. We assume that the



intrinsic dipole M is normal to ilie equatorial plane at the
center of the planet; an image dipole M;=GM is placed at
{x,,0,0) in the antisolar ‘direction, and a tafl current sheet
of finite thickness is paralle] to the equatorial plane on the
dark side, /e require thai the magnetic field is diver-
gence~free and curl~free everywhere inside the magneto-
sphere except at the tail current sheet, and that at the
boundary all field lines are tangential to a magnetopause-
like surface.

In the absence of other fields, the tail field may be re-
presented by a new analytical solution

“1/2. w
Be~r sin2 F
X t
-1/2 w
O.nd - Bmoyr cos - F
-4 t. 2
in the region: =7 <u < % with o branch cut at we=
Here Fe= [(x-xt)2 + (z-z,,)z] 172
and : o1 ges iy
w=tan (_"C }
2

F is real and the line (x_,z )} is the inner edge of a tail cur-
rent sheet. We may write this basic solution of the tail
field as a function of @ complex variable

=1/2
B+ in (¢ ct) F

where § = x+ iz , Then a general solution of the
tail field may be represented by the integral of the basic
- solution -1/2

If&-‘(ct)(c-;t_) dx dz

over a tail sheet: =w< x <a (<o) and ~d/2<z,<d/2,

This insures that the integral remains divergence~free and
curl-free everywhere except at the tail current sheet of
finite thickness. A special solution with

-2
F(Ct) = B x

is used in the present model study for which the integral
for the toil field, its potential and the field lines can all

AT i g



bé expressed in an analytical closed form.,

The Mercury | magnetic field data during the inferval
from 2038 to 2047 UT and from 2049 to 2052 UT are used
to describe a representative magnetospheric field of the
planet, The result of this study qualitatively explains
many important observed features. The model magnetic_
field is represented by the dashed curves in Figure | and
the three components
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. .

| B3]

iitttg.uu
< T :

-
)

&
......r—'.‘

L
0f~
[ R }/]
=l
L)
= ur
X = a4 -1 - 4 s o B
‘ﬂ'!"'ﬁ""l"l"rr‘!‘l"'Tl". ""T‘T"‘I‘ Lan } !f!l Lia) l": LR l'rl ¥ “;ll T l‘;‘!
AT 1AL ] (1} " s 9 " " " 1 EL
-
Figure' |

‘of the observed field are represented by solid curves.
From this study, we can identify that ot 2047 UT the
spacecraft fiew past the tail sheet of Mercury, and
that the thickness d of the tail sheet is opproxlmqre ly
100 km at the crossing point.
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Figure 2

Figure 2 shows the magnetospheric field lines in the
noon=midnight meridian plane. All planetary field lines
are confined inside @ magnetopause and the size of the
model magnetosphere agrees with the megnetopause cross=
ings directly observed from Mercury | data. The model
magnetosphere has nearly circuler cross=sections and the
magnitude of the magnetic field at the stognation point
is also consistent with the solar wind condition directly
observed from Mercury I.
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MAGNETIC FIELD OF MERCURY CONFIRMED

N. F. Ness, K. W. Behannon
R. P, Lepping and Y. C, Whang¥
Laboratory for Extraterrestrial Physics
NASA-Goddard Space Flight Center
Greenbelt, Maryland 20771 USA .

*The Catholic University of America
Washington, D. C. 200064 USA

On, 16 March 1975, the USA Spacecraft Mariner 10 achieved its third
and final encounter with the planet Mercury, 'This unique and fortuitous
event occurred because the heliocentric orbital period of Mariner 10 was
176 days, exactly twice that of the orbitﬁi'period of Mercury, 88 days,
The principal objective of the thixd flyby was to confirm or reject the
suggestion from the.first flyby on 29 Maréh‘1974 that Mercury may possess
& modest intrinsic magnetic field sufficient fo deflect the sclar wind
flowlh.:2 The quantitative analysis3 of the Mercury I data ylelded an
estimate of the planetary magnetic dipole moment equal to 5.1x1022Gauss cm3
and oriented 7° from the orbit normal. The spacecraft was severely
limited in its ability to function properly since Mercurf I due to various
technical failures. However, a dedicated effort by the spacecraft
engineering team at NASA/JPL achieved the desired objective at Mercury IIL
of a very close darkside pass at the planet, This letter presents
preliminary results from the NASA/GSFC magnetometer instrumentatiom on
Mariner 10,

The flyby trajectory is shown in planetary centered solar ecliptic

coordinates in Figure 1. This is a preliminary trajectory and will be
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updated with post encounter tracking observations when they have been
analyzed, The riominal miss distance at closest approach was approximately
32248 km. For comparison, also shown iﬁ Figure 1 1is the trajectory at
Morcury I encounter, for which thie closest approach miss distance was
= 704 km. 1In the right panel, showing the view from the Sun, the much
higher latitude pass of the spacecraft during Mercury III is well
}11ustrated. This closer and more poleward targeting was chosen so as
to yield magnetic field measurements which would provide unequivocal
cvidence regarding the nature of the planetary magnetic field at Mercury,
The Mercury I reéults were cousistent with a reduced scale model of the
solar wind interaction with the terresttrial magnetic field, in which the
planetary field is compressed by t@e solar wind flow, which itself is
deflected around the planet, and a detached bow shock wave forms. As a
result, the field is then cénfined to a region of space close to the
planet on the Sunward side and extendud to form a magnetic tail on the
nightside, |

Based upon the observations and analysis at Mercury I and assuming
similar conditions of solar wind momentum flux at Mercury III, predictions
were made of the locations Qhere the characteristic bow shock and magneto-
pause boundaries would be obgerved. The position 6f these bound;ry
surfaces is presented in the left panel of Figure 1. Since the rotation
period of the planet is uniquely coupled to its orbital period, in the ratio
2:3, the "phase"™ of the planet relative to the planet-Sun line at
successive encounters was identical,

The observed positions of the bow shock and magnetopause

during Mercury III are also illustrated in Figure 1. They show excellent
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agrecment with the model boundars )s, which used a scaling of the magnetic
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moment of Mercury equal to 7x10 ° that of tha Earth's dipole moment, In

the case of the solar wind flux impinging normal to a dipole fieéd a

4 16

B
theoretical study has ylelded the rclntionship —EE = 1.07 [

B éﬂmmva]

vhere Rmp/Rp = the normalized radius of the stagnation point distance of
the magnetopause, B,= equatorial dipole field intensity , and anEH solar
wind momentum flux (where n = number density, m = mass of proton and

V = velocity of solar wind), The distance to the magnetopause, as measured

by Rmb 1s thus weakly dependent upon solar wind momentum £lux and hence
even 1if variations of +60% in the solar wind flux occur, they would alter
the position of the chavacteristic! bow shock and magitetopause boundarics
by only +10%, - . |

The magnetic f£iecld measurements were accomplished with a
dual magnetometers system which sampled the vector magnetic £ield 25
times each second, with a precision of 1.125% for cach orthogonal component.
These data are to be considered preliminary in that they are accurate to
+1=27 or +1%, which ever 1s larger, because they are derived from quick
look data provided in near real time by JPL. Six'second averages of the
observed magnetic field throughout the encounter period are shown in
Figure 2, T@e occurrence of the well developed bow shock and magnetopause
bound;ries are indicated and readily identified by a magnitude and/oxr
directional change as well as in the Pythagorean mean fluctuation character-
istic, B8, The maximum magnitude of the field is 4007, 4 times larger
than that observed at Mercury I encounter and 20 times larger than the
interplanetary field, which is close to 207. This large value

precludes any reasonable possibility that the magnetic barrier to solar wind



flow is agsociated with a complex induction process occurring at the
planct, The dircction of the magnetic field, as measured by latitude

© and longitude @, is primarily towards Lhe Sun (and planet) with

gradual changes along the trajectory within the magnetosphere boundaries,
This orientation is opposite to that observed at Mercury I encounter but
is perfectly consistent with the model of a Mercurian mngnetosp&cree in
which the planctary field is represented by a centered dipole normal to

the solar wind flow and which is then highly distorted by magnetopause currents,

K

A proliminary spherical harmonic analysis of the data within the
magnetosphere has been conducted using the available trajectory, The
analysis assumes a centered planctary dipole field, i.ec., harmonic order
N =1, as well as external field sources described by harmonic terms up
to order N = 2, The preliminaﬁy least:squares fit yields a residual of
77 with the deduced pavameteis for the planetary dipole listed in Table
I. These are compared with those values derived from Mercury I and are
seen to be in remarkably good agreement, considering the preliminary
nacire of these results, 7The magnitude of the dipole moment is the same
within 10% and its direction only 24° from that derived earlier. The
uncertainty associated with the present analysis precludes attributing
any significance to these small differences,

In summary, the observations at the third encounter with Mercury by
the NASA/GSFC magnetic field experiment have dramatically confirmed the
earlier tentative conclusion that Mercury possesses a modest magunetic
field intrinsic to the planet., The origin of this magnetic field is at
present uncertaiﬁ. It may be associated with remanent magnetization of

portiono of the planet, i,e.,material presently below its Curie point,
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or it may be due to.an active dynamo in the presumabliy large iron/nickel
core. It is difficult to construct a plausible sequence of cvents

lcading to the model in which thg Mercurian magnetic ficld is due to |
remment magnetization., Thus, we conclude tentatively that these
observations of an intrinsic magnetic field require the cxistence of

an active dynamo mechanism in the interior of the planet. Future detailed
and final studies of the Mercury III =zncounter results and intcrcompariaon
with those from Mercury I encounter, as well as considerations of possible
“4interior structurcs,éhould yield sign?ficant insight into the present
physical state of Mercury,

"We express sincere appreciation to Pr. James Dunne, JPL Project
Scientist on Mariner 10, and the j;L spacecraft team for their out-
standing effor; in achieving the.thitd encounter., We also appreciate
it vpecilal effnrts of D. H, Howell, F, W. Ottens and R, E. Thompson
of the NASA/GSFC for their special efforts and prompt analysis of
these data
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Table I

Comparison of Planctary Dipole Moments Obtained by
Spherical llarmonic Analysis of Magnetic Field Data

.

Mercury 1

29 March 1975

Mercury III

16 March 1975

Dipole Moment (Gauss cm3)

Tatitude (ME coordinates)
Longitude (ME coordinates)
Root Mean Square Residual

Comment

5,1x10°2

3
(3507 R)

~80°

285°

0.97
(Quict Data Only)

4,8(+.5)x10°%

3

(3304307 R_
-76%45°
90+30°

7y

(Preliminary but
entire data set)
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Pigure 1

Figure 2

(3

'y

Mariner 10 spacecraft trajectory in Mercury centered
solar ecliptic coordinates, The left panel plots the

trajectory as distance, from the dawn~dusk tcrminator

X5
of the planet, versus distance from the planet-Sun line,

[ + ZE]U? The right panel presents the viéw from the

Sun with Z__, positive to north ecliptic pole.

SE
Measurements by the NASA/GSFC Magnetometer on Mariner 10

during Mercury III encounter. Magnetic field direction
latitude, 8, is referenced with respect to a plane parallel

to the ecliptic and iongitude. #, with respect to the planet-

P

+ Sun line raeckoned positive relative towarde “'.e east 1imb

”
-

of the Sun.
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The Magnetic Field of Mercury, 1

N. F. Ness, K. W, BEHANNON, AND R, P, LEPPING

Laboratory for Extraterrestrial Phystes, NaSA Goddard Space Flight Center
Greenbelt, Maryland 20771

Y. C, Wnane
Catholic University, Washingron, D, C. 20064

An updated analysis and interpretation are presented of the magnetic feld observations obtained
during the Mariner 10 encounter with the plunet Mercury on March 29, 1974, The combination of datn
relating to position of the detiched bow shock wave and magnetopause and the geometry and magnilude
of the magnetic field within the magnetospherelike region surrounding Mereury leud 1o the conclusion
that on internal planetary field exists with dipole moment approsimately 5.0 % 109 G eny. The limiled
data set precludes quannative determination of an intrinsic ficld more comples thun » centered dipole,
The dipole axis has a palarily sense similur 1o that of ecarth and is tilted 7° from the normal to Mercury's
orbital plane, The magnetic field observations reveal u signiticant distortion of the modest Hermean field
{350 s the equator) by the solar wind Now und the formution of « magnetic til und neutral sheet which
beglns close to the plagiet on the night side. Presently. an uetive dynamo mechanism in the planetary in-
tetior appears to be fusored in the interpretation of thie field origin, although fossil remanent magnetizie
tion cunnot be exeluded, The composite data set is not consistent with u complex induction process driven

JULY 1, 1975

by the solar wind Now.

INTRODUCTION

The first in situ measurements of the solar wind interaction
with the planet Mercury and its magnetic feld were performed
by the Mariner 10 spacecruft on March 29, 1974, A
prenminary report [Ness et al., 1974b] presented the initinl
results of the unalysis of data obtaiped from the dual
magnetometer experiment, The unexpected observation of a
very well developed strong detached bow shock wave was in-
terpreted ns being due to the existence of 4 maodest
magnelospherelike region assotiated with an intrinsic mag-
netic field of the planet, Simultaneous measurements of the
low-energy electron flux {134 < £, < 687 ¢V) by Ogilvie
et al. [1974] provided strong correlative evidence for (his
interpretation, In addition, intense bursts of higher-energy
electrons (£, > 170 keV) oand protons (E, > 500 keV)
were reported by the charged particle telescope experinient
[Simpson et al., 1974] as occurring in a region of space
corresponding to the magnetosphere and magnetosheath
following the closest approach to Mercury of Mariner 10,

The previous report by Ness e al, [19745] also discussed the
possibility of a complex induction mode, due to solar wind
transport of the interplanetary field past the planet, leading to
the set of observations dbiained. A review of the arguments
presented then against the induction mode hypothesis does not
indicate any need at the present time for further consideration,
The combination of lactors refating to the geometry and posi-
tions of the bow shock and magnetopause, which implies o
scale size of solar wind interaction larger than the planet, and
both the geometry and the magnitude of the magnetic field
within the magnetospherelike region are found to be inconsis-
tent with present models of such planetary inleractions, The
lack of evidence for any appreciable atmaosphere or ionosphere
|Broadfoot et al,, 1974; Howard et al., 1974) suggests thal the
interaction is unlike that at Venus, whereln 4 substuntial
atmosphere-ionosphere is responsible for the deflection of the

Copyright © 1975 by the American Geophysical Union.

+

=

solar wind flow and the development of the detuched bow
shock wave [Bridge et al., 1974 Ness et al., 1974a).

A unigue feitture of the Mariner 10 heliceentric orbit is chat
following the gravity assist at Venus, the orbital period is ex-
actly twice Mercury's period, so thut on September 21, 1974, a
second encounter with the planet occurred, The targeting
strategy for that encounter was biased to provide optimum im-
yging coverage of the south polar regions, and so the
spacecraft did not approach sufficiently close Lo the planet
(minimum distance = § X {0' km) to observe dircctly the

"magnetic field of the planet and/or any effccts nssociated with

the solar wind interaction, A third encounter will occur on
March 16, 1975, and appropriute targeting plus successful
spacecraft performance should permit additional observations
of the magnetic field environment and solar wind interaction
with the planet Mercury, ,

It is the purpose of this report to present a brief review of tive'
magnetie field observations and the updated final result of the
quantitative analysis of the first encounter datu yielding wn es-
timate of the intrinsic magnetie field of the planet Mercury.

MAGNETIC FIELD OBSERVATIONS

Detailed data obtained near the first Mercury encounter are
presented in Figure 1. Individual data points used in this figure
represent a reconstituted vector magnétic field obtained from
1.2-5 component averages by utilizing the 25-Hz vector
magnetic field sampling rate of the instrument, Details
regarding the accuracy of magnelie field measurements ob-
tained with the dual magnetometer system on this, its first
flight, huve already been presented [Ness ef afl., 1974al. The
duta in Figure | illustrate very clearly the important features of
the magnetic field measurements. A multiple crossing of the
bow shack occurs between 2027 and 2028 UT on March 29,
1974, 1t is well identified both by the abrupt increise in average
field magnitude and by the increase in the fluctuating
magnetic field, as measured by the rms parameter.

The magnetopause is well distinguished by the abrupt diree-

2708
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Fig. 1. Mugnetic field data averages for 1,2-5 periods during encounter In spaeecraliseentered solar ecliptic coordinates,
» The latitude of the reconstituted veetor Is represented by 0 und Jongitude by ¢, the lield intensity by F, while rms represents

the Pythagorean mean of the X, ¥, Z component rool mean square deviutions, The ¥ uxis is dm.cu.d 1o the sun, the Z

2 uxis

to nerth eeliptic pole, and the ¥ axis completes the right-handed coardinate system,

" tional change in the mugmtic field, noted primarily in the ¢
curve, but is nlso refected in the abrupt termiration of hu,h '
frequency fluctuations measured by the rms parameter, The
average field magnitude is observed to increase across the
magnetopause, Between this boundury crossing and the closest
approach the magnetic field is seen to be rather steady in direc.
tion, especially with respeet to higher frequeney flictuations. ‘It
is noted that between 2040 and 2046 UT the magnetic fiefd
fluctuations are substantiaily less than those in the
magnetoshenth and even markedly smaller than those in the
interplanctary medium, Small-amplitude, < § ¥, and longer-
period Muctuations, periods greater than o few seconds, are
observed in this periion of the magretosphere.

Following closest approach, abrupt und large variations of
the magnetic field are observed, It is important to note in this
deta presentation that although the field magnitude varies by
up to 50% from its average vaiue throughout the datla setup o
the outhound muaunetopause crossing, the general direction of
the magnetic field does not change. In other words, un averige
direction of the magnetie ficld exists during this period olNime
which is net destroyed by the large-amplitude Ductuations of
the magnetic field, The rapid tme variations of the magnetic
field following closest approanch and the associuted electron
flux measurements have been interpreted in terms of a sub-
storm which disturbed the Hermean maognetosphere in as-
sociation with o southward turning of the interplunetary
magnetic field during the encounter [Siscoe et al., 1975].

The identification of the outbound magnetopause near 2054
UT is based on 4 large directional change in the magnetice ficld
from a lurge positive 8 to large negative 4, Subsequently, the
spacecraft remains in the rather disturbed mugnetosheath until
the bow shock crossings are abserved, The identification of the
outbound bow shock crossing is much less distinctive than the
inbound shock crossing due to both the disturbed nature of the
Hermeun magnetosphere at this time and the orientation of
the interplanetary magnelic field, As was previously diseussed
by Ness et al. [1974b], the contrast is due to the dillerent
relative orientations of the interplanetary magnetic field, It
was nearly orthogonal to the bow shock surfuce normal when

Mariner 10 wus inbound and conversely wus rather more
parallel outbound,

The data obtained within the magnetopuuse crossings are
presented in ¢ different format in Figure 2, Here 42-5 averape
vector components are plotted in two different planes, as
viewed from the sun atong the =X axis and us projected on a
plane parallel to the ecliptic, in the lower portion of the figure
the traces of a magnetopause nnd bow shock boundary, seuled
for the case of a dipole magnetic moment of Mercury equal to
7 % 10-4 of enrth's moment, are included. A few of the vectors
representing observations outside the magnetopnuse, when the
spacecraft was within the magnetosheath, are also shown to il-
lustrate the sharp and distingtive change in the ficld direction
which occurs at these boundaries,

The quict interval of the mugnetosphere observations s
identified, und there the magnetic ficld has u direclional sense
analogous to that ol the earth's magnetosphere on the near
durk side. In that région of space the magnetic tail is beginning
to develop, While the large-scale disturbances of the magnetic
field occurring after closest approach are readily evidenced in
the lower portion of the figure, the preservation of tie
magnetic field direction previously referenced is illustrated in
the upper partion of the figure, the ficld being roughly parallel
1o the +Z axis und positive throughout,

It 15 instructive to compare these datn presentations with
Figure 3, which illustrates the general characleristics of the ex-
ternal magnetic fields which result from the solar wind interac-
tion with the geomagnetic ficld. As the solar wind is deflected
around the earth, whose dipole is almost perpendicular o the
flow of solur wind, the nominal stagnation point of Now oceurs
al 10 R, and the geomagnetie field is confined to a region of
spuce originally culled the Chapman-Ferraro cavity and now
known as the magnetosphere, Electrica currents which flow
on the surface of the magnetosphere, i.e., in the magneto-
pause, are responsible for the abrupt change in direction
which is eharacteristically observed in the magnetic field as a
spacecraft crosses this surface, On a larper scale these fields
extend throughout the magnetosphere with approximately the
geometry shown, In addition, the development of the
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Fig. 2. Observed 42-5 average magnetic ficld vectors superimpesed on trujectory of Mariner 10 in Y-Z (1op) nnd X-¥
{botlom) planes during transt of Hermean magnetosphere, The uctual mapnelopause crossings ure identificd, alopg with
the detached bow shock observations, The boundaries reprdsent a best graphical it obtuined by scaling the case of the solar
wind interaction with the earth for M = 7 % 107" of the earth’s mognetic moment; Ry, = 2439 km,

geomagnelic tail and embedded neutral sheet is due to n see-
ond system of electrical currents whose magnetic field can be
described us having an origin associated with the tuil of the
mugnetosphere,

Nete that these external fie]ds have a rather specific diree-
tional characteristic, Below the plane of the equator and the
ricutral sheet, which are ussumed to be coincident in this
figure, the component parallel to the sun-carth line is always
directed in an antiselar sense, while above that plane it points
sunward, However, the ficld component parallel to the dipole
axis depends upon the observer’s position relative to the boun-
dary of the Chapman-Ferraro cavity and to the mugnetic tail
‘neutral sheet but is never observed to reverse polarity,

From studies of the earth's magnetosphere it is known that
in the immediate vicinity of the neutral sheet u region of
significantly weakened magnetic ficld strength is ulways
measured coincident with the change of the sign of the compo-
nent parallel to the earth-sun line,

The magnetic ficld observations by Mariner 10 show a
rather good correspondence to the earth's magnetosphere if an
appropriate scaling of sizes is taken into account, If the stagna-
tion point of solar wind flow is inferred to be at 1,6 Ry,r (Mer-
cury radii), then the scaling yields the resuits shown in Figure

3. There it is seen that the planet Mercury occupies a very large
fraction of the volume of the magnetosphein, Thus, even when
measurements are performed relatively close to the surface of
the plunet, the total field includes a substantial part dueto the
external sources. This is quite uplike the situation for*near
earth orbiting spacecraft,

It is this fact, coupled with a very limited data set avajlable
in a restricted volume of the magnetosphere sampled by
Mariner 10, which limits the ability to analyze the data
properly in terms of an intrinsic internal planetary magnetic
aeld, While quantitative models describing the magnetic field
in the terrestrial magnetosphere exist, their results are gen-
erally sensitive to the choice of parameter values employed
when they are in close proximity to ecither the magnetopause
of the neutral sheet. Away from these regions, that is, in the
well-developed geomagnetic tail or within B R, the models are
moderately successful in describing the asymmetry of the
radintion belts, the polar cap reglons, and associated
phenomena,

It is not necessary that we attempt Lo determine a magnetic
field representation valid throughout the entire Hermean
magnelosphere in order to estimate the intrinsic planetary
field. What is nceded is to represent the magnetic field
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properly along the trajectory‘and then to ascertuin whether or
not the internal field thus obtained provides u consistent
description of the Hermean magnetosphere nnd s interaction
with the solar wind. The next section presents such an
analysis.

LEAST SQuUARES DaTA FiT

In the preliminary report on these results (Ness er af., 19745]
the very simplified representation of the magnetic field us being
due entirely to an offset tilted magnetic dipole wits made, and
no external sources of field were considered. By using only
quict interval data, immediately surrounding closest approach,
a reasonable data it was obtained with an rms ol ~ 10 v bused
upon an offset dipole of magnitude 3.3 X 107 G em?, orienled
at latitude —70° and longitude 209°, This moment was 40%
smaller than that inferred [rom the position of the bow shock
and magnetopause, 5.6 X 102 G em® It was compensated by
the moderately large oftset: 0,47 Ry, at & lutitude # = +17°
and longitude g = 62°,

Unfortunately, the magnetic field data set which is availuble
for analysis is incomplete in 2 mathematical sense, The unigue
determination of the characteristies of that portion of the
observed magnetic field which cun be ascribed to the interior
of the planct demands a set of vector observations over a sim-
ple surface enclosing the planet, for example, on a sphere, In
the absence of such a data set it is necessary to make additional
assumptions regarding the nature of the magnetic field
characteristics in order to estimate the interior field,

Since there is no evidence for the existence of a permanently
trapped radiation belt [Simpson et al., 1974] nor an jonosphere
[Howard et al., 1974], we assume that the region of space
between the surface of the planet and the magnetopause boun-
dary is devoid of any significant electrical currents exeept lor
the neutral sheet in the tail. This permits the use of a seolar
potential 1o define the magnetic field in this source free region.
By using the traditional spherical harmonie representations

employed in geomagnetic field analyses, the magnetie field
potential  is represented by the expression

¥V =a E E {( ) [g." cos mg 4+ I," sin mg]

n=l m=n
+ (i')n[Gn" cos mgp + H," sin rnqﬁ]}l’,,"' (cos &)

and B = —~V¥, Here g,™ and k,™ represent internal sources,
H.™ and G, represent exterpal sources, and « is the radius of
the planet. Note that here ¢ is measured from the pole of the
coordinate system (the +Z uxis) and not the equator, as s
the case in the presentation of field data in this paper,

Since the data are available only in & very limited region of
space along the spacecraft trajeclory and indeed since the quiet
magnelosphere exists for only one half of the spacecraft
residence time within the magnetosphere, it is not reasonable
1o expect to be uble to determine harmonic coeflicients of high
degree in any such analysis,

The approach used has been to assume internal sources
deseribed by terms of degree n = 1, which meuns g centered
magnetic dipole. Even if the planel possesses an offset dipole,
the # = | cocflicients would be unchanged, but terms of
degree 1 = 2 and greater would appear, The externul sources
of the field are assumed to be adequately represented by har-
monics up to and including degree n = 2, A uniform externul
field is represented by the terms corresponding to n = 1, A
least squares fit has been made to the data by using different
seis of contiguous duala points within the quiet interval; note
that the data points used in this analysis were 42-5 averdges,
When the duta points within the magnelosphere were iden-
tified in ascending numerical arder from | to 235, it was found
that use of data points 4-13 gives results which are quite
representative of the entire quiet data set, represented by data
points 1-13,
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The least squares fit to the three orthogonal components is
accomplished by a classical minimization process for the
Pythagorean mean of the field components. That is, n
minimum of 3(Bags — Bin)*(Bowe — Buy) is sought. The results
obtained for the internal dipole coeficients are us follows: g,°
= ~344, g = +16,h' = =59, The fit to the data points (rms
= | ¥} is illustrated graphically in Figure 4, Here it is seen that
the spherical harmonic representation fits the data very well
during the quiet period of magnetosphere traversal, Another
combination of harmonic coeflicients has been investigated,
which nssumed a higher degree of complexity of the internal
planctary field {i.e., mn < 2) and 4 reduced complexity of the
external field (i.c., #igsy = 1). The results so obtuined were
rather sensitive Lo the specific set of data points used, which
suggested a less physically plausible representation,

From the above harmonic coefficient set it is found that the
intrinsic field of the planet is represented as being due to o
centered dipole of moment 5,1 X 102 G cm?® oriented at 4 solar
ecliptic latitude of —80° und longitude of +285°. This moment
compares very well with that deduced from the positions of the
magnetopause and bow shock boundaries and the inferred

s

magnetic moment responsible for solar wind deflection, The
orientation is approximately the.same, but the magnitude is
rather larger than that of the offset dipole obtained in the
preliminary unalysis, The discrepancy in dipole magnitude and
location is casily understoad in terms of the significant con«
tributions of external sources, which were given no representa-
tion in the preliminary undistorted dipole field madel,

It is not 1o be expected that the above harmonic representa.
tion of the magnetic field is valid throughout the entire Her-
mean agnetosphere. Rather it should be clear that the
representgtion is constrained to the vicinity of the spacceraft
trajectory, On the other hand, the internal magnetic ficld of the
planct can be extrapolated to permit computation of the
magnetic ficld perturbations nssociated with the solar wind in-
ternction and the magnetosphere temporal disturbance.

These magnetic fielo perturbation vectors are presented in
Figure 5, having the same format as that used in Figure 2. The
characteristics of the perturbation field are clearly illustrated
for both the quict period in the magnetosphere and the dis-
turbed period, Note that the perturbation magnetic field,
when viewed from the sun, is always pointed ‘“southward’
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Fig, 5, Perturbation magnetic field (observed ficld minus interpal dipole field) due to extersu! sources, superimposed on
lmjccwry of Muriner 10 in X-Z {1op) and 'Y (bottom} planes dusing transit of Hermean magnetosphere, See Flgure 2 for

comparison with observed feld,

throughout the entire trajectory passage through the mag-
netosphere, In the lower portion of the figure the sense of
the perturbation field is initinlly antisolar just following the in-
bound magnetopause crossing but then swings sround until,
simultaneous with the disturbance of the magnetosphere, it
becomes solar-directed.

In comparing this perturbation field with models of the dis-
turbed geomagnetic ficld due to solar wind interaction (see
Figure 3) one is compelled to draw an analogy with the ex-
istence of a neutral sheet on the dork side of Mercury due to
the formation of n magnetic tail as the solar wind interacts
with the planet. The spaceeralt trujectory was such that
Muriner 10 entered the magnetosphere below the neutral sheet
and wans in close proximity to it at closest approach.
Thereafter, the spatial position of the spacecraft and temporal
changes of the magnetosphere combined to place Mariner 10
above the extrapolated position of the neutral sheet as it exiled
the magnetosphere, The abrupt decrease and recovery from
2047 1o 2048 UT seen in Figure | may be due to an intensifica-
tion of the ncutral shect current as the tail field increases
and/or to & motion of the edge of the neutral sheet closer to
the planet,

R should be rymnrkcd that the above analysis and in-

terpretation lead (to a situation wherein the perturbation
magnetic field is a large fraction of the inferred intrinsic field of
the plinet. For example, at the last dato point in the quiet in.
terval the Z component of the perturbation ficld is =109 »,
which is 80% of the dipole field, +140 ¥, lis polarity is op-
posite o the internal field, and this is consistent with the Muct
that the general topology of the magnelic ficld of the
magnetosphere of Mereury s similar to that of the earth,

IMPLICATIONS

The existence of both & modest magnetie fiekd of Mercury
suflicient to deflect the solar wind and an imbedded neutral
sheet leads to the conclusion that there should exist u magnetic
tail of Mercury, The possible characteristics of such a
magnetic tail are illustrated in Figure 6. Assuming that the
magnetic flux in the polar regions of the planet connect with
the tnil ond that negligible merging takes place across the
neutral sheet, one can infer the size of the polar cap region.

Measurements of the magnetic ficld just after the inbound
magnetopause crossing suggest that for Mercury the tail field
is 30-40 + with a radius of approximately 2.0 10 2.6 Ry
With the assumed magnetic dipole moment of 5.1 X 102 G
cm® for the planet, this leads to a polar cap colutitude of
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18-26%, approximately twice that of the earth’s polar cup
colutitude,

The aptical propertics of the Hermeun surfuce wre similar in
muny respects to those of the moon [HameensAntitla et al,,
1970; McCord and Adams, 1972), The lungr surfoce optics)
properties are influenced most by size, composition, und struc.
ture but also by ion bombardment by the solar wind, It is
believed that the Nux of selar wind jons impacting the lunar
surfuce leads to a darkening of surficial materinl [Hapke,
1971), With this point in mind, it becomes then necessary 10
investigate whether or not the magnetic field inferred for
Mercury Is such that jt would always dellect the selar wind
flow from the planetary surface,

The preliminary interpretation of a tilled dipole with ap-
preciable offset led naturally 1o a situation in which the solar
wind periodically could impact the surfuce during each
planctary orbit, The present interpretation, using & centered
dipole, yields o value of magnetic dipole which is sufficient ¢o
delleet the solar wind momentum flux at most times during the
planetury orbit except those when the solur wind flux is higher
than average when the planct is nenr perihelion,

Figure 7 illustrntes the relationship between salar wind
momentum Nux, equatorial field strength &, and radius of the
subsolur magnetopause Ry,p, in units of planetary radius Rp, It
has nlready been deduced {Mess et al,, 1974b] that at the first
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Mercury encounter the solar wind momenium flux of 1.1 X
10=7 dyn/cm {:10%) und the inferred standolT distance of 1.6
R,; lead to an intrinsic equatorial field strength of 380 o 32 4,
IT the solar wind momentum Nux increases by a factor of §,
then the magneiopnuse is pushed down 1o 1.2Ry,,, which is
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less thun 500 km above the surfnce. On this seale the fluid ap.
proxtmation to solar wind Now begins (o break down brenuse
of the finite size of the eyclotron radius, $0-100 km, and the
finite thickness of the mugnetopause. A Turther increase in
sohir wind Bux leads o a situation wherein the solar wind fons
approach within 1 pyroradius of the planetury surfuce, 50 thit
the deflection of the flow would be incomplete as the solar
wind begins 10 impact directly and 1o be ubsorbed by the
planctary surface, 1t should be noted that in analogy with vhe
carth, solar wind snd more energetic particles hive direct aee
cess to the planet through the polar cap and newtral sheet,

SuMMARY AND CoNCLUSIONS

An Improved quantitative analysis of the magnetic field data
obtalned by Mariner 10 durfng the first Mercury encounter on
March 29, 1974, Is presented, The limited datn svailuble dur-
ing the time Interval when the magnetospherelike region was in
u steady state condition restrict the ability to evaluate the
nature of the plonctary fleld uniquely, By essuming o centered
magnetic dipole for the intrinsie field of the planet and by
attributing the distortion of the dipe -« ficld to fields ussocinted
with externnl sources whose complenily 1s well represented by
harmonies up 1o degree 2, a leust squares analysis ylelds an ex-
cellent fit (rms = (1,95 %) and o very sell~consistent interpreta-
tion to the composite dato sel,

The intrinsic mognetic ficld dipole moment is found to be
5.0 X 10" G cm’, oriented in n polarity sense similar 1o cnrl}\‘s'
dipole and at solar ecliptic 8 = ~~80° and ¢ = 285°, Sub-
tencting this Intrinsic field from the observed fleld yields a per-
turbation field, due to mugnetopouse and mignetotal cure
rents, whose characieristios nre similar to the spatial and ulso
the temporal distortion of the mugnetosphere us in the eurth's
sase, The dipole oxis is tilted only 7.2° trom the normal (o
Mereury's orbital plane und [s thus within 42=10° of the rota-
tion nxis,

A fundamentnl question which is unresolved is that ol the
origin of this global Intrinsie planetary feld, At the preseit
tinme we do not believe that the data support theories invoking
u complex induction source mechanism due to the Bow of the
solar wind, Two possible alternatives are o present day active
dynamo or fossil magnetizution due 1o an anciemt dynamo or
an enhanced Interplanctary magnetic field during cooling,
Roth depend upon the thermal stute of the planctary interior,
and it is not possible to distinguish between the two
mechanisms, Partlally, this is due 10 our lack of a precise
model for a plapetary dynamo [Gubblns, 1974] and also to
the luck of information concerning the structure of the
plenctary interior. Due te the high average density of the
planet, 5,44 g/cm?, it is fairly certain that o large amount of
Iron exists, on the order of 60%, which is probubly con-
centrated in a large core [Koslovshaya, 1969; Plagemann, 1965;
Reynolds and Swimmers, 1969; Siegfried and Solamon, 1974
Toksoz and Johnsion, 1975}, If such o core were at low
temperatures, below the Curle point, then @ remunent
magnetie ficld is quite plausible, although then the problem is
to determine the origin of the magnetizing feld,

The possibility of a sufficiently cold core scems very remote
in the light of studies on the thermal evolution of the ter-
restrial planets, Toksoz and Johnston (1973] have shown thal
carly in Mercury's history a substantinl iron nickel core
formed with a radius of approximately 1600 km, Such o farge
core can probably support a planetury dynamo, il the up-
propriate combination of fluid motions and electrical proper-
tics exists, While the slow rotation of the planet may appear Lo

be un impediment (o the successful npplication of dynumo
theary, the Important physical parameters for 4 dynamo in-
clude dimensionless numbers for Aattening, the dillferential
rotation of the planctary interior, the maognetic Reynolds
number, and other such quantities, We do not believe that
suflicient data exlst at present to uniquely exclude an aojve
dynumo from lurther consideration for the origin of the
magnetic field, It does appear doubtful that the decay of an an-
cient dynamo could hava u time constant long ¢nough to sus-
thin the field, bused on any reasonuble estimate of core
¢lectrical conductivity and magnetic permenbility,

With a wuarm or hot interior the question nrises as to
whether or not fossil magnetization of a4 thin solid muntle
would be possihle, Again the absence of definitive information
on the thermal chargeweristics of nenr-surfoce material
preciudes an snswer 10 this question, However, it Is instructive
to consider the magnitude of remanent magnetization re.
quired, in spite of the probable high near-surface tempera-
tures, When a uniformly magnetized hin spherical shell is
ussumed, the magnetization required is not much larger
thon the remanent magnetizations found in the returned lunar

Jsamples {Fulfer, 1974], With o lithospherie shell below the

Curie point whose thickness is 20% of the radius, 488 km, the
necessery magnetization is 3.0 X 107 emu/g. For 107, 244
km, the value rises 10 5,9 X 10-* emu/g. This is well within the
range of materinls which may be expected o be present on the
planet Mercury, since lonar surface muterinls yield muagnetiza-
tons penerally within an order of mugniude of 1U"* emu/g
but at #auch lower temperatures,

In tiie light of the limited datn set avallable it Is not unigquely
possible 1o choose between these two sources of magnetic field:
aclive dynumo or fossil magnetism, As yet there is no agree-
ment on whether the thermul history of Mefeury ineludes the
cvolution of u fluid core [Majeva, 1969 Plagemann, 1965;
Stegfried and Solomon, 1974] or whether there exists o
fithospheric sheli whose temperatures are below the Curie
point, Perhaps additional dutn obiained during the third Mer-
cury encounter on March 16, 1975, will illuminate more clearly
the quuatiative characteristics of the planetary field, and
hence ts origin,
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