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The “paraboloid” model of Mercury’s magnetospheric magnetic field is used to determine the best-fit
magnetospheric current system and internal dipole parameters from magnetic field measurements taken
during the first and second MESSENGER flybys of Mercury on 14 January and 6 October 2008. Together
with magnetic field measurements taken during the Mariner 10 flybys on 29 March 1974 and 16 March
1975, there exist three low-latitude traversals separated in longitude and one high-latitude encounter.
From our model formulation and fitting procedure a Mercury dipole moment of 196 nT - R, (where Ry

f\(/leé/rvgsrds: is Mercury’s radius) was determined. The dipole is offset from Mercury’s center by 405 km in the north-
Magnert%spheres ward direction. The dipole inclination to Mercury’s rotation axis is relatively small, ~4°, with an eastern

longitude of 193¢ for the dipole northern pole. Our model is based on the a priori assumption that the
dipole position and the moment orientation and strength do not change in time. The root mean square
(rms) deviation between the Mariner 10 and MESSENGER magnetic field measurements and the predic-
tions of our model for all four flybys is 10.7 nT. For each magnetic field component the rms residual is
~6 nT or about 1.5% of the maximum measured magnetic field, ~400 nT. This level of agreement is pos-
sible only because the magnetospheric current system parameters have been determined separately for
each flyby. The magnetospheric stand-off distance, the distance from the planet’s center to the inner edge
of the tail current sheet, the tail lobe magnetic flux, and the displacement of the tail current sheet relative
to the Mercury solar-magnetospheric equatorial plane have been determined independently for each
flyby. The magnetic flux in the tail lobes varied from 3.8 to 5.9 MWb; the subsolar magnetopause
stand-off distance from 1.28 to 1.43 Ry; and the distance to the inner edge of the current sheet from
1.23 to 1.32 Ry;. The differences in the current systems between the first and second MESSENGER flybys
are attributed to the effects of strong magnetic reconnection driven by southward interplanetary mag-
netic field during the latter flyby.

Magnetic fields

© 2010 Elsevier Inc. All rights reserved.

1. Introduction et al.,, 1974). The higher solar wind pressure and the stronger mag-

nitude of the interplanetary magnetic field (IMF) in the inner heli-

Magnetic field measurements in the vicinity of Mercury to date
have been obtained in the course of four spacecraft flybys: two
Mariner 10 flybys on 29 March 1974 (M10 I) and 16 March 1975
(M10 III), respectively, and two flybys by the MErcury Surface,
Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft (Solomon et al., 2001) on 14 January 2008 and 6 October
2008 (M1 and M2, respectively). These measurements revealed the
presence of an internal magnetic field that at Mercury’s surface is
about 100 times smaller than Earth’s surface magnetic field (Ness
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osphere combined with the relatively weak planetary field result in
a magnetosphere about Mercury whose size is only about 6% that
of Earth’s magnetosphere (Slavin and Holzer, 1979a). The forma-
tion of the magnetosphere is associated with the flow of currents,
which carry a magnetic field contribution that is superposed on the
planetary magnetic field. These currents may vary between differ-
ent passes or even during a single pass due to the short reconfigu-
ration time of Mercury’s magnetosphere, which is on the order of a
few minutes (e.g., Slavin et al., 2007). To account for these contri-
butions and to refine the estimate for the planetary moment, a
magnetospheric magnetic field model is required. The model
presented in Alexeev et al. (2008), used previously to analyze
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observations from the Mariner 10 flybys, is extended in this work
to include dipole-tilt effects. The new model incorporates the new-
ly available data from MESSENGER’s first two flybys to yield better
estimates of Mercury’s magnetic field and to detail the effects of
Mercury’s magnetospheric currents.

The Mariner 10 data have been extensively analyzed over the last
three decades to infer Mercury’s internal field strength and configu-
ration. Conducting a least-squares fit of the M10 I data to an offset
tilted dipole, Ness et al. (1974) obtained a dipole moment of
227 nT - R}, where Ry = 2439 km is Mercury’s radius, and a dipole
tilt angle of 10° relative to the planetary rotation axis. The dipole mo-
ment was determined to be offset by 0.45 Ry, in the northward direc-
tion. This estimate of the central dipole moment was later revised to
the value of 350 nT - R,?d (Ness et al., 1975). These authors used data
only from the inbound portion of M10 I in the determination of the
magnetic moment, because substorm-like magnetospheric distur-
bances were observed during the second half of that flyby (Siscoe
etal., 1975). From the M10 IIl observations, Ness et al. (1976) deter-
mined a dipole moment of 342 nT - R3,, which is in close agreement
with the revised estimate from M10 I above. Korth et al. (2004) ac-
counted for the contribution of the external magnetic field to the
observations with a modified Tsyganenko 96 model and found
resulting strengths of the dipole moment ranging between
198 nT - R}, and 348 nT - R}, consistent with findings from other
authors [see Engle (1997), in which the dipole moment estimates
varied between 154 nT - R, (M101)and 182 nT - R, (M10 IiI)]. More
recently, Alexeev et al. (2008) introduced a new model of Mercury’s
magnetosphere that was then used to determine from observations
made during the two Mariner 10 flybys a Mercury magnetic dipole
moment of 192 nT - R}, a value within the range of estimates from
previous models. This model ignored the dipole tilt angle and used
both inbound and outbound observations from M10 L. The best fit
to the Mariner 10 measurements yielded a dipole offset of 0.18 R,
northward of the equatorial plane (Alexeev et al., 2008). The cause
for the large spread in the reported estimates of the dipole term is
the limited spatial coverage of the observations, which is insufficient
for separating the higher-order multipoles (Connerney and Ness,
1988), and variable magnetic field contributions from the magneto-
spheric current systems (Slavin and Holzer, 1979b; Korth et al.,
2004).

The magnetic field strength observed by MESSENGER during M1
is consistent to within an estimated uncertainty of 10% with that
during M10 I in this region (Anderson et al., 2008). Centered-dipole
solutions yielded a southward planetary moment of 230-
290 nT - R}, tilted by 5-12° from the planetary rotation axis. These
estimates lie within the uncertainty interval of Korth et al. (2004)
and can be interpreted as a more precise refinement of the Mercury
dipole moment after the first MESSENGER flyby.

The importance of considering the magnetic fields due to magne-
tospheric current systems in the estimate of the planetary magnetic
moment is evident from both the Mariner 10 and MESSENGER obser-
vations, since these contributions critically affect the dipole fit esti-
mated from spacecraft data as shown by Korth et al. (2004) and
Anderson et al. (2008). These authors discussed two methods for
estimating the external magnetospheric currents. The first method
is based on a scaled version of a model for Earth’s magnetosphere
(e.g.,Anderson et al.,2008): after the determination of the solar wind
parameters, which are needed to calculate the external field, the
external field vectors are extracted from the spacecraft data, and
the residuals are fit by spherical harmonic analysis to determine
the dipole terms. Alternatively, the spherical harmonic expansion
series can be extended to include the external field terms so that
internal and external field coefficients are fit simultaneously (Ander-
son et al., 2008). However, the latter approach can be used only if the
magnetic field has been measured in current-free regions of the
magnetosphere, a condition that is not strictly met, especially during

the M101,M1, and M2 flybys. These flyby trajectories were located in
the nightside, near-equatorial magnetosphere, placing the space-
craft within or in close proximity to the cross-tail current sheet. At
Earth, the inner edge of the tail current sheet, R, can be usually found
at R, = 0.7 R; at local midnight, where R; is the subsolar magneto-
pause distance, while at Mercury where the average R, ~ 1.4 Ry,
we typically have R, ~ 1.0 Ry. Throughout the M10 I pass, plasma-
sheet-type electron distributions were observed, with an increase
in temperature beginning near closest approach coincident with a
series of intense energetic-particle events (Ogilvie et al., 1977; Chr-
iston, 1987). This observation implies that the inner edge of the Mer-
cury tail current sheet was close to the planetary surface, so a scalar
potential cannot be used for the external magnetic field representa-
tion along the M10 [, M1, and M2 trajectories.

2. Methodology and fitting procedure

In this paper we employ a “paraboloid” model of Mercury’s
magnetosphere. The advantages of the paraboloid model are that
it is a robust treatment that reproduces the main features of solar
wind flow past a planetary dipole (Alexeev et al., 2003; Belenkaya,
2009). We have successfully adapted the Earth magnetospheric
model to the Jupiter and Saturn magnetospheres (Alexeev and
Belenkaya, 2005; Alexeev et al., 2006).

We have elected not to employ spherical harmonic analysis to
find model parameters, because such analysis is most fruitful in sit-
uations where observational points are well distributed in spherical
geometry, whereas magnetic field observations at Mercury are to
date restricted to four spacecraft flyby trajectories. In this section,
we briefly describe the paraboloid model, which includes four terms
that form the magnetospheric field: (1) the eccentric dipole; (2)
magnetopause currents; (3) tail currents; and (4) the penetrated
IMF. The model formulation is detailed in Appendix.

The determination of the internal dipole and its higher-order
terms from flyby data amounts to minimization of an objective
function (such as the root mean square deviation between the data
and the model) subject to the following key assumptions and/or
constraints: (a) the planetary dipole is assumed to be fixed in a
planetographic coordinate system, i.e., it does not change in time
and is the same for all flybys; and (b) the magnetosphere may vary
between different flybys in response to the different solar wind
and IMF conditions but is quasi-stationary during each flyby. This
latter assumption is accurate during the northward IMF conditions
that prevailed during the M10 IIl and M1 passes, but it is clearly a
simplification during southward IMF conditions (M10 I and M2)
when the magnetosphere was strongly dynamic. Particularly for
the M10 I flyby there is evidence that the solar wind pressure
and the IMF direction changed markedly near closest approach
and that magnetospheric processes similar to terrestrial substorms
may have ensued (Siscoe et al., 1975). For these reasons the model
parameters corresponding to the magnetopause and tail currents
are considered as five separate sets of unknowns (corresponding
to M10 I pre- and post-closest-approach, M10 III, M1, and M2,
respectively) that are to be determined from the minimization
along with the dipole terms.

The dipole field is determined by six parameters: three compo-
nents of the dipole magnetic moment, My, My, M, and the dipole
offset vector projections, dx, dy, dz. The magnetospheric current
systems are determined independently for each flyby, and there
are two magnetospheric states for M10 I. In addition to the six di-
pole parameters, the Mercury magnetospheric model field will be
determined by the following nine magnetospheric parameters:

(1) the dipole tilt v,
(2) the magnetopause stand-off distance R,
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(3) the distance R, to the inner edge of the tail current sheet,
(4) the tail lobe magnetic flux @,ope,
(5) the vertical displacement z, of the current sheet relative to
the solar-magnetospheric equatorial plane,
(6) the reconnection “efficiency” ki,
(7-9) components of the IMF vector Byy.

Five of the magnetospheric parameters are determined prior to
the fitting procedure. The dipole tilt is determined uniquely by
Universal Time and the dipole position relative to the center of
the planet. The reconnection “efficiency” coefficient is assumed
equal to unity, k. =1 (Alexeev et al., 2008) in the absence of suffi-
cient data to determine its value. The IMF vector is determined be-
fore the fitting procedure by averaging the spacecraft
magnetometer data upstream of Mercury’s bow shock. In our fit-
ting procedure, the IMF vectors have no influence on magneto-
spheric parameters, because after finding a set of the best-fit
magnetospheric parameters, we calculated the constant (but dif-
ferent for each magnetospheric parameter set) field vector that
minimizes the average deviation vector between the model predic-
tion and measured magnetic field.

For each magnetospheric state, seven magnetospheric parame-
ters must be determined by the fitting procedure. They are (1) Ry,
(2) Ry, (3) @yope, (4) 2o, and (5)—(7) the three constant components
of the vector B; that must be added to the model field so that the
averaged deviation along a given trajectory equals zero. This last
term can be used to estimate the magnetic field of current systems
not included in our model, such as field-aligned currents and
induction currents.

To determine the dipole and magnetospheric parameters, we
have compiled over 1000 data points distributed among the four
flybys as follows: 180 (M10 I), 149 (M10 III), 246 (M1), and 559
(M2). For Mariner 10 magnetometer data, we have used a 6-s aver-
aging time window, and for MESSENGER data this window length
was 4 s. The data points are weighted equally in the course of the
fitting procedure. Where possible we have included all magnetom-
eter observations inside the magnetosphere during each pass. Dur-
ing M1, the spacecraft entered the magnetosphere on the nightside
of the dusk flank of the low-latitude magnetosphere within the tail
current sheet, and data obtained during the inbound part of this
pass and prior to MESSENGER crossing the inner edge of the tail
current sheet were not used to fit our magnetospheric parameters
because our model does not take into account the plasma-sheet
contribution to the total pressure. A total of 41 “best-fit” parame-
ters (six dipole parameters and five sets of the seven magneto-
spheric parameters for each flyby data set) are derived by
minimizing the total mean square deviation between model field
vectors and measured magnetic field vectors over the entire data
set.

We use here the method of constrained minimization for a y?-
like functional (Silin, 1976, 1983; Dymov et al., 2000). Following
Alexeev et al. (2008), we search for the global minimum of y?,
which depends on Mercury’s dipole moment, the dipole offsets,
and the parameters of the global magnetospheric current systems.
Here the functional, y?, is

a :% 121: {Bobs,i(xl') — Buod_i(Xi, D1, 7pnpm)]2
1& X
=5 ; {(Bx,obs,i — By mod_i)” + (By_obs_i — By_mod_i)
# (B =B '] (1)
where Bops i(X;) and Bmod_i(Xi,P1, - -, Py,,) are the vectors of the

measured and model fields at the ith measured point x;, respec-
tively. The model field vector, Bioa_i(Xi, P1, D2, - - - +Dryar)» 1S dependent

On Mpar pa.rameters P1:D2; - -+ Pn,,,» Which determine the value of x>
As an indicator of the model accuracy we use a root mean square
(rms) deviation:

/& @)

ms=,/—=>——
N —npgr + 1

where N is the number of the measured points in the functional (1)
and np,, is the number of parameters in the fit. Our task is to find
the set of parameters p; (j=1, ..., Npqe) that will determine the min-
imum rms value. These parameter values will correspond to the
minimization of y2. The details of the numerical algorithm (FUMILI)
used here to minimize 2 and of the post-processing required to en-
sure that we find a global minimum are discussed in Section 8.

3. Model input
3.1. Magnetic field data

The MESSENGER Magnetometer (MAG) has been described in
detail by Anderson et al. (2007). The triaxial sensor is mounted
at the end of a 3.6-m boom to minimize the magnitude of stray
spacecraft-generated magnetic fields at the sensor location.
Ground testing and in-flight calibration have shown that the inten-
sity of uncorrectable (i.e., variable) stray fields is less than 0.1 nT
(Anderson et al., 2007). While the Magnetometer is capable of
measuring the full strength of the Earth’s field for integration
and check-out, it is designed to operate in its most sensitive field
range of +1500 nT per axis when the spacecraft is in orbit about
Mercury. The 16-bit telemetered resolution yields a digital resolu-
tion of 0.05nT. During the orbital phase of the mission, the
sampling rate of the instrument will be varied according to a
pre-planned schedule from 2 to 20 vectors per second. Addition-
ally, 8-min intervals of 20-vectors-per-second burst data will be
acquired during periods of lower-rate continuous sampling. The
accuracy of the MESSENGER magnetic field measurements is 0.1%.

3.2. Longitudinal dependence of the four Mercury flybys

The spacecraft closest approach during each of four Mercury fly-
bys (M10 I, M10 III, M1, and M2) maps to different Mercury longi-
tudes, as seen in Fig. 1: ~90°E (M10 I and M10 III), ~225°E (M2),
and ~45°E (M1). Similarly, the longitudes of the Sun (noon) merid-
ian differ among the encounters: ~260° for M10 I and M10 III, 185°
for M1, and 3° for M2.

This point must be taken into account to calculate the transfor-
mation matrix from Mercury solar orbital (MSO) coordinates, in
which data are given, to Mercury solar-magnetospheric (MSM)
coordinates, which are the model coordinates (see Appendix).
The dipole offset results in a displacement of the origin, which
coincides with the center of the planet for MSO coordinates and
with the dipole position for MSM coordinates. Following the eccen-
tric dipole representation of the planetary field used for Earth’s
magnetic field (Fraser-Smith, 1987), we will assume that the
eccentric dipole direction is parallel to the tilted centered dipole.

3.3. Coordinate transformations for a tilted dipole

The magnetometer data used in the analysis presented here are
those provided in MSO coordinates. In this coordinate system, the
Xwuso-axis is directed from the center of the planet toward the Sun;
the Zyso-axis is normal to Mercury’s orbital plane and positive to-
ward the north celestial pole; and the Yyso-axis completes the
right-handed system. In the following we use an approximation
in which Mercury’s rotation axis coincides with the Zyso-axis.
Fig. 2 shows the mutual orientation of the Sun-Mercury line,
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Mio| Sun

Sini 6 Oct 2008

14 Jan 2008
M1

M10 IIl M2

MESSENGER

Fig. 1. Trajectories of the four Mercury flybys in MBF (planetographic) coordinates,
looking down from Mercury’s north pole. The yellow (MESSENGER) and blue
(Mariner 10) arrows show the direction to the Sun at the time of each flyby. The
noon longitudes for M10 I and M10 III were about the same and are marked by a
single arrow.

Mercury’s axis, and Mercury'’s dipole. The last vector is tilted with
respect to the vertical axis of the MSM coordinate system, as de-
scribed by the angle iy between the northern magnetic pole Py
and the Zysy-axis. To transform from the MSO to the MSM system,
we must make two transformations, a rotation by the angle j
about the X-axis and a displacement of the origin O by (dx, dy,
dz). For simplicity, the origin displacement is not shown in Fig. 2.
The rotation about the Xyso-axis is anticlockwise for f3 > 0. The
displacement of the origin from Mercury’s center (O) by (dx, dy,
dz) to the shifted dipole position (0’) is shown in Fig. 3.

We note that in Fig. 2 6, is the magnetic pole colatitude (the an-
gle between Mercury’s dipole moment My and Mercury’s spin
axis), and /4 is the angle between the noon planetographic meridian
and the dipole planetographic meridian (2 = Agjp — Asun, Where g,
is the planetographic longitude of the magnetic pole and Zg,, is
the planetographic longitude of the subsolar point).

Thus the My projections in the MSO coordinate system are

Mg = Mg{sin 04 cos A, sin 04 sin 1, cos 04} (3)

Below we introduce the matrix of the transformation from MSM to
MSO coordinates, which takes into account the dipole offset relative
the center of the planet. This matrix is shown on the left side of Eq.
(4). On the right side are the transformations from MSO coordinates

Zyiso

B3 -]

Zysm
v

Xusmmso) \

Fig. 2. Illustration of some geometric parameters, including the magnetic dipole
moment My, the dipole northern pole colatitude 64, the angle 7 = Agj, — Asun between
the dipole northern pole (Py) longitude and the longitude of noon, the rotation
angle f3, and the dipole tilt angle . The Xyso, Ymso, and Zyso axes are shown by
solid arrows, and the Yysy and Zysy axes are shown by dotted arrows; the Mercury
dipole magnetic moment is marked by a bold solid arrow. For simplicity we do not
show here the origin displacement.

Zmso

o' Y'uso
oz

dx i
/ dy, Ymso

X'mso

Xmso

Fig. 3. The displacement of the origin from Mercury’s center (O) to the shifted
dipole position (0’).

to the Mercury body-fixed (MBF) or planetographic coordinate sys-
tem, which are equivalent to rotation about Mercury’s spin axis by
an angle /g,,. Because of Mercury’s rotation, the angles v and fs
have different values during each of the flybys given the fixed dipole
position relative to the planet body.

Xmso =Xmsm — dX,  Xnmr = Xpms0 COS Asun — Yarso SIN Asun,
Ymso = Ywsm €OS B3 — Zusm SIN f3 — dY,  Yige = Xmso SIN sun +Yso COS Asun,  (4)
Zmso = Ymsy SIN B3 + Zusm €OS B3 — Az, Zumpr = Zmiso-

The best-fitting values for dipole inclination angle (about 3.9°)
and the dipole offset for all four flybys are given in Table 1. The ta-
ble also gives the dipole tilt angle with respect to the Zysy-axis of
MSM coordinates and the rotation angle p3 of the YZ plane. The lat-
itude and longitude of the northern magnetic pole in Mercury
planetographic coordinates have been determined by a fitting pro-
cedure that is described below. The dipole offsets in the same coor-
dinate system have been determined simultaneously. Consider the
solid triangle PnZyspZmso in which two dihedral angles are known,
Zysm and Zyso; these are equal to 90° (Zysy) and to 90° — A (Zyso),
respectively. The three arcs in this solid triangle are fs, 04, and /.
From spherical trigonometric relations for the solid triangle
PnZyismZumso:

sinfy :sinw siny =sinf,cos 4,

sin90° ~ cosA’ €0S 04 =Cos f3cosy, 5
€0S 04 = COS B3OS +5in B3 5inyycos90°, ¢og W = COs? 5 COSY +Sin s sindysin, (5)
COSY = COS f33C0S 0g +sin f3 sin 0y sin 4,

cosysin? B; =sin 5 sinfgsin .

Finally, to calculate g3 and :

€0s by

cos fi3 (6)
tan ; = tan 6, sin A.

siny = sin 6,4 cos /, cosy =

sin ,Bg — sinc(())dssl/ini.

After computation of the angle g5 for each flyby, we calculated
the dipole offsets in MSM coordinates, Axg, Ayq4, Azg, which will be
used to model magnetic field calculations. The values (in Ry) are
shown in Table 1. Vertical displacements of the tail current sheet
relative to the equatorial plane, zo (in Ry;), and the polar cap size,
pc (in degrees), are also shown in the table.

4. Model-data comparison: overview of Mariner 10 and
MESSENGER data

The magnetic field observations by Mariner 10 and MESSENGER
are compared with the best-fit model field, consisting of the best-
fitting dipole (Table 2) and paraboloid model parameters (Table 3)
in Fig. 4. In the fitting procedure, a single set of dipole parameters

doi:10.1016/j.icarus.2010.01.024

Please cite this article in press as: Alexeev, LI, et al. Mercury’s magnetospheric magnetic field after the first two MESSENGER flybys. Icarus (2010),



http://dx.doi.org/10.1016/j.icarus.2010.01.024

LL Alexeev et al./Icarus xxx (2010) xXx-xxX 5

Table 1
Values of the dipole tilt, offsets of dipole and cross-tail current sheet, and polar cape
size derived from the fit procedure.

Flyby Y, deg B3, deg  Axq, Ry Aya, Ru  Azy, Ru  Zo, Ry 0Op deg
M10 I in 1.5 -3.6 —-0.023 -0.040 0.164 0.04 56
M10 I out 1.5 -3.6 —-0.023 -0.040 0.164 038 64
M10 III 1.6 -3.6 —-0.022 -0.041 0.164 -0.83 48
M1 3.8 0.6 0.024 -0.028 0.167 0.02 46
M2 -3.8 -0.7 —0.024 0.027 0.167 -0.12 46

was fit to all five data sets. For all flybys the spacecraft entered the
magnetosphere through the dusk flank and exited the magneto-
sphere through the dawn flank (from right to left in Fig. 4). The
M2 outbound crossing almost coincided with the maximum in
the measured magnetic field strength that was identified as a large
flux transfer event (Slavin et al., 2009b). The magnetopause cross-
ing positions shown in this figure are determined by the subsolar
distances to the modeled parabolic magnetopause. (Note that the
model fits indicated by the bold lines incorporate only those points
that lie inside the magnetosphere.) The general agreement be-
tween the observed outbound crossings and the model magneto-
pause positions supports the model fitting results.

As can be seen in Fig. 5, the outbound magnetopause crossings
for M10 I and for both MESSENGER flybys occurred for xysy close
to zero, near the dawn flank of the terminator magnetopause inter-
section and nearly on the MSM equatorial plane during the MES-
SENGER encounters. For each flyby the MSM equatorial plane has
a small inclination, the angle g3 in Eq. (5), to Mercury’s orbital
plane (the plane zys0 =0 in MSO coordinates), and these inclina-
tions are different for each flyby.

For the M10 I outbound magnetopause crossing, zysy is about
0.5 Ry For all three passes the observed magnetopause coordinates
that can be determined from the magnetometer data and parabo-
loid model predictions are in good agreement. For M1 and M2
the magnetospheric fields at the magnetopause are significantly
higher (by factors of 2-3) than the IMF strength upstream of the
bow shock. In these cases we have a well-defined magnetopause.

The positions of the spacecraft trajectories relative to the equa-
torial plane depend on the dipole offset, the dipole moment direc-
tion, and the location of the magnetic poles on Mercury’s surface.
All these parameters have been calculated from results of the fit-
ting procedure by comparing the model prediction and the mea-
sured magnetic field vectors. The projections of the flyby
trajectories onto the terminator plane (xysy=0) and onto the
noon-midnight plane (yysy =0) are shown in Fig. 6. During M2
the MESSENGER trajectory was close to but south of the MSM
equatorial plane and also close to and south of the plane of the tail
current sheet. During M1 the MESSENGER trajectory was also close

400 T T T T T T T T T T ™

300 3

100 4 % P -
3 v'n@ 3

0 T T T T T T T T T T T T

B [nT]

Yysm [Ryl

Fig. 4. A comparison of the magnetometer data (dashed) and magnetic field
strength predicted by the best-fit model (solid) for M10 I (orange curves), M10 III
(blue), M1 (green), and M2 (red). For each flyby, thin lines represent the measured
magnitudes of the magnetic field, and thick curves show the model magnetic field,
both plotted as a function of the yysy solar-magnetospheric coordinate. The yysy
coordinates of the paraboloid magnetopause crossings for each pass, both inbound
and outbound, are indicated by colored vertical thin lines. During the flybys
MESSENGER and Mariner 10 crossed Mercury's magnetosphere in the direction
from dusk to dawn.

to and south of the MSM equatorial plane, but as will be discussed
below the M1 trajectory likely passed inside the tail current sheet.
The B, components of the measured and model magnetic field are
negative for all MESSENGER passes.

5. MESSENGER’s second flyby: effects of magnetospheric
currents

A comparison of the magnetic field measured by MESSENGER
during M2 with the best-fitting model field is shown in Fig. 7. To
fit the dipole and magnetospheric parameters, we have used Mag-
netometer data only from inside the magnetosphere. The inbound
and outbound magnetopause crossings were at 08:11:57 and
08:49:11 UTC, respectively (Slavin et al., 2009b). The spatial
dependence of the magnetic field strength within the magneto-
sphere is well described by the model. Major contributions to the
rms discrepancy, 8.8 nT, are the quasi-periodic oscillations ob-
served near the entry of the MESSENGER spacecraft into the mag-
netosphere. The amplitude of these oscillations is about 3-5 nT,
and the period is ~45 s. Within this time interval the spacecraft
displacement along the dawn-dusk direction is about 211 km.
Additional contributions to the discrepancy between model and
data are the six isolated large-amplitude short-timescale variations
shown in Fig. 7b. These fluctuations have approximately the same
temporal and spatial scales as the quasi-periodic oscillations but
exhibit amplitudes about five times higher (about 20 nT). The big-
gest impulse in the magnetic field was observed near the noon-

Table 2

Dipole moment, dipole offset values, and northern pole latitude and longitude (in MBF system) fit to observations from all four flybys.
My, nT R}, Axq, Rm Ayd, R Az4, Ry Ong, deg /na, deg N g, nT
196.0+0.3 —0.026 +0.001 0.027 +£0.001 0.166 + 0.001 3.9+0.1 1933+1.8 1134 10.72

Table 3

Magnetospheric current system parameters.
Flyby Ri, Ry R>, Ry ®D\obey MWD Zo, Rm by, nT by, nT b,, nT o, nT o, nT
M10I in 1.28 £0.03 1.23+£0.01 5.08 +0.01 0.04 +0.01 33.0+1.2 -48+04 258+1.1 14.9 10.7
M10I out 1.36 £0.02 1.32+£0.01 5.92 +0.01 0.38 £0.01 —34.2+0.7 -12.0+0.3 22112 149 10.7
M10 III 1.43 £0.01 1.25+0.01 4.06 £0.01 —0.83 £0.01 283+04 —-23+0.2 27.8+1.0 11.7 10.7
M1 1.35+£0.01 1.32 £0.01 3.83+0.01 —0.02 +0.01 6.7+0.4 3.0+£0.1 13.4+0.1 10.8 10.7
M2 1.40 £0.01 1.31+£0.01 3.83+0.01 —0.12 £ 0.01 2.0+£0.2 1.6+0.1 3.0£0.02 8.9 10.7
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Fig. 5. Projections of the M10 I (yellow curve), M10 III (blue), M1 (green), and M2
(red) trajectories onto the solar-magnetospheric equatorial plane. For all trajecto-
ries the spacecraft traverses the magnetosphere from dusk (Y > 0) to dawn (Y <0).
Solid curves mark the portions of each trajectory from which observations were
used to fit the model parameters; dashed lines mark portions of each trajectory for
which magnetometer data were not included in the fitting process. The colored
squares denote crossings of the current-sheet plane in the tail of the magneto-
sphere. The dotted black curve shows the modeled paraboloid magnetopause for an
“average” magnetospheric state. Dotted color curves denote the inner edge of the
tail-current sheet position for M10 I (yellow) and M1 (green).

midnight plane (yysy = —1.4). The deviation in the B, component is
smaller than 2 nT, the B, component increases by 9 nT, and the B,
component decreases by 18 nT. Similar magnetic perturbations can
be produced by a strong current in the dawn-dusk direction with
an inclination of 26° to the equatorial plane.

The individual magnetic field components respond differently
to the dipole field and the global magnetospheric current system
parameters. For the inbound pass, after MESSENGER entered the
dusk flank of the magnetosphere, the B, component is mainly
determined by the tail current. Exiting the tail current sheet, the
magnetic field observations in the dawnside magnetosphere are
dominated by the dipole term. The B, component is mainly con-
trolled by the dipole field outside the tail-current-sheet region.
The discrepancy in the B, component in the tail region can be ex-
plained by greater flaring of the paraboloid magnetopause in this
region compared to a real cylindrical-like tail magnetopause. On
the inbound pass of the M2 trajectory (near the tail current sheet),
the B, component of the measured field is close to the dipole field.
Here the magnetopause current and tail current contributions to
the B, component cancel each other. After MESSENGER entered
the inner magnetosphere, the observed B, component was as much
as 20-30 nT less than the modeled dipole field. In this region the
negative tail current contribution is larger than that from the posi-
tive magnetopause current field. The maximum of the B, compo-
nent of the dipole term is +125 nT, the tail current contribution
maximum is about two times smaller in amplitude at —50 nT,
and the magnetopause current brings +32 nT at the boundary be-
tween the dawn flank of the magnetosphere and the magneto-
sheath, nearly compensating the tail current contribution at this

a1.7...............
-
=
N
-1.7 e e e e e e e
4 3 2 -1 0 1 2 3 4
Y [R,,]
b1.4
-
3
B ot
N
-1 4
-1

X [Ry]

Fig. 6. Projections of the M10 I (yellow curve), M10 III (blue), M1 (green), and M2
(red) trajectories (a) onto the Mercury solar-magnetospheric terminator plane (YZ
plane) and (b) onto the Mercury solar-magnetospheric noon-midnight plane (X-Z
plane). For all trajectories the spacecraft traverses the magnetosphere from dusk
(Y>0) to dawn (Y < 0). The black circle denotes Mercury’s cross-section; the circle’s
center is shifted by Az;=0.166 Ry, southward from the equatorial plane.

region. The resulting model field, B, is equal to the dipole B, com-
ponent and is about 100 nT. The modeled magnetospheric field at
the subsolar magnetopause, B, (see Section 10), is about two
times larger. The ratio of these values determines the inclination
angle of the magnetopause normal to the Sun-Mercury line as
& ~35° (where sin ¢ = By, /Bns) at the point of the M2 outbound
magnetopause crossing.

6. MESSENGER's first flyby: magnetospheric current
contributions

MESSENGER’s first two flybys of Mercury had similar trajecto-
ries (except that the longitudinal sectors in MBF coordinates were
nearly opposite to each other). Both trajectories had a small incli-
nation to the MSM equatorial plane and crossed the magneto-
sphere from dusk to dawn. The M1 and M2 closest approach (CA)
positions occurred at the about the same point (xysy=—0.7,
Yusm = —0.7, and zysy = —0.2, all in Ry). During M2 the spacecraft
entered the magnetosphere tailward of the M1 entry by ~0.7 Ry
and exited the magnetosphere closer to the nose than during M1.
For this reason the M1 and M2 magnetic field profiles are similar
in many respects, including the measured peak magnetic field
intensity. Prior to CA the field measured during M2 (Fig. 4) was
lower than during M1 by about 10-12 nT at a given Yjsy coordi-
nate, because this portion of the M1 trajectory was closer to Mer-
cury than the equivalent portion of the trajectory during M2.
However, at xysy = —1.5 Ry and yysy = 0.5 Ry the field measured
during M1 was sharply reduced, and on its inbound pass the field
measured during M1 was about 20 nT weaker than during M2. This
observation can be explained in one of two ways: (1) there could
be some current disruption that occurred during M1 or (2) the ob-
served variations in the magnetospheric field could reflect a strong
spatial dependence of the magnetospheric field on zysy.

doi:10.1016/j.icarus.2010.01.024
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Fig. 7. Comparison of measured (black) and model (red) magnetic field during M2. (a) Scalar magnetic field strength. (b) X components. (c) Y components. (d) Z components.
The horizontal axis shows time in minutes from the point that the spacecraft entered the magnetosphere. The contributions of the magnetopause current (blue), the tail
current field (green), and the dipole term (orange) are shown in (b-d).
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The Zysp coordinates for both encounter trajectories are close to
each other, but their paths relative to the tail current sheet appear
to be different. We speculate that during M1 the spacecraft may
have passed inside the tail current sheet. In contrast, during M2
MESSENGER passed south of the tail current and measured only
the southern lobe magnetic field.

Alternatively, the spatial variations in a steady magnetospheric
field can be interpreted as long-term changes in the topology of the
interior planetary magnetic field. In our approach, a longitudinal
variation in the interior magnetic field can give rise to a displace-
ment of the dipole from the origin within the equatorial plane.
Our best-fitting dipole parameter values, however, show only a
small (less than 100 km) dipole displacement in the equatorial
plane. The second aspect of the proposition (spatial variation in a
steady magnetosphere current) is supported by our best-fit mag-
netospheric parameter values. More clear differentiation between
magnetospheric and interior magnetic field contributions can be
made when magnetic field data from the orbital phase of the MES-
SENGER mission become available.

This discussion of the M1 inbound data illustrates the limita-
tions of the M1 magnetic field observations as constraints on the
internal magnetic field. In our fitting procedure we have therefore
used data only from the second half of the M1 trajectory, during
which the spacecraft was located inside the magnetosphere but
outside the current sheet. We limited ourselves by the spatial
interval when spacecraft coordinates were xysy > —1.5 Ry and
Yumsm < 0.5 Ry Future work should include a plasma-sheet current
model that takes into account the finite thickness of the current
sheet, so that the deficit of the magnetic pressure inside the
current sheet will be balanced by plasma pressure.

After limiting the portion of the M1 trajectory to the inner mag-
netosphere, the best-fit dipole parameters achieved a good fit (see
Fig. 8). In general, the dipole moment estimates are very stable. The
dipole moment compares well to results from previous analyses
(e.g., Anderson et al., 2008, 2010) and is similar to estimates ob-
tained by other methods (e.g., Slavin et al., 2009a). The northward
dipole offset reported by Bergan and Engle (1981), 0.17 Ry, is very
close to our estimate, 0.166 Ry, (see Section 8). Similar to the case
for M2, the B, component is weakly dependent on the magneto-
spheric contributions, and indeed these data can be used to define
dipole moment (see Fig. 8c). Only at the outbound magnetopause
crossing does the Chapman-Ferraro current contribute 7 nT, about
half of the total measured field (~15 nT). Near CA the dipole term is
—65 nT, and other terms are less than 5 nT. For the B, component,
the magnetospheric terms provide significant contributions (see
Fig. 8b), especially near the inner edge of the tail current sheet,
where this term (~50 nT) is about 2.5 times larger than the dipole
contribution (~20 nT). Ignoring the magnetospheric contributions
results in a deviation of the model prediction from the measured
field of about 15 nT, or 1.5 times more than the rms error from
our fitting procedure.

It is important to emphasize that for M1 the magnetopause and
tail current contributions have the same sign for B,. Most critical to
the outer (magnetospheric) terms is the B, component of the mag-
netic field (see Fig. 8d), consisting predominantly of the sum of the
planetary dipole and magnetopause current fields, which are both
directed northward near the magnetopause inside the magneto-
sphere. The tail current field has a negative contribution to the to-
tal magnetospheric field, and near CA it contributes about —50 nT
(compared to ~25nT for the magnetopause-penetrated IMF
terms).

The magnetic field variations at the M1 inbound magneto-
pause crossing indicate that the spacecraft entered through the
dusk flank of the tail into the central plasma sheet just north
of the mid-plane of the cross-tail current sheet (Slavin et al,
2008). As the spacecraft approached the planet, the magnetic

field intensity increased as MESSENGER entered the region dom-
inated by the dipolar planetary magnetic field (Anderson et al.,
2008). The significant tailward tilting of magnetic field even
close to the planet is due to the presence of a strong cross-tail
current sheet. A strong magnetic field decrease, beginning at
19:10:35, corresponds to a current layer perpendicular to the
magnetic field as evident by the minimal rotation in direction.

7. Deviations between model predictions and measured
magnetospheric field components, M1 and M2

We now interpret the differences between the magnetic field
components predicted by the best-fitting model and those mea-
sured by the MESSENGER Magnetometer, plotted versus yysy for
both M1 and M2 in Fig. 9. These residuals can be used to improve
the global magnetospheric current model by changing the depen-
dence on the spatial coordinates or model parameters. Boardsen
et al. (2009) recently reported the observation of ultra-low-fre-
quency (ULF) waves at a frequency of ~0.5 Hz during M1. With
the 6-s averaged data, we consider lower-frequency oscillations.
We begin this analysis with data from the M2 inbound pass where
MESSENGER was located in the tail lobe region just below the tail
current sheet. MESSENGER’s velocity during that flyby was about
5.8 km/s. A time variation in the magnetic field with a duration
of about 30s corresponds to a spatial scale of about 174 km
(0.07 Ry). Quasi-periodic disturbances with a similar scale were
observed by MESSENGER over the interval 2.1 > yysy > 1.5 (see
Fig. 10). That all three magnetic field components showed devia-
tions over the same spatial interval (yysy ~ 2.1 — 1.5 R;;) probably
indicates that some global-scale current system has not been taken
into account in our model, or that the shapes and intensities of the
current systems assumed are not precisely correct. The magnitude
of this shift, however, about 7 nT across 3 Ry, is sufficiently small
to be ignored.

In addition to effects discussed previously, there are differences
between the model and the data on shorter timescales. We note six
such events in the inner magnetosphere outside of the tail-current-
sheet region. The duration of these excursions of the magneto-
spheric field vector is about 1 min, and the amplitude is about
15 nT. Examples of these types of deviations seen between the
model and data along the M1 and M2 trajectories are shown in
Fig. 10. One example (Fig. 10a) can be interpreted as a non-linear
Alfvénic soliton or a local current line along the dawn-dusk (y)
direction. The field vector returned to the initial direction after
the excursion, and the dB, component hardly changed. The second
example (Fig. 10b) corresponds to an X-directed current sheet
superposed on small-scale field fluctuations.

8. Best-fit magnetic dipole based on minimization of >

To determine the best-fit model parameters, which minimize
the mean squared deviation between the model field vector and
the measured magnetic field, we used the FUMILI code (Silin,
1976). In the high-energy accelerator physics community this code
is widely used to extract the energy, mass, and impulse of ener-
getic charged particles from tracking detector coordinate informa-
tion (e.g., Silin, 1983). Detailed descriptions of this algorithm are
given by Dymov et al. (2000).

In this paper we used a renewed realization of constrained min-
imization for y2-like functionals, FUMILIM (Sitnik, 2008). The algo-
rithm of the FUMILI code was available for users as a part of the
CERN library (Silin, 1983). We briefly describe the FUMILI
algorithm.

As a minimum condition on 2, Silin (1983) used the general
equation:
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Fig. 8. Comparison of measured (black) and model (red) magnetic field during M1. (a) Scalar magnetic field strength. (b) X components. (c) Y components. (d) Z components.
The contributions of the magnetopause current (blue), tail current field (green), and dipole term (orange) are shown in (b-d).
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Fig. 9. Deviations between model and measured magnetospheric field components
along the M1 (right) and M2 (left) trajectories. dBy, dB,, and dB, are shown in and
green, blue, and red, respectively.
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where y2 =13 | and N is the total number of the measured
j= 1 a].

points. At each jth point, x;, the measured function f; is determined
by m parameters, 6;. In our case, the function f; is the difference be-
tween model predictions and observations:

fi = (Bj_obs — B moa)” = AB}

= (Bx,obs - Bx,mod)2 + (By,obs - By,mod)2 + (Bz,obs - Bz,mod)z- (8)
The experimental errors we adopted are small (0.1 nT) compared
with the values of the deviations and are taken to be the same at
each point. So we assign the statistical weight g;=1 for each point.
To find the solution of Eq. (7) the derivative of y? is numerically cal-
culated, and linearity of the functional nearest to the solution region
is assumed. The validity of the solution was checked by calculating
the deviation of the rms value from the minimum value. Here the
rms deviation is

X2
N-m+1 ©)

rms =
The dependence of the differences §;ms = rms — rms;;;; on the dipole
equatorial field strength By (vertical axis) and the dipole vertical off-
set dz is shown in Fig. 11a. It is seen that a deviation of 5% from the
optimal By value increased the rms by a factor of ~2 (6;ms ~ I'MS ).
A similar increase in rms occurs if we change the vertical dipole off-
set dz by 25%, from 0.17 Ry, to 0.21 Ry, or 0.12 Ry, corresponding to
displacement of the dipole by ~100 km along the spin axis. Con-
tours of J;s versus By and dz are shown in Fig. 12. For other param-
eters the functional dependence of the rms misfit can be more
irregular than for B; or dz. An example, shown in Fig. 11Db, is the
dependence of é,,s on By and dy. Because the displacement of the
dipole in the y direction has a small influence on the dipole field
contribution to the total field, changing dy mainly changes the mag-
netopause position at the MESSENGER or Mariner 10 trajectories. As
a result, a sharp increase in rms can occur because some magneto-
sheath observations are then included in the data sets to be fit.

The best-fitting dipole parameters and the magnetospheric
model parameters, determined from 1134 data points from all four
flybys (Fig. 5), are given in Tables 2 and 3. For each vector compo-
nent the residual rms deviation will be ¢ - 37'/2; for rms = 10.72 nT,
it is 6.17 nT.

9. Discussion

To compare our results on Mercury’s internal field with the
spherical harmonic expansion reported by Anderson et al. (2010)
and Uno et al. (2009), we use the spherical harmonic expansion
of the potential of a shifted dipole. An eccentric dipole representa-
tion of the planetary field was used for Earth’s magnetic field by
Fraser-Smith (1987). Northward displacement of Mercury’s dipole
(0.17 Ryy) is about a factor of six greater than the dipole shifts in the
equatorial plane (0.03 Ry). For simplicity we give the formula for
an axial symmetric field with dx=dy =0 (see Fig. 13). We also
ignore the dipole tilt angle because it is small (about 4°).

We use a determination of the generating (course-of-value)
function of the Legendre polynomial:

‘1 [o. 0]
I — s"P,(cos) fors<1. 10
V1+s%—2scos0 HZ; nl ) 19
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Fig. 11. The dependence of the difference 6,5 = rms — rms,,;; on dipole parameters.
(a) Dependence on dipole equatorial field strength B, and the dipole vertical offset
dz. (b) Dependence on dipole equatorial field strength B, and the dipole horizontal
offset dy.

After taking the derivative with respect to s we have:

cos0—s
(1452 —2scos0)*?

= ns"'P,(cos0). (11)
n=1

Eq. (11) gives the spherical harmonic expansion of the dipole poten-
tial for a shift along the Z-axis of a distance d. As is clear from
Fig. 13, the distance to the dipole is rqy = rv/1 + s2 — 2scos 0, where
s=d|r is a relative dipole displacement in the northward direction,
r is the distance to the origin, and 0 is the polar angle. The distance
along the Z-axis to the point (r, 0) is z;=z — d = r(cos 0 — s). Finally
we have:

_ zg _ rcosf-d _ Mg cosf-s
Ua = Mq 3 Mq 3 72 (15s2-25c050)2 '

(12)

Mg coso—s Mg i ns"1P,(cos 0)
12 (1452-2scos0)>/2 — 12 = n '

Here My=—196 nT - R, is the dipole magnetic moment. From Eq.
(12) one can calculate the Gauss coefficients for the shifted dipole:
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Fig. 12. Contours of 6,5 = rms — rmsy,;, as a function of the dipole equatorial field
strength By (vertical axis) and the dipole vertical offset dz (horizontal axis). The red
dot shows the rms,;;, position.
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Fig. 13. The northward shift of Mercury’s magnetic dipole.

g% =-196nT, g5=2g%d/Ry =-65nT, and

g9 = 3g%*/R}, = —-16.2 nT. (13)
Anderson et al. (2010) give —213 nT and —66 nT for the dipole and
quadrupole terms with an rms misfit of 14 nT. To calculate the

spherical harmonic coefficients of the external (magnetospheric)
sources we use the formula:

n

V(r,0,) = i

n=1 m=0

>

n=1 m

n+1
(g cosme + hy' sinme) (RTM) P (cos 0)

n
(Gy' cosm( — Jsun)
-0

r

+ Hy' sinm(@ — Asun)) (R
M

n
) P (cos 0), (14)
where /g, is the eastern longitude of the noon meridian (or subso-
lar point). We have used three different noon longitudes for the four
encounters: Asy, mio = 260° for M10 I and M10 III, Agyn p1 = 185° for
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M1, and JAgym2 = 3° for M2. Because Uno et al. (2009), in their
spherical harmonic expansions of the external field, ignored longi-
tudinal differences in the Sun-Mercury line for the different flybys
we cannot compare directly the external coefficients of Uno et al.
(2009) with our results. For the main axially symmetric external

term G?, the phase /s, does not matter and we can compare it with
the value of Anderson et al. (2010). For our model the corresponding

coefficient can be calculated as G} =% % = 47.6 nT for an average
1

subsolar distance R;=1.4 Ry. Anderson et al. (2010) give
G) = 47 nT, which is in good agreement with our model.

The results in this paper of fitting observations from the Mari-
ner 10 and MESSENGER flybys with the paraboloid magnetosphere
model demonstrate that during each flyby Mercury’s magneto-
sphere has displayed different states. Those states correspond to
different subsolar distances, different distances to the inner edge
of the tail currents, different tail lobe fluxes and polar cap sizes, dif-
ferent vertical displacements of the tail current-sheet plane, and
different amounts of IMF penetration.

The subsolar magnetopause magnetic field strength that bal-
ances solar wind dynamic pressure is given in Table 4. From the
magnetic balance equation at the subsolar magnetopause, we cal-
culated the solar wind dynamic pressure, pqyn, for each flyby. Also
given in Table 4 is the subsolar magnetopause field, B,;, which has
been calculated with the approximation (Alexeev et al., 2006):

M,
Bn(Ry) = Baip + Ber = 2.44 - By, = 2‘44R—3", (15)

1

where By, = Md/R? is the dipole field at the subsolar magnetopause,
and B is the Chapman-Ferraro field at the same point, Bcr = 1.44
Bgip for the paraboloid magnetopause. The subsolar magnetopause
magnetic field strength B,, was calculated from the best-fit model
parameters for each encounter. The solar wind density ns,, was cal-
culated from pgy, under four assumed values of solar wind velocity
(Table 4). For M10 I and III the solar wind velocity was previously
Vsw estimated by Slavin and Holzer (1979b), and for M1 and M2
the velocity was chosen to be constant and equal to 400 km/s. As
can be expected from the subsolar magnetopause distance, R;, the
most severe solar wind was during the inbound pass of the M10 |
encounter. Quieter (“average”) solar wind conditions were encoun-
tered during the outbound M10 I pass and during M1. For these
periods the solar wind pressure is estimated to be 1.5 times smaller
than during the inbound pass of M10 I. During M10 III the solar
wind dynamic pressure was 2.6 times weaker than during M10 I.
The derived solar wind stand-off distance for M1, R; = 1.35 Ry,
is in good agreement with the previous result Ry = 1.4 Ry, obtained
by Slavin et al. (2009a). MESSENGER cannot observe the solar
wind, but solar magnetograph-driven models of the solar wind
were used to predict a ram pressure, ps,, of ~16 nPa for M1 (Baker
et al., 2009), a value close to that calculated here. These estimates
of psw and R; may be used to compute the magnetic moment of
Mercury from the pressure balance condition for a dipolar magne-
tosphere (Slavin et al., 2009a). The result is Byo =212 nT (Slavin

Table 4
Subsolar magnetopause magnetic field.
Flyby 2.44 By B, nT Pdyn, NP Tgw, CM > Vow, km/s
M10 1 in 2299 239.5 22.8 22.7 550
M10 1 out 191.9 198.2 15.6 15.6 550
M10 III 163.3 180.6 13.0 10.9 600
M1 193.6 196.0 15.3 28.8 400
M2 175.2 167.5 111 21.0 400
Average 190.6 196.4 15.6 19.5 500

et al., 2009a), where By is the equatorial field of Mercury, a value
consistent with our estimate.

The opposite orientation of the north-south component of the
interplanetary magnetic field during M1 and M2 observations is
a unique feature of these data as it allows study of reconnection ef-
fects in Mercury’s magnetosphere. Following Mercury orbit inser-
tion (MOI) in March 2011, MESSENGER will execute two passes
through the magnetosphere per Earth day. The anticipated wealth
of data will allow the influence of the IMF on Mercury’s magneto-
sphere to be studied in much more detail. Also, the planetary di-
pole moment will be defined more accurately. Finally, the data
from the orbital phase will allow for a much-improved assessment
of the tail current sheet.

10. Summary
Our results may be summarized as follows:

1. Our estimation of Mercury’s dipole field gives the smallest rms
deviation yet between model predictions and Mariner 10 and
MESSENGER data, 10.7 nT, comparing favorably to the rms mis-
fit of 14-19 nT given by Anderson et al. (2010) and 24 nT by
Uno et al. (2009). The derived dipole moment for Mercury is
196 nT. R;,. The dipole is offset from Mercury’s center by
405 km in the northward direction. The dipole inclination to
Mercury’s rotation axis is relatively small, ~4°, with a longitude
of 193°E for the north pole.

2. This level of agreement between model and data is possible
only because the magnetospheric current system parameters
have been determined separately for each flyby. The magneto-
spheric stand-off distance, the distance from the planet’s center
to the inner edge of the tail current sheet, the tail lobe magnetic
flux, and the displacement of the tail current sheet relative to
the Mercury solar-magnetospheric equatorial plane have been
determined independently for each flyby.

3. Our model is based on the a priori assumption that the dipole
position and the moment orientation and strength do not
change in time. The Mercury solar-magnetospheric coordinates
are determined by the dipole parameters (the dipole moment
orientation and dipole offset). As a result, the contribution of
magnetospheric currents to the total magnetospheric field
depends on the dipole parameters. The good agreement has
been obtained by an interactive procedure at each step of which
the dipole was determined simultaneously for all flybys, follow-
ing which the specific magnetospheric state was determined
separately for each flyby. The final fit was reached after several
tens of steps.

4. Mercury rotates about its spin axis relatively slowly, and the
effect of its rotation can be ignored during the short duration
of each flyby (about 30 min). But in our fitting procedure, we
had to take into account the different positions of the Sun in
Mercury’s sky for each specific flyby. The time intervals
between Mariner 10 and MESSENGER flybys were 34-35 years,
and the interval between the first two MESSENGER flybys was
nine months, both longer than one Mercury sidereal day. Thus,
the Sun’s longitude in the Mercury body-fixed coordinate sys-
tem differed markedly among the flybys.

5. We analyzed the contributions of two magnetospheric current
systems to the magnetic field measured along the MESSENGER
flyby trajectories: (a) the magnetopause and (b) the tail cur-
rents. The maximum of the B, component of the dipole term
is +125 nT, the maximum of the tail current contribution to
the B, component of the magnetospheric field is about two
times smaller in amplitude at —50 nT, and the magnetopause
current adds +32 nT at the boundary between dawn flank of
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the magnetosphere and magnetosheath, nearly compensating
for the tail current contribution at this region. For the inbound
M1 and M2 passes, both of which were close to the tail current
sheet, the dipole term is less than 30% of the total magnetic
field. The relative contributions from the various sources are
different for the individual components of the magnetic field
vector. The B, component is controlled primarily by the dipole
terms, but the dipole contributions to the B, component on
the inbound part of the MESSENGER trajectory are negligible.
In this region the tail current contribution was dominant for
M2.

6. We speculate that when MESSENGER entered the magneto-
sphere during M1 the spacecraft passed inside the plasma
sheet, whereas during M2 MESSENGER passed south of the tail
current and measured only the southern lobe magnetic field.
The magnetic field variations at the M1 inbound magnetopause
crossing indicate that the spacecraft entered through the dusk
flank of the tail into the central plasma sheet (Slavin et al.,
2008). The significant tailward tilting of this magnetic field even
close to the planet is due to the presence of a strong cross-tail
current sheet.

7. To minimize the deviation between model and observations for
each flyby, three constant components of the vector B; were
added to the model field. This term can be considered as mag-
netic field of some current systems that are not included in
our model, such as field-aligned currents or induction currents.
For M1 this term is about 15 nT, and for M2 it is less than 4 nT.

8. We have no simultaneous measurements of plasma and mag-
netic field inside the magnetosphere and in the neighboring
solar wind. However, from our study we may conclude that
the influence of the IMF on the magnetospheric magnetic field
structure is strong. The differences in the current systems
between the first and second MESSENGER flybys are attributed
to the effects of strong magnetic reconnection driven by south-
ward IMF during the latter flyby.
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Appendix A. Model description

Here we repeat a short description of the Mercury paraboloid
magnetospheric model (Alexeev et al., 2008). The name of this
model is derived from its key simplifying assumption that the
magnetopause can be represented as a paraboloid of revolution
along the planet-Sun line. The fields due to the magnetopause cur-
rents and tail current system are obtained using a method pio-
neered by Alexeev (1978) wherein the magnetic fields of the
various magnetospheric sources are confined inside the magneto-
pause by adding appropriate shielding fields. Paraboloid models
have also been developed and successfully tested against magnetic
field measurements taken at Jupiter and Saturn (Belenkaya, 2004,
2009; Belenkaya et al., 2005, 2006, 2007; Alexeev and Belenkaya,
2005; Alexeev et al., 2006). As mentioned earlier, this model is ro-
bust in that the amount of open magnetic flux in the polar cap and
the effects of the interplanetary magnetic field intensity and direc-

tion can be specified in a manner appropriate to each planetary
magnetosphere.

The model uses Mercury’s dipole-centered solar-magneto-
spheric coordinate (MSM) system described in Section 4, whereby
Mercury’s magnetic moment My lies in the X-Z plane of the MSM
coordinate system. The main contributors to the magnetic field
in Mercury’s miniature magnetosphere considered in our model
are: (i) the intrinsic magnetic (dipole) field of the planet and the
magnetopause current that confines the dipole field inside the
magnetopause, (ii) the dawn-to-dusk-directed cross-tail currents
and their closure currents on the magnetopause, and (iii) the IMF
that partially penetrates into the magnetosphere as a result of
“reconnection” with the planetary magnetic field.

The following parameters define Mercury’s magnetospheric
magnetic field in the paraboloid model: (i) the distance R; from
Mercury’s center to the subsolar point on the magnetopause; (ii)
the distance R, from the planet’s center to the inner edge of the
magnetospheric tail current sheet; (iii) the magnetic field Byo at
the surface equator due to the dipole field only; (iv) the magnitude
of the magnetic field at the inner edge of the tail current sheet due
to the current sheet alone, B;/oto, Where o = (1 + 2R>/R;)"/?; (v) the
tilt angle s between the magnetic dipole direction and the Zyy
direction; (vi) the displacement z, of the tail current sheet relative
to the magnetic equatorial plane zysy = 0; and (vii) the portion, b,
of the IMF, B, penetrating into magnetosphere, given as

b = k.B, (A1)

where k, is the reconnection efficiency coefficient which determines
the IMF penetration into the magnetosphere. Tsyganenko (2002)
found the best correspondence between his model of Earth’s inner
magnetosphere and observations of IMF penetration into the mag-
netosphere for k, values between 0.15 and 0.8. For comparison, Sla-
vin and Holzer (1979a) estimated the efficiency of the dayside
reconnection at Mercury to be 40% due to the low solar wind Alfvén
Mach numbers typical of the inner heliosphere.

The magnetopause is approximated as a paraboloid of
revolution

2xR; = 2R? —y* — 22, (A2)

The appropriateness of such a shape for the forward magnetopause
is supported by the boundary fitting of Russell (1977) and Slavin
et al. (2009b). Russell (1977), for example, found a near-paraboloid
shape, i.e., eccentricity 0.8 versus 1.0 for a true parabola, for Mer-
cury’s magnetopause from Mariner 10 observations. With these
assumptions the paraboloid model formulation of Alexeev (1986)
can be used to calculate the magnetic configuration of Mercury’s
magnetosphere.

A.1. Screened dipole magnetic field

An initial solution of the problem of the screened planetary di-
pole field confined within a model magnetopause approximated by
a paraboloid of revolution was obtained by Alexeev and Shabansky
(1972). These authors presented a solution of the Laplace equation
with a given potential derivative at the boundary (Neumann prob-
lem) by direct integration of the dipole magnetic field normal to
magnetopause. Later Stern (1985) repeated this solution, but
added a representation of the magnetopause current fields as a
sum of Bessel harmonics. The next step was taken by Greene and
Miller (1994), who conceived a simpler way to construct a solution
and provided integral representations of the screened planetary di-
pole field within a paraboloid magnetopause with an arbitrary
magnetopause flaring angle. This solution created the possibility
of describing the magnetopause with an arbitrary ratio of the
dawn-dusk magnetopause cross-section radius to the subsolar
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magnetopause distance. Below we follow the Greene and Miller
(1994) solution.

A detailed description of the screened planetary dipole field
within the model magnetopause has been presented, for example,
by Belenkaya et al. (2005) for the Jovian magnetosphere. The same
method can be used to construct the topology of Mercury’s magne-
tosphere. The coordinate transformation between parabolic coor-
dinates (o, B, @) and Mercury solar-magnetospheric Cartesian
coordinates (x, y, z) is defined as follows:

R 2 1 Ry—x

X=5 (F-attl), =5+, (A3a)

y =Riofsing, /32:—1+RP+X, (A3b)
2 Ry

zZ=Ryapcos @, tan(ng, (A3c)

where X points from the center dipole toward the Sun and the X-Z
plane contains the planetary dipole, ¢ is the azimuthal angle about
the X-axis, Rﬁ = (x — Ry /2)* + y* + 22 is the square of the distance to
the paraboloid focus, and R is a scale length determining magneto-
pause size. The surfaces o = constant and g = constant form parabo-
loids of revolution about the X-axis of opposite curvature [for
details, see Belenkaya et al. (2005)]. The magnetic field vector is
transformed from parabolic into solar-magnetospheric Cartesian
coordinates (x, y, z) using the relations:

o
By = — By + b By,
\/oc2+/32 \/ocz-s-ﬁz
Bsm(p Bog o sin @ By + cos @By,
et oz +
Bcosq) B xcos ¢ By —sin @B,,.

Sy \ 02 +

Since the combined field (dipole plus magnetopause current
field) is curl-free within the magnetosphere, it can be described
by a scalar potential U (B = —VU):

Udsa = (U} + UL siny + (Uy + Usy) cos iy, (A4)

where U‘U‘l and Uy are the scalar potentials that describe the dipole
components parallel and perpendicular to the Mercury-Sun line,
respectively, U‘S‘d and U, are the corresponding scalar potentials of
the screening fields produced by the magnetopause currents, and
 is the tilt angle of the dipole with respect to the Zysy-axis. In
MSM Cartesian coordinates the dipole scalar potentials are
X z

U=ty 3 and Uj =ty 5. (A5)
where 47py/u, is Mercury’s dipole moment (uy =196 nT-R3),
which was determined in Section 8 by fitting the flyby observa-

tions, and the dipole centric distance, r, is r=/x2 +y2 +22 =
B2+ B+ 1) — 4o,
The screened dipole magnetic field is then calculated using par-

abolic coordinates (Eq. (A2)) and the following integral transforms
(e.g., Gradshteyn and Ryzhik, 1971)

x5 e 2 -02+1) xR U
/0 PRI = B = (A6)
and
® ) B 4ap _ R U
) ARG = = g 05 e
(ABb)

where the J, are Bessel functions of the first kind, the K, are modi-
fied Bessel functions that have a singularity at the origin, and the

constant M), is determined from the dipole moment and subsolar
magnetopause distance as My = 2,,/R3. The formulas (A6) repre-
sent an expansion of the dipole potential on eigenfunctions of the
Laplace operator (Bessel functions) in parabolic coordinates. We
use here the Bessel-function definitions from Abramowitz and Ste-
gun (1972). For an arbitrary function f(1), the integral
Jo 2(a)Ko(2B)f (4)d4 and the integral [;° AJ; (Aot)Ky (Z8)f (4)d2 multi-
plled by cos ¢ are the solutions to the Laplace equation in parabolic
coordinates.

Using the transforms (A6) we can write the summed potential
Ugssa (EQ. (A4)) as

U+ Uly =M [ 21,000 (Kol + o) 5 )i A7)
U + Uiy = Mucos |21, G0 (s 28) — 1) ! (<f)>>d;
(A7b)

where the primes indicate derivatives with respect to the argument,
and the functions I,, are the modified Bessel functions that have no
singularity inside the magnetosphere. After calculation of the deriv-
ative of p with respect to the function inside the brackets, and tak-
ing =1 (magnetopause), we can see that first and second terms

inside the brackets cancel each other: Ki(f)=—Ii(2)747 and
K3 (%)

from Eqgs. (A4) and (A7), confines the magnetic field inside the mag-
netosphere, i.e., B;=0 at the magnetopause. This can be verified

from the following expressions for the magnetic field components
in parabolic coordinates

=102 'f,/‘g')). The potential for the combined field, determined
T

1 ou
B, = — =, (A8a)
R] /a2+ﬂ2 oo
1 ou
By=————— (A8b)
R, \/ o2+ [;2 aﬁ
and,
1 oU
Bq):iR]OC,B%' (A8c)

A.2. Field of the tail current system

The model for the tail field adopted here is a modification of
that previously proposed for the terrestrial (Alexeev et al., 2003)
and jovian (Belenkaya et al., 2005) magnetospheres. The tail field
can be presented as a sum of two contributions B = B; + B,. B, pro-
vides the dominant contribution and is associated with the current
flow in the tail current sheet, j= curl By/u,. The tail current is
closed via the tail magnetopause, and the component B; describes
the curl-free field within the magnetosphere associated with the
current closure.

In parabolic coordinates we define B, =(B,,, 0, 0), where [see
Belenkaya et al. (2005), for details]

for o < o,

for o0 > . (A9)

0
Byy = Biq _fiso)
/o242

The field B,, is divergence-free everywhere except on the surface
o = o, Where for o < a, the field and current both vanish. On the
X-axis, the inner edge of the tail current sheet lies at a down-tail
distance from the planet center given by R, = Ry(o2 — 1)/2, from
which the constant a, = /1 +2R;/R; is determined. The diver-
gence of B, on o = ¢, is then accommodated by the curl-free field
B, as described below.
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Table 5
Zeros, q, of the derivative of the Bessel functions, [} (An) = 0.
nfk 1 2 3 4 5
1 1.841183900 5.3314427000 8.5363163000 11.706005000 14.863588700
3 42011889412 8.0152365984 11.345924311 14.585848286 17.788747866
5 6.4156163752 10.519860874 13.987188630 17.312842488 20575514521
7 8.5778364889 12.932386237 16.529365884 19.941853366 23.268052926
9 10.711433969 15.286737667 19.004593538 22.501398726 25.891277276
11 12.826491226 17.600266557 21.430854238 25.008518704 28.460857279
The function f(3, ¢) in Eq. (A9) determines the current profile
within the current sheet, for which we choose f(8, ) = sign Table 6
(% - |@l). Our choice of the function f{, ¢) corresponds to the infi- Coefficients Gy describing the tail magnetic field.
nitely thin current sheet because the function f{ 3, ¢) effectively de- k/m 1 5 3 4 5 6
pends only on ¢. The function f{8, ¢) can be written also as 1 15799 25054 v 39554 43359 26609
% % 2 0.6216 1.3208 1.7698 2.1096 2.3870 2.6238
= Z Z Jadn (e B) cOS N, (A10) 3 0.3699 0.8543 1.1898 1.4514 1.6683 1.8549
=1 k=1 4 0.2710 0.6658 0.9565 1.1892 1.3848 1.5544
o . L . 5 0.2118 0.5362 0.7842 0.9869 1.1594 1.3101
where Ay is a solution of the equation J|, (i) = 0, as required for
zero normal field at the magnetopause, and we require only those
terms with n=2m + 1 odd in our application by the anti-symmetry i
of the field about th.e quatorlal plane. .The first six zeros A, for B, = ( +Z ankﬁnkl A0 ) e B)K (7 nk)cosmp)
n=1,3,...,11 are given in Table 5. Using the first five terms of «/oc2+/3 =1 k=
the expansion (A10) yields an accuracy of about one part in 10° (Al4a)
(see Belenkaya et al., 2005). o
The coefficients f,; in Eq. (A10) can be calculated by taking into By= Z > Frkhailn k0% )y (ke B) K () cOS 10,
account the properties of the orthogonal functions as \/oc2 =1 k=1
4 (—-1)" ! (A14b)
fuo= G where Cu=Ng! [ JuGufpd. (A1) o
0
L. . . . B~
and the normallzmg coefficient Ny, is given by  By=_7 = > a0 )] (k) K (i) Sin 1. (Al4c)

Ny =1(1- /_"22) (/nk). The numerical coefficients Cp used in this pa-
per were calulated by numerical integration of Eq. (A11) and are
shown in Table 6. We have taken the terms in the sums in Egs.
(A13) and (A14) from n=1 to 11 (n odd only), and from k=1 to
6. To check the accuracy of this truncation, the ratio By/|B| at the
magnetopause has been calculated and is smaller than 1073 every-
where (see also Belenkaya et al., 2005).

The total magnetic flux in each lobe of the distant tail is a con-
stant for oo — oo since there is no normal component at the magne-
topause and B, —» 0 on the tail center plane. This value is
Fo = 0.5nBer. This equation can be used to determine B; in Eq.
(A8):

2F
B: an , (A12)
if the tail magnetic flux, F.., the subsolar distance, R, and the inner
edge current distance, R,, are specified.

Combining B; and B; to find the total tail field [see Belenkaya
et al. (2005), for details], we finally have for o <,

BO( ank)mk n(jvnkao) n(;bnkﬂ)lgq (;tnlc) cos n(/h
1/0(2 [,’2 n=1 k=1
(A13a)
B 00 00 X
B/; =t Z fnk/bnkKn(Jvnko‘o)_] ( nkﬁ)ln(/hnk) cosno,
o2 4+ g2 =1 ia
(A13b)
and
B o0 o0
B, = 2 2 Z Z SktK o (Znk%0)] oy Gk B) I (i) SIN N, (A13¢)
=1 k=1

while for o > o, we have

n=1 k=1

Formulas (A13) and (A14) determine the tail-current magnetic field
everywhere inside the Mercury magnetosphere. These formulas
have been derived from continuity of all three components of the
magnetic field vector on the surface o = o,. We used the expansion
of sign(lf |(p\) on Fourier harmonic components, sign(Z— |¢|) =

dymeo CN cos(2k —1)¢, and the equality I,,(x)Ky(X) — I,(X)K},(x)
=1/xto demonstrate that the tail-field component B, is continuous
at o = o, (see point 9.6.15 in Abramowitz and Stegun (1972)).
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