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Abstract. Because of the small planetary magnetic field asmoment of~250nT Rf,l (Rm denoting Mercury’s radius)
well as proximity to the Sun that leads to enhanced solaffAnderson et al., 2008). These observations also provided
wind pressure as compared to Earth, the magnetosphere elidences of a substantial contribution of ionized material
Mercury is very dynamical and at times subjected to promi-originating from the planetary exosphere (e.g.,*Ndg™,

nent compression. We investigate the dynamics of magnetoSt-OF, K*-Ca") to the inner magnetotail (Zurbuchen et al.,
spheric ions during such compression events. Using three2008). Because of the small characteristic length scales of
dimensional single-particle simulations, we show that thethe hermean magnetosphere, kinetic processes that follow
electric field induced by the time varying magnetic field can from finite Larmor radii of the particles are expected to play
lead to significant ion energization, up to several hundredsa significant role (e.g., Slavin et al., 2009). Also, given the
of eVs or a few keVs. This energization occurs in a nona-small magnitude of the internal field and the enhanced solar
diabatic manner, being characterized by large enhancementsind pressure due to proximity with the Sun, the magneto-
of the ion magnetic moment and bunching in gyration phasesphere of Mercury is expected to be very dynamical and sub-
It is obtained when the ion cyclotron period is comparablejected to frequent reconfigurations. As a matter of fact, mod-
to the field variation time scale. This condition for nonadia- eling studies for large solar wind speed and density reported
batic heating is realized in distinct regions of space for ionsthe possibility of extreme magnetospheric compression such
with different mass-to-charge ratios. During compression ofthat the magnetopause is pushed down to the planet surface
Mercury’s magnetosphere, heavy ions originating from the(e.g., Kabin et al., 2000); hence, a direct interaction between
planetary exosphere may be subjected to such an abrupt ethis surface and the solar wind. In the present study, we
ergization, leading to loading of the magnetospheric lobesexamine the dynamics of magnetospheric ions during such
with energetic material. compression events. We show that, for ion species with cy-
clotron period comparable to the field variation time scale,
prominent nonadiabatic heating may be achieved under the
effect of the electric field induced by the magnetic field re-
configuration.
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1 Introduction

The early measurements of Mariner-10 in 1974-1975 re2 Modeling of magnetic field reconfiguration

vealed that Mercury possesses a weak intrinsic magnetic field o o
that leads to the formation of a miniature magnetospherd’Ue to the combination of a weak planetary magnetic field
(e.g., Ness, 1979) with typical time scales much smaIIer(abOlj't 1000 times smallertha_m that of Earth) and a large so-
(by about a factor 20) than those at Earth (e.g., Russell anéfr wind pressure (about 10 times larger than that at Earth),
Walker, 1985). The recent observations of MESSENGERMercury’s magnetosphere is expected to be fairly dynami-
during flybys of Mercury confirm this result, the internal cal. According to modeling studies (e.g., Kabin et al., 2000;

field being in first approximation dipolar with an estimated Bennaetal., 2010), the subsolar magnetopause is expected to
be located at a radial distance of 1.5 t&)4, although recent

measurements from MESSENGER suggest a complex situ-
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depends upon the characteristics of the solar wind as well 4
as those of the internally generated magnetic field (see, e.g.,
Kabin et al., 2008). At times, it may significantly deviate
from the above mean value and be shifted toward the planet.
In this regard, Kabin et al. (2000) demonstrated that, during
events of enhanced (by about a factor 9 as compared to the 1
case with nominal Parker spiral) solar wind dynamical pres-
sure, the magnetopause may be pushed bel@y tadial
distance, leading to the formation of a "bald spot” around
the subsolar point and paving the way for direct interaction -1
between the solar wind and the planet surface. The purpose

of the present study is to examine the behavior of magneto- -2
spheric ions during such compression events, though not as
extreme as the above "bald spot” case. In the same vein, at
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Earth, Cladis et al. (2000) examined the transport of ions in —4 Bunndinn il b,
the high-altitude polar region in response to a sudden com- -2 -1 0 1 2 3 4 5
pression of the magnetosphere caused by a coronal mass X (Ry)

ejection. In this latter event, because of a solar wind pressure
increase by about a factor 7, cusp field lines were rapidlyFig- 1. Magnetic field Iines.in thg noon-midnight meridian plane
brought close to the Polar spacecraft, leading to abrupt enbefore gnd after the rec_onflg_uratlon (color-coded in blue_and red,
ergization of the ions measured by the TIMAS instrument. Lissﬁ’(eg':j’zx)n' The X axis points toward the tail, the ¥ axis, from
The study of Cladis et al. (2000) suggested that this ener- '
gization follows from centrifugal acceleration in the parallel
direction in the course of the short-lived antisunward trans-configuration (blue lines), the subsolar point is located near
port. This short-lived transport has characteristic scales of.1 5g\,. As a result of compression, this subsolar point
~2Rg in 2min (i.e., an average speede100km/s) at Po- s shifted down to~1.2Ry in the final configuration (red
lar altitude. lines).

To investigate the behavior of ions during compression ag for the very transition between pre- and post-
of Mercury’s magnetosphere, we performed singIe—particIeCOmpressiOn configurations, it was modeled using an ap-
simulations in three-dimensional electric and magnetic fieldsproach similar to that of Delcourt et al. (1990). That is, the

that provide a first-order description of the hermean envi-magnetic field at a given positionand a given time was
ronment. As for the magnetic field, it was accounted for jpyiqined as:

using a modified version of the model of Luhmann and

Friesen (1979). This simple model that reproduces basi (r,r) = Bo(r)+ f(t)[ B (r) — Bo(r)] (1)
features of the magnetosphere, consists of the superposi-

tion of the planetary dipole field and an infinite Harris-type where B, and B¢ correspond to initial and final configura-
current sheet (see Delcourt et al., 2003). The parametergons, respectively. In Eq. (1)f(¢) describes the rate of
of this model are the dipole momem, the current sheet change of the magnetic field. As described in Appendix A
half-thicknessL, and the current sheet field;. Taking of Delcourt et al. (1990), imposing a zero induced electric
M=250nT R,?,l (e.g., Anderson et al., 2008) and assuming field as well as its zero slope at the onset and at the end of
a current sheet thickness of a few thousand of kilometers ( the magnetic transition leads to a polynomial of degree 5 for
= 0.5 Ry), the magnetic field line geometry is solely con- f(¢). Denoting byzg the time scale of the reconfiguration,
trolled by Br. As noted by Luhmann and Friesen (1979), this polynomial smoothly varies between OtaD and 1 at
the effects on the magnetosphere of the temporal variability =15.

of the solar wind are simply modeled by adjusting this latter As for the electric field, it was considered to be the sum of
parameteBy. In the present study, we simulate the compres-two contributions. The first contribution is that induced by
sion of the magnetosphere by increasigg (equivalently,  the time varying magnetic field, vizE=—9A/dr where the

by increasing the magnetic flux in the lobes) by a factor 2,vector potentiald is such thaturl(A) = B as given by (1).
from B7=50nT in the initial state up t@1=100nT in the  Since the vector potential is undetermined to the gradient of
final state. The magnetospheric configurations obtained bea scalar field, a second contributi®f® is considered that
fore and after compression are illustrated in Fig. 1 that showsancels the parallel component of the induced electric field,
magnetic field lines in the noon-midnight meridian plane. Inthat is, E - B =0. The calculation of this second contribu-
this figure as well as in the following, note that the X axis tion is described in Appendix B of Delcourt et al. (1990). As
points in the antisunward direction, and the Y axis, from discussed by Heikkila and Pellinen (1977), this latter con-
dusk to dawn. It can be seen in Fig. 1 that, in the initial tribution actually redistributes the field in the perpendicular
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direction and accounts for plasma polarization. At a given 47T 0
positionr and timet, the electric field is thus obtained as: g 1
E(r,t)=—[0A(r,t)/0t] =V ®poi(r,t) (2)

with

A(r,t)=Ao(r)+ f(O)[Af(r) — Ao(r)] 3)

and

Gpol(r,t) =—f[0A(r,t)/0t]-b(r,t)ds (4)

Here, A, and At relate to initial and final configurations, re-

spectivelyp is a unit vector in the direction a8, ands is the - . 1 . i I P
curvilinear abscissa along the field line. Equation (4) shows X (RY) TIME (s)
the general expression of the polarization potentiah,o in

(2) being obtained via computation @0 atr and at two  Fig. 2. (Left) Initial and final configurations of a given magnetic
neighboring pointsry andry, such thatry1 —r andry —r field line in the polar region (color-coded in blue and red, respec-
define two directions perpendicular to each other and pertively). The black line shows th& x B drift path of a zero energy
pendicular toB. particle during the reconfiguration. (Right top) Electric field and

The electric and magnetic field variations obtained from (fight bottom) E'x B drift speed versus time. The time scale of the
Egs. (1-4) can be appreciated in Fig. 2 that shows the evoéconfigurationis setto 20s.
lution of a field line anchored at high latitude in the dayside
sector (left panel). In a like manner to Cladis et al. (2000)
(see, e.g., their Fig. 3), it can be seen in Fig. 2 that this field ) ] ]
line is rapidly brought into the antisunward direction. In this 3 on dynamics during compression
figure as well as in the following simulations, the time scale
g of the magnetic transition was set to 20s. Because propaTO illustrate the behavior of ions during compression of Mer-
gation effects are not accounted for in the present model, thi§ury’s magnetosphere, Fig. 3 presents model trajectories of
20's time scale describes the duration of the local magnetiglifferent ion species (from top to bottom: NaH*, and
field reconfiguration, the overall compression of the magne-Ca") originating from the planetary exosphere in the high-
tosphere itself occurring on a significantly larger time scalelatitude dayside sector. These test ions were launched from
(a few minutes). To make this more apparent, the black linethe same location at distinct (color-coded) times before the
in the left panel of Fig. 2 shows the trajectory of a zero energyonset of the magnetic transition. In the two left panels of
particle that experiences onfyx B drift from initial to final Fig. 3, this onset is indicated by color-coded closed circles.
configurations. The right panels of Fig. 2 show the electricLooking firstat the top row of Fig. 3 that relates toNat can
field as well as theE x B drift speed along this path. It can be seenin the left panels that, after convection over the polar
be seen in these panels that our model reconfiguration goegap into the nightside sector, the test ions intercept the field
together with a duskward oriented electric field that reacheg€versal at equator where their motion departs from a regu-
a peak magnitude of7 mV/m. The associatefl x B drift lar helical motion. This nonadiabatic behavior can be further
speed peaks at80 km/s, its average value being of the order appreciated in the right panel of Fig. 3 that displays a large
of 40-50 km/s, i.e., significantly smaller (by about a factor 2) magnetic moment increase near the end of the ion trajectories
than that reported by Cladis et al. (2000) during compressiorfcoded in blue and green). During this nonadiabatic sequence
of the Earth’s magnetosphere. that is due to the small spatial scale of the magnetic field as
Finally, in addition to the electric field induced by the compared to the ion Larmor radius (e.g., Speiser, 1965; Chen
time-varying magnetic field (see above Eq. 2), a large-scalénd Palmadesso, 1986 uhner and Zelenyi, 1989), Na
convection electric field resulting from coupling between the rapidly travel westward (second panel from left) and are sub-
solar wind and the magnetosphere was accounted for in thequently lost into the dusk magnetopause. This westward
simulations. This latter electric field was modeled in first transport along the dawn-to-dusk electric field goes together
approximation using a Volland-Stern description (see, e.g.With ion energization up to several keVs.
Volland, 1978) with a two-cell pattern of potential distribu- A feature of particular interest in the top row of Fig. 3 is
tion in the immediate vicinity of the planet. This latter po- that obtained for Na located at mid-altitudes in the lobe at
tential distribution is characterized by anti-sunward transportthe reconfiguration onset (trajectories coded in green and yel-
at high latitudes (above 45nvariant latitude) and sunward low). For these ions, an increase of magnetic moment (first
transport below. An average cross-polar cap potential dromdiabatic invariant, denoted hy hereinafter) by about one
of 20kV was assumed, leading to a dawn-to-dusk convectiororder of magnitude can be seen on the time scale of the mag-
electric field of~2 mV/m in the central magnetotail (e.g., Ip, netic transition. This contrasts with the behavior obtained
1987). for Na* located at low altitude (trajectory coded in red) or
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Fig. 3. Model ion trajectories during a 20-s magnetic transition: (from top to bottor), IN&, and Ca ions. (From left to right) Trajectory
projections in the X-Z and Y-Z planes, energy, and magnetic moment (normalized to the initial value) as a function of time (measured from
the reconfiguration onset). The different colors correspond to distinct times (by steps of 1 min) of ejection in the high-latitude dayside sector.
The distinct ion species are initialized at°7atitude on the noon meridian with similar velocities so that they are located in similar regions
of space at the onset of the magnetic field reconfiguration. Color-coded closed circles in the two left panels show the position of the particles
at this very onset. Vertical dotted lines in the right panels delimit the 20-s magnetic transition.

in the equatorial region (trajectory coded in blue) at onset. 10°
This i increase goes together with energization up to several
hundreds of eVs (second panel from right).

For comparison, the second row of Fig. 3 shows the re- 10’
sults obtained for protons launched from a similar location 3
with similar time delays before onset. After convection over <
the polar cap into the nightside sector, these test protons also 10° "
are subjected to nonadiabatic motions upon crossing of the
field reversal at equator (in the rightmost panel, note the large
u variations obtained for the trajectories coded in blue and 10" N RSN S
green). However, it is of interest to note that, unlike™\a 1o~ 107 o/ 1o°
the magnetic moment of Hlocated at mid-altitudes in the o
lobe (trajectories coded in green and ye”ow) does not Changgig. 4. Final magnetic moment (normalized to the initial value) of
during the magnetic transition. As far as energy is concerned{_ﬁ and Ca iqns as a function of cyclotron period-to-field variation
(second panel from right), only a modest increase up to tend™Me scale ratio.
of eVs is obtained during the transition. This energization
that occurs in an adiabatic manner likely follows from short- Cat located at mid-altitudes in the lobe at the reconfiguration
lived Ex B related centrifugal acceleration as put forward onset (trajectories coded in green and yellow) are subjected
by Cladis et al. (2000) during compression of the terrestrialto nonadiabatic heating, with increase by about one order
magnetosphere. The comparison of top and middle rows irpf magnitude on the time scale of the magnetic transition.

Fig. 3 thus suggests a mass selective ion energization dur- 4 f,1ther investigate the above mass selective energiza-

ing reconfiguration of the magnet_|c field lines. To confirm tion, Fig. 4 shows thg. changes obtained for ions with two

th!s outcome, Fhe bott(_)m row of Fig. _3_Sh0W_S the results Ob'Widely differentm /q ratios ¢n being the ion mass, ang its

tained for Cd ions, using initial conditions similar to those charge): H and Ca . These ions are located at different po-
4 . ) : .

of Na™ and H'. In a like manner to N&, it can be seen that  gjtions along the same flow path at the reconfiguration onset

L

|

= [
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Fig. 5. Model trajectories of N& ions during a 20-s magnetic transition: (from left to right) trajectory projection in the X-Z plane, gyration
phase, energy, and magnetic moment (normalized to the initial value) as a function of time (measured from the reconfiguration onset). The
test ions are initialized at the same position in the high-latitude dayside sector. The different colors correspond to distinct initial phases of
gyration (from O to 360° by steps of 10).

and thus exhibit different cyclotron period-to-time scale ra- in gyration phase has been reported in a variety of studies
tios during the magnetic transition. In Fig. 4, the final mag- dedicated to ion dynamics in the Earth’s magnetotail (e.g.,
netic moment (normalized to the initial one) is shown as aAshour-Abdalla et al., 1993; Delcourt et al., 1996; Hoshino
function of therc /g ratio (z¢ being the cyclotron period). et al., 2000). In this region of space, breaking of adiabatic-
It can be seen in this figure that, for protons traveling in theity and concurrent phase bunching occurs as a result of the
lobe, t¢ is always much smaller tharg and no significant  sharp field reversal. The off-diagonal elements of the pres-
w change is obtained. In contrast, for Cens, rc is com-  sure tensor that follow from the ion phase coherence have
parable torg and largen enhancements (up to about two been invoked to maintain stress balance in the magnetotail
orders of magnitude) are obtained. Such a result suggestsithout requiring a large pressure gradient in the X direc-
a resonant-like behavior during reconfiguration of the mag-tion such thav P = J x B. The results presented in Fig. 5
netic field lines. That is, for ions witlhc<tg, the magnetic  suggests that, at Mercury, nongyrotropy possibly plays a role
field does not change significantly during a cyclotron turn also at high latitudes in the magnetospheric lobes if these are
and the motion is adiabatigi(conserving) (e.g., Northrop, loaded with largen/q material of planetary origin. Here,
1963). On the other hand, for ions witlz>1g, the work  the build-up of nongyrotopic ion distributions may favor the
done by the induced electric field during a fraction of cy- growth of a variety of instabilities as well.
clotron turn is not significant enough to yield substantial per-
pendicular energization. In between, for ions with~ g,
nonadiabatic behavior with possibly large enhancement
is obtained due to phasing between the gyromotion and the, provide a more general view of nonadiabatic ion ener-
surging electric fleld_. This nonadlabatlp energlzanon_ls CON-gization during compression of Mercury’s magnetosphere,
trolled by the magnitude of the peak induced e_Iectrlc field Fig. 6 shows the results of systematic trajectory computa-
and thus depends upa as well ase, a shortertime scale  tions for Na* and H originating from the planetary exo-
of the magnetic transition resulting into a larger energy gain.gphere in the high-latitude dayside sector. From left to right,
Because of phasing between the ion gyromotion and thd-ig. 6 presents the color-coded energy of these particles at
surging electric field, one may expect specific gyrophaseselected times of the reconfiguration process. In the initial
variations as well. This can be appreciated in Fig. 5 thatstate (leftmost panels of Fig. 6), Naons exhibit character-
shows the results obtained for N&unched at the same time istic energies up to a few hundreds of eV in the magneto-
from the same position in the high-latitude dayside sectorspheric lobes, while those of protons do not exce@@0 eV.
but with distinct phases of gyration. It can be seen in theThis energization likely follows fronE x B related centrifu-
rightmost panel of Fig. 5 that, on the whole, the test ions ex-gal acceleration. In steady state, it is more pronounced at
periencen enhancement on the time scale of the magneticMercury than at Earth because of smaller spatial scales (Del-
transition; hence, large Larmor radii during their subsequentourt et al., 2002). It is also apparent from Fig. 6 that, after
lobe transport (leftmost panel of Fig. 5). During the reconfig- transport through the lobes, both Nand H" are subjected
uration, the N& energy increases up to several hundreds ofto nonadiabatic motion in the magnetotail current sheet with
eVs, as diplayed in the top row of Fig. 3. As for the gyration energization up to several keVs ; hence, the formation of a
phase, it is apparent from the second panel at left in Fig. Solasma sheet-like layer of energetic ions. Moving from left
that © enhancements betweer0 andt=20s go together to right in the bottom panels of Fig. 6, it can be seen that, in
with prominent grouping of the particles. Such a bunchingthe course of the magnetic transition, the average energy of

4 Discussion
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Fig. 6. Color-coded energy of (top) Naions and (bottom) protons in the X-Z plane during a 20-s magnetic transition. The ions are launched
from the high-latitude dayside sector. The panels from left to right show shapshots in the noon-midnight meridian plane at distinct times of
the reconfiguration. Black and grey lines show the magnetic field lines at the corresponding time and in the initial configuration, respectively.

the proton population in the magnetospheric lobes does not MERCURY
significantly vary. On the whole, it does not exceed 100eV. __ 4
On the other hand, at equator, because of increasing elonga& ,
tion of the magnetic field lines, the local dynamical regime ~
of protons gradually changes. Making use of the adiabaticity
parametek defined as the square root of the minimum cur-
vature radius-to-maximum Larmor radius ratidiner and
Zelenyi, 1990), this regime evolves toward smalleralues

or, equivalently, toward the quasi-adiabatic limit with pre- 4_2 0 2
dominant Speiser (1965) motions. X (Ru)

The comparison of bottom and top panels in Fig. 6 re-
veals a quite different response of N#o compression of  Fig. 7. lon cyclotron period {c) normalized to the time scaleg)
Mercury’s magnetosphere. Indeed, it can be seen that, i9f the local magnetic field vqriation in the noon-midnight meridian
the lobes, the average Nanergy rapidly increases from a plane+(l_eft) at Mercur_y and (right) at Earth. The top left panel relates
few hundreds of eV up to a few keVs with a peak energy re-to Nat ions, the top right panel to 6, th_e bottom pan_elsto protons.
alized at mid-altitudes in the high-latitude nightside sector.Igﬁtc:ed Contours_correSpond te/re=1 andzc/rp=2, the blue

. ) urs, torc/tg=0.1.

It should be stressed here that this process differs from the
adiabatic one reported by Cladis et al. (2000) that relates to a
transientk x B related centrifugal acceleration. As discussed ner than in the initial steady state where they are subjected to
above (Fig. 4), the present energization occurs in a nonadipitch angle folding from low to high altitudes undercon-
abatic manner and follows from resonance between the inservation; hence, a different dynamical regime (e.g., quasi-
duced electric field and the ion gyromotion. As evidencedtrapped as opposed to Speiser-type) and possibly weaker en-
from Fig. 6, this process occurs well within the time scale of ergization upon current sheet crossing. Still, on the whole,
the magnetic transition. The net energization rate achieveghe short-lived nonadiabatic energization portrayed in Fig. 6
strongly depends upon the amplitude and time scale of thgjoes not significantly affect the Dungey cycle time identified
reconfiguration. In this regard, similar trajectory computa- as that required for particles to drift from noon to midnight
tions using a smaller time scale (10s instead of 20s for theyver the polar cap (e.g., Slavin et al., 2009) that is of the order
local reconfiguration of the magnetic field) reveal substan-of several minutes at Mercury (e.g., Delcourt et al., 2003).

0
0

2k

~
=
o
—
N

4 6

tially larger energy gains (possibly up telOkeV). In this A direct consequence qi enhancement fotc ~ tg in
latter case, the conditionc ~ 7g also is realized at some- Fig. 4 is that nonadiabatic heating is expected to occur in
what smaller altitudes. distinct regions of space for different ion species (different

Itis apparent from Fig. 5 that, due to magnetic moment en-n /g ratios). To better illustrate this, the left panels of Fig. 7
hancement at mid-altitudes, particles exhibit larger Larmorshow contours of thec/zg ratio for Na* (top) and H (bot-
radii during their subsequent lobe transport. Accordingly,tom). Looking at therc/tg=1 andtc/tg=2 contours (red
they approach the equatorial region in a less collimated manlines), it can be seen in the top left panel of Fig. 7 that, in
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