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Abstract. We present a follow up study of the sensitivity IMF condition is more confined, in contrast to the fishtail-
of the Earth’s magnetosphere to solar wind activity using ashape obtained in the southward IMF case. An X-point is
particles-in-cell model (Baraka and Ben Jaffel, 2007), butformed in the tail at~110Rg compared to~103Rg and
here during northward Interplanetary Magnetic Field (IMF). ~80 Rg for B, =0 andB; < 0, respectively. Our findings are
The formation of the magnetospheric cavity and its elonga-consistent with existing reports from many space observato-
tion around the planet is obtained with the classical structureies (Cluster, Geotail, Themis, etc.) for which predictions are
of a magnetosphere with parallel lobes. An impulsive dis-proposed to test furthermore our simulation technique.
turba_nce is then appll_ed to th_e system by changl_ng the bu”keywords. Magnetospheric  physics  (Solar  wind-
velocity of the solar wind to simulate a decrease in the solar . :

i . . magnetosphere interactions)
wind dynamic pressure followed by its recovery. In response
to the imposed drop in the solar wind velocity, a gap (abrupt
depression) in the incoming solar wind plasma appears mov-
ing toward the Earth. The gap’s size is~dl5Rg and is 1
comparable to the sizes previously obtained for ®th< O
and B, = 0. During the initial phase of the disturbance along
the x-axis, the dayside magnetopause (MP) expands slow

Introduction

Chapman and Ferraro (1931, 1932) were the first to discuss

: . . Ghe existence of a boundary to the Earth’s magnetic field. In
than the previous cases of IMF orientations as a result of th :
abrunt depression. The size of the MP expands nonlinearl he 1950s the concept of the solar wind was developed. In the
ptdep S . P %arly 1960s, Explorer 10 and 12 provided the first measure-
due to strengthening of its outer boundary by the northwar ments of this boundary (Cahill and Amazeen, 1963), called
IMF. Also, during the initial 100A7, the MP shrank down Y : '

from 13.3Rg to ~9.2Re before it started expanding, a phe- the magnetopause. Since then, we learned that the interac-

nomenon that was also observed for southern IME Condi_t|on of the solar wind with the Earth’s magnetic field leads

. . to a number of important and intriguing phenomena, many
tions but nqt during the_no IMF case. As soon as they_ fEzltof which are not fully understood because of their complex
the solar wind depression, cusps widened at high altitude . . .

: . . ” s global nature. These include reconnection at the dayside
while dragged in an upright position. For the field’s topol-

: . magnetopause and in the magnetotail, flux transfer events,.
ogy, the reconnection between magnetospheric and magne-

tosheath fields is clearly observed in both the northward anjcionvectlon in the magnetosphere/ionosphere and the genera-

thward r Also. the tail region in the northwar on of field-aligned currents (Trattner et al., 2008; Imada et
southward cusps areas. Also, the tall region in the northwarg,) g petrinec et al., 2003; Nishikawa and Ohtani, 2000;

Gosling et al., 1991). In the resulting magnetospheric config- ©
uration, the magnetopause appears as the boundary adjacer)

Correspondence tdS. Baraka to the magnetosphere that is directly exposed to the variable O
BY

(suleiman.baraka@gmail.com) external solar wind.
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It follows that by its key position, the magnetopause playsin the dayside magnetosphere tend to be more ordered, and
a role of great importance in space physics, since mass, erthereby make field line mapping more tractable. In addition,
ergy, and particles entering the magnetosphere must pastayside dynamics tend to be directly driven by solar wind
through it (Fairfield et al., 2003, and references within). forcing, a property that should assist in studying its sensitiv-
Early spacecraft observations of the noon magnetopause pdty to the solar wind variations (Murr, 2004).
sition near 1(Rg, have shown that the magnetopause bound- In our previous work, we used a PIC code to study the in-
ary is frequently in motion under fluctuating pressure of teraction of the solar wind with the Earth’s magnetosphere
the Solar Wind (Sonnet et al., 1960; Cahill and Amazeen,during a depression in the solar wind dynamic pressure that
1963; Cahill and Patel, 1967; Kaufmann and Konradi, 1969;was artificially created within the flow of the plasma trav-
Sonnerup, 1987, 1990). IMF orientation impacts magne-eling along the Sun-Earth-direction (Baraka and Ben-Jaffel,
tospheric activity, where it minimizes under the northward 2007). This effect was applied for two conditions of IMF,
IMF (B > 0), while it increases with increasing magnitude B, =0 and B; < 0, respectively. In those studies, during
of southward IMF B; < 0) (Akasofu, 1980). the initial phase of the interaction with the traveling gap,

Most of studies during northward IMF conditions focused the outer boundary of the magnetopause expanded sunward,
on wave generation by solar wind disturbances and resultwhich led to the break-up of its structure in the absence of
ing propagation in the magnetospheric cavity with the possi-IMF, while it sustained its bullet shape in the case of south-
bility of plasma entry from the magnetosheath through theward IMF. Also, in response to the generated gap, low den-
MP flanks (Terasawa et al., 1997; Sibeck, 2000; Fairfieldsity ensembles of plasma reversed direction and moved sun-
et al., 2003, 2007; Farrugia et al., 2008; Plaschke et al.ward against the stream B, =0 case. By contrast, this re-
2009). Usually, the Kelvin-Helmholtz (KH) instability is versal also took place wheBy, < 0 with much lower density
advocated to explain observation of the MP flanks distor-than the cas®; = 0. We interpreted this reversal as a result
tion, a process that may also occur without any solar windof a gradient in the dynamic pressure from the MP toward the
forcing with amplitudes that may exceed a factor of 2, andgap region thatinduced a sunward oriented mechanical force,
may lead to plasma entry in the magnetospheric cavity unwhich stopped these tiny clouds and then reversed their direc-
der northward IMF condition (Fairfield et al., 2007). More tion of motion (Mishin, 1993; Baraka and Ben-Jaffel, 2007).
recently, the observation and 2-D simulation of flux transfer We also proposed some similarities between our gap’s effect
events (FTE) revealed the formation of plasma vortex islandsand hot flow anomalies (HFA), particularly plasma flow out
that could be related to time evolving reconnection eventsof the Sun-Earth line (Sibeck et al., 1994, 1999). Further-
near the low-latitude boundary layer (LLBL) (Eriksson et more, the orientation of the cusps was found to be highly
al., 2009). Also, it is interesting to note recent reports onaffected by the depression in the solar wind flow, while lobes
formation and retreat of many X-lines at high latitudes dur- were flared out whemB, = 0 due to the applied depression
ing a steady northward IMF (Hasegawa et al., 2008; Retin in the solar wind flow. In addition, we found that x-lines ap-
et al.,, 2008). From existing observations and simulationspeared at different positions in the two IMF orientations pre-
both the KH instability and reconnection appear as actingviously considered. For instance, an x-line was found around
processes in the high latitude cusp regions during northward~103Rg for B, = 0, while for B, < 0, its position was found
IMF condition, yet their respective efficiency remains uncer- around~80 Rg. These results seem to support the idea that
tain (Frey et al., 2003; Lavraud et al., 2006; Fairfield et al., when the IMF is non-zero, the x-point is more confined to-
2007; Li et al., 2008). More generally, in past studies, theward the planet.
dynamic motion of the MP was mostly considered under the With all these results in hand, it would therefore be use-
impact of interplanetary shocks that compress the magnetdful to see how a depression in the impinging SW could af-
sphere (Zhang et al., 2009). However, much less attentiotiect the dayside magnetosphere when the IMF is included
has been given to study the impact of an abrupt decrease (déut northward oriented. As in our previous work, we focus
pression) in the solar wind ram pressure over an extendedn the behavior of the plasma distribution and field's topol-
period, particularly under northward IMF conditions (Baraka ogy at the dayside magnetopause, the formed gap (abrupt de-
and Ben-Jaffel, 2007). pression effect) and the macrostructure of the Earth’s mag-

In this paper we present a follow up study to our pre- netosphere. A similar organizational scheme of our previous
vious work on the sensitivity of the Earth’s magnetospherework will be adopted to easily explore the similarities and the
to strong variation in solar wind activity, using a particle- differences in both studies. In addition, a short description of
in-cell code (PIC) (Baraka and Ben-Jaffel, 2007). The pri- the PIC code by which this study was carried out is presented
marily focus of our study is the response of the daysidein Sect. 2 with much more details provided on boundary and
MP of the Earth’s magnetosphere for which available in situinitial conditions. For reference, a steady state of the magne-
observations and theoretical simulations are quite abundartbsphere in the presence of northward IMF is first obtained
(Paschmann et al., 1979; Sonnerrup et al., 1990; Gosling ewith a focus on the kinetic properties of the plasma. Then
al., 1991; Baraka and Ben-Jaffel, 2007; Zhang et al., 2009)the SW ram pressure is modified during a short time and the
This region was also selected because fields and plasmahanges in the magnetosphere structure are recorded versus
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time both for the plasmas and fields distributions. The generremark that the newly injected solar wind’s IMF and plasma
ation and time evolution of the gap are described before there assumed to be a frozen in conditions.
latter hits the magnetosphere. This description is provided |njtially, the simulation box is uniformly filled with so-
as a reference on the disturbance properties that should helar wind plasma composed of pairs of ion-electron macro-
detect similar event in solar wind observations. The time re-particles but no magnetic field is applied. Particles are as-
laxation of the system is then derived through the changes iBumed to have the same speedefy = 0.5-¢, wherec = 0.5
the magnetopause'’s sizes following the gap’s travel throughs the light speed in the code. A 3-D uniform spatial grid is
the entire dayside. Final conclusions are then proposed oassumed with a same length scalerof = Ay=A,=A=
similarities and difference with no IMF and southward IMF 1 Rg as in our previous study. A correspondence between the
cases, respectively. code time unit and the real word time scale is derived here
using Courant ConditioncAr < Ax /+/3) Starting from

the solar wind speed assumed in the cddew = 0.25,

2 Particle-In-Cell code we derive that a good time scale could be represented by

. 1R 6335
the Courant time boundant = & — —tRe __ 6335
& /3 2xVeyx+/3 1732

3.6s. The significance and conditions of use of this time

scaling are further discussed in Sect. 4. Other plasma pa-

rameters are scaled in the code such tl%li&t,: 1—16, the so-

2.1 Code description: initial conditions

In this study we used 3-D, fully electromagnetic and rela-
tivistic PIC code, originally written by Buneman et al. (1992, A _ L
1993 (and the reference therein in Matsumoto and Omural@r wind initial electron-proton pair density (©.8/A%), the
1993) 1995). The original PIC code has been exten-Plasma frequencies age i = (0.89,0.22), thermal veloci-
sively used in the past few years (Nishikawa, 1997, 1998:i€s arevn,; = (0.1,0.025), and the Debye lengthpe; =
Nishikawa and Ohtani, 2000; Wodnicka, 2001; Cai et al., (0-11,0.11), where “e"and "i" denotes electron and ion, re-
2006), and also with some modifications in terms of han-SPectively.

dling instabilities and reducing CPU time (Baraka and Ben It is important to remark that all quantities mentioned
Jaffel, 2007; Wodnicka, 2009). In this code, a box, which above correspond to the initial unperturbed plasma before
contains an ensemble of macro-particles, represents the mag2e application of any magnetic field. These values are also
netosphere: macro-ions and macro-electrons. Motions ofonsistent with the fluid description of the solar wind plasma
the macro-particles are monitored in 3-D under the influ-initially injected. However, as we shall see, with the mag-
ence of forces related to electric and magnetic fields througthetospheric cavity formation, most regions of the magneto-
the Lorentz law. The fields themselves are described bysphere will host hotter and/or smaller density plasma. This
Maxwell's equations. The code is relativistic, so no particle’s means the Debye length in those regions will be much larger
speed can exceed the light's spee@: = 0.5 in the code). than assumed for the initial plasma (see Sect. 2.2 for more
We are using the same boundary conditions as initially pro-details).

posed by Buneman, 1993. Particles leaving the simulation Besides kinetic effects, it is important to remark that for
box are assumed to be “absorbed”, leaving their charges benagnetospheric conditions, the plasma is assumed collision-
hind on the boundary. As explained by Buneman (1993),less. However, when using PIC simulation codes, collision
such boundary charging is implemented to reflect the factoccurs all the time because of the spatial grid used to han-
that eliminated particles are not too much far from the bound-dle fields and charge and current deposit. In a PIC code,
ary and that the plasma inside the box keeps “feeling” thema charge diffuses occupying a volume with a charge distri-
On the average as many ions as electrons escape, the totalition defined by a shape function (Langdon, 1971). The
boundary’s charge is moderate. However the immobility of numerical collisions lead to the so-called aliasing or grid-
the boundary charges is not real and the surface boundaryeating problem. A lot of work has been done in the past to
is made slightly conducting to subtract such surface currentglarify the onset of the grid heating and its dependency on the
from the surface fields. The same prescription also applieplasma parameters (Langdon, 1971; Hockney and Eastwood,
when injecting new particles (for example from the imping- 1981, and references therein). From these studies, it appears
ing solar wind) from outside. Because the code is charge conthat the two main parameters are the Debye length and
serving a difference in particle flux injection is automatically the plasma frequencyof). In the case of electrostatic sim-
corrected for. To each charged particle injected, a particleulations (no magnetic field applied) of Maxwellian plasma,
of opposite sign is assumed in the same spot. Note that newdockney and Eastwood derived a setigf and wp values
particles injected from the solar wind on lateral surfaces havdor which grid heating is acceptable. In addition, Langdon
a half-space Maxwellian distribution velocity. The bound- (1971) showed that the grid heating occurs by the assumed
ary conditions for the fields assume no reflection on the boxelectrostatic plasma until an asymptotic value.gf~ 0.3 is
edges as proposed by Lindman (1975). Charge conservaeached. As shown by Hockney and Eastwood, 1981 (their
tion is fulfilled using charge and current deposition schemeFig. 9-6 on p. 320), our initial and time evolution ofyf, wp)

as proposed by Villasenor and Buneman (1992). Finally, we~ (0.11,0.89) are compatible with their optimum path. In
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Plasma Density at Time Step 900 At Steady State Magnetosphere: Debye Length Distribution
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Fig. 1a. Plasma density distribution for unperturbed case taken at -40  -20 0 20 40 60 80
900A¢ shown in x-z plane and Earth’s position is centered at [0, O, Noon—Midnight Axis; Distance from Eorth (Rg)

0] Re corresponding to [60, 52, 5&E in the simulation box.
Fig. 1b. Debye length distribution in the same plane of density

distribution shown in Fig. 1a. From magnetosheath to magnetotail,
the Debye length in the magnetosphere is0.5, ensuring a kinetic

addition, we remind that a/8x 3A x 3A shape function of - ;
description of the particles.

particles is applied on all quantities projected on the grid,
a very efficient way to damp instabilities. Obviously, the
smoothing is done at the cost of lower spatial resolution, an ) _ _ .
effect acceptable when dealing with large scales, as it is th&een applied, the plasma configuration changed so that it is
case here. We will discuss more in detail this problem in thenot clear from the only density distribution shown in Fig. 1

next section to compare the grid heating derived in this study/f the PIC code provides a kinetic or fluid description of the
when a magnetic field is applied. particles. To answer this question, we derived a 2-D distribu-

tion of the Debye length that corresponds to the plasma struc-
2.2 Steady state magnetospheric: numerical stability —ture obtained for the steady state configuration displayed in
and kinetic description Fig. 1a. As shown in Fig. 1b, the Debye length contours have
a nice distribution that progressively evolve from the multi-
Before the application of any solar wind disturbance, wefluid description of the impinging solar wind flow into a ki-
need to set-up a steady state magnetosphere under northwatétic description of the magnetospheric plasma. For exam-
IMF condition that has the structure expected from past obJle, in the magnetosheath nose region, we estimated that the
servations. Results are presented in the same way as in oltebye length should be0.45. In the current sheet area, the
previous study, in order to comparatively conclude on sim-Debye length is found as large &4.37. In the cusp regions,
ilarities and differences between the current stubly< 0)  we estimate that the Debye length~d.17. Finally, in the
and the previous onesB{ =0 and B, < 0, respectively) far tail, we estimate that the Debye length should be around
(Baraka and Ben-Jaffel, 2007). ~0.92. All these values tend to support that our simulation is
The simulation box has the same dimensions ofa kind of hybrid description of the plasma from multi-fluid to
(155,105,105 as in our previous study; where = 1 Rg. kinetic’s handling of the particles that is naturally accounted
It is loaded with 2x 10° electron-ion pairs, where Earth for from the dayside to the nightside of the simulation box.
is located at (60,52,53&. In all graphs, this location is As shown in Fig. 1b, in most of the magnetospheric regions,
centered at (0, 0, Q§, which makes follow up of inter- particles are described kinetically by our PIC code.
pretations more convenient. Starting from a box filled by Besides kinetic properties, numerical stability of a PIC
pairs of electron-ion macro-patrticles, the Earth’s dipole field code should also be addressed. As remarked in Sect. 2.1,
is switched on, letting the system evolves with time up to grid heating is one of the most discussed issues in PIC simu-
900A¢ with an impinging northward IMF componei®; = lations. In the case of electrostatic simulations (no magnetic
0.2. The IMF strength is weak but strong enough to pro-field applied) of Maxwellian plasma, Hockney and Eastwood
vide the expected macrostructure of the magnetosphere atierived a set okp andwp values for which grid heating is
ter the prescribed elapsed time. Initially, the Debye lengthacceptable, if not negligible. We may summarize their re-
is Apei = (0.11,0.11), respectively for electrons and ions. sults remarking that for plasma witth < 0.3, grid aliasing
These values are consistent with the multi-fluid descriptionshould induce a numerical heating that depends on the shape
of the frozen-in magnetized solar wind flow initially as- function assumed for the particles on the grid but that should
sumed. After the planetary and solar magnetic field havebring the plasma to an asymptotic state wih= 0.3-0.5
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(Langdon, 1971). According to Hockney (1971), this ar- Bow Shock: Nose—side

Bl

tificial heating may corrupt the output of PIC simulation 1
of electrostatic and stable Maxwellian plasma if not han-
dled with care through an adequate selection of the parti-
cles shape function. In the present case, we started with
a box filled by plasma that has a Debye length that seems
rather small {-0.11) but withwp e At ~0.89 andViy e ~0.1.
According to Hockeney (1971), this set of plasma parame-
ters should correspond to stable numerical simulations with
a linear shape function for particles as used here. Using the
plasma properties in the region upstream of the magneto-
sphere, we estimated that after 900 time steps, the Debye
length isip; ~0.14 for ions and\p ¢ ~ 0.25 for electrons

in the unperturbed solar wind plasma. In addition, numerical
heating seems uniformly distributed over the simulation box
and smoothly increasing with time until a saturation value
Ap.e ~ 0.25 of the Debey length is obtained for electrons.
Our results tend to support that the grid aliasing problem is
negligible for the heavier ions but follows the same trend for
electrons as derived by past studies (Langdon, 1971; Hock-
ney and Eastwood, 1981). For the large structure of the
magnetosphere studied here, the numerical noise should not
therefore substantially affect our results.

Besides the discussion on the numerical stability of our
code, it is also important to compare the magnetosphere so
far obtained as a steady state configuration to past observa-
tions. In the unperturbed solar wind plasma upstream of the
magnetosphere structure, we estimated that the2Alfxeloc-
ity is Va = 0.08c, the Alfvénic mach number i8/5 ~ 6.1,
and the corresponding magneto-acoustic Mach number is
Mm =5.2. The plasma parameter s~ 0.35 with a critical
Mach number~2.3 (Edmiston and Kennel, 1984). For this
set of plasma parameters, the Earth’s bow shock positions
along the OX and QY axis are expected from observations ;
at ~(14.8Rg, 29 Rg) respectively (Peredo et al., 1995). The -35 -30 -25 -20 -15 -10 -5
magnetopause is expected arountlD.6Rg along the nose Distance From Earth (R)
direction (Peredo, 1995; Merka, 2005). It follows that the
bow shock to magnetopause standoff distances ratio shoulig. 2. Normalized plasma parameters drawn within the gap. This
be~1.4 as derived from past observations and models (Fairfigure is plotted in 100-s_tep time, soon after the disturbance is ap-
field et al., 2001). For comparison, our bow shock posi- plled to the §ystem. In five panels the solar_parameters are shown
tions are~(15, 29)Re for sunward and duskward, and the " the following order, speed, number density, temperature, mag-

. . . netic field strength and total pressure. The x-axis is reversed time
magnetopause nose standoff distancelf.8Rg, quite con- sequence.
sistently with past models and observations. In addition,
the magnetosphere morphology obtained here is also com-
patible with past observations and models in terms of plas- _ )
mas and fields distributions, particularly the lobes that are2-3 Solar wind depression: gap effect
slightly flare out and the fishtail configuration of the magne-
totail (Petrinec and Russell, 1996). All these results tend toTo obtain a depression in the solar wind flow, Baraka and
support that our PIC code when using the appropriate scaleBen-Jaffel (2007) only described the way the disturbance
plasma parameters describe quite accurately the larges scaless generated via a sudden change in the incident plasma
of the magnetosphere, an achievement that provides us withulk speed. Although density distributions in the noon-
the right tool to investigate in the following the impact of a midnight plane clearly showed the gap shape (i.e. Baraka and
solar wind disturbance on the steady state configuration obBen-Jaffel, 2007, their Fig. 4), the description of the resulting
tained at step time 9Q%¥. structure in the plasma flow upstream of the magnetosphere

was not clear. As shown in Fig. 2, the exact shape of the

Normalized Plasma Parameters
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Fig. 3. Time sequence of the response of Earth’s magnetosphere to a depression in the incident SWBflowdoPlasma density is shown
in panels(a), (b), (c) and(d), taken at 1001, 1100, 1175 and 12&0respectively. All plots are shown in the x-z plane and centered on
Earth’s position at [0, 0, ORg corresponding to [60, 52, 5&g in the simulation box.

disturbance is provided by the normalized plasma parame3 Results: response of the magnetosphere to a depres-
ters across the gap region obtained in the buffer region thatis sion in the solar wind flow
located upstream of the magnetosphere. The shown parame-
ters are measured inside the gap along the Sun-Earth line fdresults are presented in the same way as in our previous
each step time. The flow’s deceleration resulted in an expanstudy (Baraka and Ben-Jaffel, 2007), in order to compara-
sion and cooling of the plasma in the middle of the gap, buttively conclude on similarities and differences between the
produced real shock/discontinuity structures on the edges. current study g, > 0) and the previous ones3{=0 and

The total pressure curve shows a real solar wind depresBz <0, respectively) (Baraka and Ben-Jaffel, 2007).
sion. Such input solar wind conditions could be described Starting from the steady state configuration obtained at
as a depression consequently followed by compression in thétep time 90@7, an abrupt change in the solar wind dy-
solar wind. It may also be fulfilled by two successive shocksnamic pressure was created during 10in order to simu-
and/or discontinuities that are separated by a lapse of timéate the variability of the solar wind (Fig. 2). As described in
and that may hit the magnetosphere in a way similar to theSect. 2.3, such a reduction in the dynamic pressure resulted
gap’s effect described here. Such disturbances are commdf the generation of a gap with two sharp edges (e.g. Baraka
events in the solar wind plasma and field observations fromg@nd Ben Jaffel, 2007).
ACE, IMPS, etc.
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Fig. 4. Time sequence of the response of Earth’s magnetosphere to a depression (abrupt depression effect) in the incident 16w for
Field's lines are shown in panefa), (b), (c) and(d), taken at 1001, 1100, 1175 and 12&0 respectively. All plots are shown in the x-z
plane and centered on Earth’s position at [0, GRBlcorresponding to [60, 52, 5&g in the simulation box. A zoom of the encircled areas
(panela) will be shown in Fig. 3 to highlight the reconnection between the geomagnetic and magnetosheath fields.

observed almost parallel to the neutral line overrRz5rom
Earth in the nightside; beyond that distance they converge to-
ward the neutral line with denser filling of plasma extending

3.1 Plasma density distribution under northward IMF
condition

A snapshot of the system taken at 100Ishows the formed
gap that appears as a planar structure between-47 and

up to 85Rg (tailward).
In Fig. 3b, taken at 1108¢, the downstream edge of

x = —32REg (see Fig. 3a). The gap approximately has thethe generated gap is now approaching the dayside magne-

same size+{15Rg) as previously obtained for botB, < 0

topause, where it forms a concave layers over the magne-

and B; = 0. At this time, the magnetopause standoff posi- tosheath as a cover. This cover has an apparent thickness
tion is ~ —10.8 Re (depicted by a vertical dash-dotted line along the x-direction of~5.5Rg. Its concavity can be ex-

in the figure). A signature of the bow shock can be observedlained by the incoming plasma, which strongly feels the
atx ~ 16 Re (16 R from Earth position). Clouds of plasma dipole magnetic pressure on the Sun-Earth line, whilst both
in the tail region are filling the formed cavity and are feed- ends (toward poles) proceed almost steadily along the x-axis.
ing the equatorial plane with a plasma sheet that has a varilnside the gap, clouds of plasma are seen all over and are
able thickness along the x-axis. Both cusps are clearly seemmore uniformly distributed than the previous step time. Ap-
as expected, dayside oriented. More tailward, the lobes arparently, at this particular time the magnetopause standoff
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position is almost- —11.5 Rg in the x-direction, compared Zoomed in Reconnection Areas
with ~13.5Rg for B, =0 and ~12.3Rg for B, <0. In 20
the night-side, a plasma structure of a relative thickness of (A)

~8 Rg is seen starting at~ 10 Rg. This structure has a ring

shape and corresponds to the so-called trapping regions the— 19

connect cusps to the equatorial plasma sheet. Both cusps ar,

clearly observed dayside oriented and slightly wider in the ,, 1g -

poleward direction. At both cusps’ peaks, locatedat(—4, 3¢ _

z=9)and ¢ = —3,z=—7) Rg respectively for the Northern o

and Southern Hemispheres, high-density plasma is observec'-‘é 17

In addition, other tiny clouds of plasma are observed inside :_9

the inner magnetosphere. However, the noise level and the

rather moderate number of particles assumed in the simu- 16

lated plasma makes it difficult to conclude on the origin of

these clouds in these particular regions. 15
The density distribution of the system, taken at step time 13

1175t (75A¢ later), shows that the gap is apparently filled (B)

by plasma with its downstream edge now almost located 4

along the planet position (0,0,0) (see Fig. 3c). By coinci- 7w

) 2 o
dence of the selected time, the new standoff position of thes~

magnetopause at the subsolar point readsl8 Rg, almost 2 15
the position of the upstream edge of the gap (see the uprigh' & :
dashed-dotted line in Fig. 3c). On the contrary, at the same ¢

step time, the magnetopause was broken up atl5.5 Rg E 16
for B, =0 with a huge cut that opened sunward, while it 3
expanded keeping its classical shape up~te-17 Rg for 17 §
B; <0.
The trapping region is seen as a configuration of clouds 18
of plasma that resembles a ring shapé7 Re thick) ob- 0 1 2 3 4

served around-15 Rg nightside from Earth (along x-axis).
The northward and the southern cusps are dragged in an up-

right position, but ShOWIr_]g amuch-extended pqleward reQIPnFig. 5. Zoomed in northward and southward cusp regions showing
CF’mpared to a much thinner equatorward reg'?”- The thlnThe reconnection events between geomagnetic and magnetosheath
ning of the cusps shape due to the low dynamic pressure ofe|ds as indicated in Fig. 2a.(a) For the northward cusp, the
the gap region and its widening by the northward IMF pole- zoomed area is (0:4, 15:28f from Earth. (b) For the southward
ward as obtained here confirm and extend previous studiesusp, the area is (0:4, 13:1B} from Earth.
(Burch, 1973; Yamauchi et al., 1996). Farther away, the cav-
ity structure of the magnetotail can be seen along x out to
~45 Re (45 R from planet). Beyond that distance, in con- nut shape plasma configuration is observed in the nightside
trast to the cases fa#, =0 andB; < 0, the magnetotail be- cavity, corresponding to the elongated trapping region, pre-
comes filled up with plasma. Figure 3c also shows a magneviously described, that now lies within the planar gap. Al-
totail shifted toward south and its length shortened, confirm-most 40Rg nightward, low-density plasma is filling the cav-
ing similar results obtained by Nishikawa et al. (1995). ity along z-direction.

In panel (d) of Fig. 3, taken at step time 12%(Q the stand-
off position of the day side magnetopause is now restoring3.2 Magnetic field lines distribution under northward
its classical shape at —9.5 Rg (comparable to values ob- IMF condition
tained with B, =0 and B; < 0), yet it appears more con-
fined. The lobes are widely flared out due to the abrupt dedn the following, we describe the magnetic field’s topology
pression effect that hit their edges. It is remarkably clearcorresponding to the plasma density distributions shown in
that the magnetotail ceased to flare out at We4~14.4Rg Fig. 3. As shown in Fig. 4a, at step time 1Q04 the north-
from the planet position) and restore its standard structuravard IMF field lines are superimposed to that of the dayside
of the lobes/magnetotail during northward IMF (see thedipole field lines, thusly strengthening them. Accordingly,
lobes/magnetotail in Fig. 1a where the gap effect is not yetthe magnetic field lines at the magnetopause are closed. In
felt at nightside of the magnetosphere). At this step time,addition, one can see a concave stripe of dense open field
the cusps are dayside oriented but more distorted. A doughlines upstream of the dayside magnetopause (magnetosheath

Noon~-Midnight Axis (R;)
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field lines). At the same time, the left side of the simulation cusp region inflated in both northward and Southern Hemi-
box shows distorted field lines (instabilities) that have notsphere, which matches with the straightening up of the cusps
been seen wheRB, =0, yet they appeared weaker By < 0. in Fig. 3c. The double high latitude reconnection moved tail-
We are not exactly sure what physical processes are behindiard and appears spatially more extended, probably due to
these distorted lines, yet it seems related to the presence dfie new depressed solar wind conditions that prevail in the
the extended planar gap. Indeed, while the steady solar windap.
flow is clearly super-Alfenic (Ma ~ 6.1), it becomes mod- In Fig. 4d, taken at 1258¢, as the depression overpasses
erately super-Alfenic (Ma ~ 2.4) in the bottom region (low  the planet position, the dayside magnetopause restores its po-
density region) of the gap. Such conditions of solar wind sition at around~ —9.5 Rg, yet the field line distribution is
flow are not unusual as reported by Usmanov et al. (2005)noisy, if not disturbed, compared to the initial condition be-
The contrast between the two adjacent regions could be dbre any gap effect was applied. Further to what was ob-
the origin of distortions that appear for non-vanishing IMF. served in Fig. 3d for the plasma density, the flare out of the
Itis important to remark that the noise level of the simulation fields ceased out after15Rg in the nightside. Also, the
data could also be the origin of the observed distortion of thedouble high latitude reconnection persists north and south
field lines, since the IMF strength considered is particularly but now appears more disturbed with a probable formation
weak in the present study. of vortices.

At around 44Rg nightward, the magnetotail is closed like ~ Aside from the large scales changes noticed during
a cocoon. Beyond that distance, field’s lines are bent over théhe travel of the gap from the day to night side of the
cocoon. More interestingly, a double high latitude reconnec-magnetosphere, in the following we discuss the expan-
tion (indicated by blue circles) is obtained in the northward sion/recovery phases of the magnetopause during the depres-
and southward cusps areas, confirming both observations arglon/compression of the solar wind dynamic pressure, but
past numerical simulations of the existence of this featurethis time for northward IMF. With the two cases of vanishing
during steady northward IMF (Li et al., 2008; Eriksson et al., and southward IMF, the following analysis should complete
2009). A zoomed in plot of the encircled regions depicted our sensitivity study of the magnetospheric response for the
in Fig. 4a, shows that the reconnection between the magnewhole range of IMF conditions.
tosheath and magnetosphere fields appears clearly, extendingln Fig. 6, panels (a), (b), and (c) represent the expan-
over a few Earth radii and confirming its large-scale structuresion/recovery phase fa; > 0 as measured through the size
(see Fig. 5). It follows that our simulation PIC code offers of the magnetopause along the three main axis. This size
an unprecedented opportunity to study in 3-D the start-upis estimated respectively from Earth’s position along the x-
and time evolution of such reconnection events under northaxis, dawn to dusk for the y-axis, and south to north for the
ward IMF. Another signature of a large scale reconnection isz-axis. We remind that no tilt was assumed for the planet
also visible in the magnetotail region beyondRdalong the  and that x, y, and z represents the Sun-Earth, dawn-dusk, and
x-axis. These results confirm the general configuration thasouth-north lines respectively. To locate the magnetopause
is expected and observed for northward IMF (Burch, 1973;boundary, we follow the same technique based on the abrupt
Hasegawa et al., 2008). drop-off of the density by definition of the stagnation region

In Fig. 4b taken at 11087, as the downstream gap ap- (Baraka and Ben-Jaffel, 2007). Next, we estimate the posi-
proaches the magnetopause, the magnetosheath field linésn of that edge from the Earth’s location.
are stretched out sunward on the dayside. In addition, the In panel (a) of Fig. 6, the magnetopause starts expanding
magnetotail cocoon is now closer to the planet. The contracfrom 11Rg up to 13Rg (~2 Rg jump) between 1099 and
tion of the closed structure is another manifestation of recon-1107A¢, then it shrank from 1&g down to 12Rg between
nection. On the left side of the simulation box, the distorted1107Ar and 111%\¢. Subsequently, the MP linearly expands
field lines mentioned in Fig. 4a persist but with a dynamic from the former position up te-20 Rg, a size that it reaches
behavior that could be related both to the instability of theat about 116A:. Then, apparently, the system relaxes for
gap region and to statistical noises in the code. As in thebAt, before the MP starts contracting, thusly entering the re-
previous step time, the double reconnection is still visible atcovery phase. The later phase starts as soon as the upstream
high latitudes in the cusp region, almost at the same positiongdge of the abrupt depression hits the expanded nose of the
from Earth. magnetopause. The MP then recovers linearly to its origi-

At step time 1173¢, the position of the downstream nal length at 1212¢. It is important to notice that the time
boundary of the gap falls together with the inner magneto-variation of the magnetopause’s position appears as two dis-
spheric cavity. Coincidently, the field’s lines of the inflated tinct phases, one for the expansion and the second for the
magnetopause are almost tangential to the upstream of theecovery. This property confirms our claim that the gap dis-
abrupt depression boundary (i.e. Fig. 2c). The drift in theturbance could be sketched as two distinct velocity edges af-
position of the plasma distribution in the magnetotail to the fecting the magnetosphere simultaneously but separately.
south, as shown in Fig. 3c, is also clearly seen in Fig. 4c for In panel (b), the magnetopause size in the y-direction
the field lines topology at around 4. The field lines atthe  shows a different trend. First, the starting position is
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MP variation aleng X for B_>0 time period, the abrupt depression is still relatively far to be
25F ' ' ' ' ] felt by the MP boundary in z-direction. Then, the system ex-
20F 3 pands linearly up to 28.558 at 1190. 71, before it relaxes
155_ E over~37Ar until 1228Ar The recovery phase is linearly at-

o F - tained when the MP reached its initial position @9 at
10p = about 124@z.
5F 3
ﬁnaa 1u$a 11;:|a 11I&n 196.:1 1260 4 What can we Iearn about the magnetosphere under
al northward IMF using a PIC code?
A
i MR yariatian alang ¥ far B,>0 . For the purpose of consistency with our previous study, in the
following, we try to compare our results with existing obser-
E vations and models, with a focus on the novelty a PIC code
4DE E brings in understanding the solar wind interaction with the
C - ] Earth magnetosphere under northward IMF. Here, we stress
10F = that the idea of carrying out these case studies is to separate
effects (i.e. solar wind parameters, ionosphere, currents sys-
of . . 3 tems. .. etc.) before going into detailed global cases. For ex-
1000 1040 1100 1150 1200 12560 ample, some principal parameters are not taken into account
‘g in our current work, such as ionosphere-magnetosphere cou-
MP yariation along 2 for B_>0 pling, planet tilt, rotational currents, IMF fluctuation values
3DE ? ' ' ! and so on. In our endeavor to carry out these tasks, the
dayside magnetosphere (magnetopause) was targeted. In the
20F K past, the magnetopause motion was reported often oscillat-
o~ F ing more or less uniformly in and out a reference position
ioE E (Formisano et al., 1979) over distances of the order of 0.1
earth radii and with periods of a few minutes (Kaufmann
né and Konardi, 1969; Sibeck et al., 1991, Safrankova et al.,
1000 s 100 P 1200 e 1997; Haaland et al., 2004; Fairfield et al., 2007; Farrugia

al et al., 2008; Plaschke et al., 2009; Zhang et al., 2009). It
c is clear that when the parameters defining the pressure bal-

] . ) ance change, the position of the magnetopause will also vary
Fig. 6. Magnetopause’s size expansion measured from Earth loca(Semenov etal., 2002).

tion [x =60, y =52, z =53] Rg along x, y and z-axis foBz > 0

are shown in paneka), (b), and(c), respectively. From this it follows that the primary source of the mag-

netopause motion is the change in the dynamic pressure of
the solar wind that generate waves and instabilities (Kelvin-
Helmholtz) that propagate all over the magnetosphere, par-
~13.3Re. Second, the magnetopause shrinks during th&icularly on the flanks where deformation could be large
time interval between 1000 and 1184, reaching its mini-  (Fairfield et al., 2003). Magnetic reconnection north and
mum size~9.2Re at 1050.7@&. This strange behavior is  south of cusp regions may induce disturbances that could
unique to the dawn-dusk direction but was only observedy|sg distort the MP shape. Other processes may trigger mag-
when IMF (either northward or southern) was added. Fur-netopause motion Earthward even when the dynamic pres-
ther to the process described above, the MP nonlinearly exsyre is constant, like erosion (Fairfield, 1971; Sibeck, 1991,
pands from 13.4 to 27.2/e between 1101.27 to 11657.  1994; Tsyganenko and Sibeck, 1994) or expansion of the MP
Once the gap effect approaches the magnetopause, the gfue to HFA (Sibeck, 1999).
fect of northward IMF seemingly hinders the MP expan- Here, we consider a new process driven by an abrupt de-
sion/recovery, where the system relaxes during the periocbression (gap) in the solar wind ram pressure that we de-
of time between 1166/ and 1223.21. Afterward the sys-  scribe and follow in time using a PIC code. As shown in
tem recovers very fast as the abrupt depression is over afect, 2.3, this disturbance could also be realized as two dis-
1235./At. tinct events of the two velocity edges separated by a lapse
In panel (c), the expansion/recovery of the magnetopausef time. By contrast with previous cases, the propagation
size in shown in the z-direction. In contrast to aforemen-of such feature through the Earth’s magnetosphere has never
tioned directions, the MP size remains relatively stable atbeen considered in the past with northward IMF (Baraka and
~19 Rg from 100QAr up to 1136.A¢. Obviously, for that  Ben-Jaffel, 2007). Moreover, the scales of changes in the
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magnetosphere expected from the depression are far beyortd understand the main processes that drive their formation
the linear regime of oscillations around a reference structureand time evolution (Pitout et al., 2009).
considered in the past. One important feature that our PIC simulation obtains nat-
urally is magnetic reconnection, particularly at high latitudes
4.1 Impactof solar wind depression on large scale struc-  on northward and Southern Hemispheres. In a recent study
tures: the PIC code picture (Lin and Wang, 2006) showed that under a purely northward
interplanetary magnetic field (IMF), magnetic reconnection
All results so far presented confirm that our updated versiornn both northward and Southern Hemispheres leads to a con-
of the 3-D macro-particle code (PIC) is able to generate thetinued formation of newly closed field lines on the dayside,
macrostructure of the Earth’s magnetosphere and was able g feature that we observe in our simulation (see Fig. 4a and
simulate a strong depression of the solar wind under norths). Also, recent observations by Cluster and Themis confirm
ward IMF conditions, confirming and extending our initial the existence of the double reconnection predicted at high
report on vanishing or southward IMF cases. Similarly 0 |atitudes in north and south cusps areas (indicated by small
our previous study, the applied depression in the SW flowcircles in Figs. 4a), with persisting X points that our PIC sim-
results in the formation of a gap in the plasma flow that hasylations recover nicely as shown in Fig. 5 (Hasegawa et al.,
almost the same size 6f15 Re as obtained for the other IMF  2008; Eriksson et al., 2009). In the same area, the MP flanks
conditions. The gap has a planar shape with sharp boundariegeformation due to solar wind disturbances is repeatedly re-
perpendicular to the x-axis moving Earthward. In the real so-ported (Fairfield et al., 2003, 2007; Farrugia et al., 2008;
lar wind, such depressions with low plasma density on largezhang et al., 2009, and references within), a deformation that
scales are not unusual events as low-density subeAlty  appears naturally in our simulations (e.g. Fig. 3).
flows are observed often (Chisham et al., 2000; Usmanov Al our findings fit rather well with observations, thusly of-
et al., 2005) In addition, many events in the ACE solar wind fering a good Opportunity to monitor in 3-D the h|gh latitude
data showing two simultaneous velocity peaks separated byeconnection growth, time evolution, and role with respect to
a lapse of time may correspond to the disturbance simulategH instabilities to shape the whole area nearby the MP flanks
here. and cusps (Lund et al., 2006; Li et al., 2008; Hasegawa et al.,
First, we notice a remarkable accumulation of plasma2008; Eriksson et al., 2009).
clouds of denSity above the noise level distributed all along Farther away in the nightside, using data from ISEE1 and
the cavity of the magnetosphere, probably particles diffusingz |MP 8 and IMP 7, it was found that the magnetotail ceased
into the magnetosphere, and along the upstream edge of thg flare during a 12h northward IMF to an anti-sunward
generated gap as shown in Fig. 3. This picture is far from thegistance of 1Rg (Chen et al., 1993). As shown in our
MHD fluid simulation where the magnetospheric structure F|g 4, our results for northward IMF seems to agree with
appears as smooth boundaries as far as neither diffusion n@hese findings, where the magnetotail ceased to flare out af-
reconnection are allowed, unless artificially added. Despitger ~14.5Re. In addition, the magnetotail is seen shifted
its scaling limitations and the corresponding noise level, outtoward south and its length is shortened. This result is con-
PIC COde I’enderS better the kinetiC nature Of th|$ interaCtionsistent with the occurrence of the magnetic reconnection at
and may help better understand the formation and evolutionpe high latitude mantle (Nishikawa et al., 1995; Zheng et
of large scale structures of the magnetosphere. al., 2005). Our PIC code thus offers a great opportunity to
Another large-scale feature of interest in this study is thestudy these large-scale features, which in return could help
cusp region with its behavior in response to the solar winddefine better the code scaling to the real world.
disturbance. Before and after the arrival of the event, the
orientation of the cusps was classical and fits rather well4.2 Time response of the magnetosphere to solar wind
with observations (e.g. Fig. 3) (Burch, 1973; Yamauchi et depression: the PIC code estimation
al.,, 1995). However, when the disturbance was right over
the planet position covering the whole cusps region, it wasThe other useful side of the PIC code is its capability to
remarkable to see how fast the cusps responded to the déellow in time the evolving system. However, such a time
pression inside the gap and moved anti-sunward, becomingcale is not clear as far as other key parameters, like the
almost in an upright position. Furthermore, they appear veryparticle masses or number densities, do not correspond to
thin in the bottom end at low altitude but much more ex- the real magnetosphere. We claimed in Sect. 2 that using
tended at high altitude, confirming the key role of the solarthe Courant condition may help define a time scale, yet this
wind dynamic pressure in controlling the cusps shape andhas to be proven to compare with observations. Here, we
motion (Yamauchi et al., 1995, 1996; Pitout et al., 2006). In stress that our time scale works only for the purpose the code
the future, a sensitivity study of the cusps properties in re-was build for: the formation and evolution of large scales
sponse to the solar wind dynamic pressure for different IMF(i.e. macrostructure of the Earth magnetosphere) (Buneman,
conditions, particularly when the IMF switches from one di- 1993; Nishikawa, 1995). Therefore, as far as the time es-
rection to another, should provide a reasonable backgrountimation is used for understanding the evolution of large
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Table 1. Summary of the magnetopause variation in 3-D due to the depression of the solar wind dynamic pressure. The speed and the time
relaxation of the expansion and recovery phases is tabulate} fel0, B; < 0 andBz > 0, respectively.

Case forB; =0 Expansion phase of the MP Recovery phase of the MP
Direction Speed [kmsl]  Time [min] Speed [kms1]  Time [min]
X[noon-midnight 270 33 237 42
Z[south-north] 365 al 295 44

Case forBz; <0 Expansion phase of the MP Recovery phase of the MP
Direction Speed [kmsl]  Time [min] Speed [kms1]  Time [min]
X[noon-midnight 203 35 283 32
Zsouth-north] 316 41 673 24

Case forBz >0 Expansion phase of the MP Recovery phase of the MP
Direction Speed [kmsl]  Time [min] Speed [kms1]  Time [min]
X[noon-midnight 360 38 320 42
Y[dawn-dusK 354 55 620 10
Zsouth-north] 240 445 900 13

structures, it should appropriately work. By contrast, it and recovers at a speed rate equ8l16 (~320kms?!) af-
makes no sense to us to use these time scales for the micréerward. Moreover the expansion rate of the MP along the
physics of very local regions. With that in mind, the analysis y-direction is 0.177 £354kms1) and the corresponding
of the MP expansion/recovery phases of the MP should profecovery speed is-0.31 (~ 620 kms1). Additionally, the
vide predictions to test if our assumptions regarding the timeexpansion rate as seen in the z-direction showed speed equiv-
scale are acceptable. This comparative exercise may requirent to 0.12 £240kms1), whilst the corresponding re-
several studies in order to establish the diagnostic. Neverthezovery speed reaches the val®.45 (~900kms?1). In
less, we may already notice that the recovery phase alwaysonclusion, the expansion phase in x-direction is the fastest
takes place faster that the expansion phase. It is important toompared to the expansion in y and z-direction, probably be-
remark that the rectangular volume of the gap has a key roleause the subsolar point of the magnetopause is closer to the
in shaping the MP response, as different regions are not higenerated disturbance than the other two boundaries in y and
at the same time. For example, when the gap reaches the MRdirections. On contrary, the recovery phase of the mag-
nose along the x-axis, the other directions do not respond imnetopause in y and z-direction is very much faster than in
mediately because they do not yet feel the depression. Alsas-direction. Because the disturbance is effectively generated
the entire expansion/recovery phases take less than few miras a planar cut along x-direction, the elapsed time for the gap
utes when using our time scale, which is consistent with mosto over pass the magnetopause along x-is longer than that
observations on motion and oscillation of the magnetopauselapsed along y and z. This remark is important because it
that report the same time scale of few minutes (Farrugia estresses the need to account for a “filling factor” of the dis-
al., 2008; Hasegawa et al., 2008; Plaschke et al., 2009).  turbance in any analysis of the impact of a strong disturbance
(compression or depression) on the whole magnetospheric

In the following, we thus provide more quantitative results system. This “filling factor” must be defined through a care-
that we propose as predictions for the future and when possifu| analysis using tools like a PIC code

ble to compare to existing observations. It has been noted

that the magnetopause expanded non-linearly in all IMF For purpose of comparison, we provide hereafter the speed
cases along noon, dusk and north direction (x,y, and z). Orof the expansion/recovery phases obtained in our previous
the other hand, soon after the abrupt depression effect is ovestudy for B, =0 and B, < 0. For B, =0, the MP (expan-
they all recovered almost linearly in B3 for the x-axis,  sion/recovery) rates along x are abou0.13/0.11 (corre-
35Ar for the y-axis and 48¢ for the z-axis, respectively. sponding respectively to 270 and 240 kmi} ~ 0.22/0.44
Quantitatively, the magnetopause expansion rate along the xalong y (corresponding to 440 and 880 km.s-1 respec-
direction took place with a speed equaht6.18 in the code tively), and~0.18/0.15 along; (corresponding to 365 and
units corresponding to an equivalent velocity of 360krhs  295kms1, respectively). On the other hand, the MP
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expansion/recovery along for B; <0 is 0.10/0.14 (corre- of the magnetopause that report the same time scale of
sponds to 203 and 283 km’ respectively), and along a few minutes.

0.164/0.46 (corresponding to 329 and 920 krh srespec-
tively), while along z the values read 0.16/0.33 (corresponds
to 316 and 673kms!, respectively). Table 1 summarizes
these results and represents a comparative study to the be-
havior of the magnetopause as it responds to the variability
of the solar wind dynamic pressure under different IMF ori-
entations. The 3-D and time responses of the MP shown in
Table 1 should be compared with observational data in the
near future.

— The orientation of the cusp was classical and fits rather
well with observations. However, when the depression
was right over the planet position covering the whole
cusp region, it was remarkable to see how fast the cusps
responded to the depression and moved antisunward,
becoming almost in upright position. The cusps show a
thin end at low altitude and much more extended at high
altitude. The effect of the orientation and shape of the
cusps for bothB, =0 andB; < 0, is reported stronger
than B;0.

5 Summary — The magnetotail ceased to flare out atRi5from the

planet in the night side, which is in consistent with the

In this paper, we present a follow up study on the sensitiv- ) !
observation obtained by ISEE 1 and 2 spacecratft.
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