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Data from the Cluster spacecraft during their magnetopause crossing on 25 January 2002 are

presented. The magnetopause was in a state of slow non-oscillatory motion during the observational

period. Coherent structures of magnetosheath plasma, here typified as plasmoids, were seen on

closed magnetic field lines on the inside of the magnetopause. Using simultaneous measurements on

two spacecraft, the inward motion of the plasmoids is followed from one spacecraft to the next, and

it is found to be in agreement with the measured ion velocity. The plasma characteristics and the

direction of motion of the plasmoids show that they have penetrated the magnetopause, and the

observations are consistent with the concept of impulsive penetration, as it is known from theory,

simulations, and laboratory experiments. The mean flux across the magnetopause observed was

0.2%–0.5% of the solar wind flux at the time, and the peak values of the flux inside the plasmoids

reached approximately 20% of the solar wind flux. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4739446]

I. INTRODUCTION

In magnetospheric physics, an important field of study is

the interaction between the magnetopause and the solar wind

in which the magnetosphere is immersed. Of particular inter-

est is the entry of solar wind plasma into the magnetosphere,

because it populates the magnetosphere and participates in

the coupling of solar wind energy to the magnetosphere,

where the energy, ultimately, drives phenomena like mag-

netic storms and the aurora.1

Observational studies of how solar wind plasma enters

the magnetosphere generally involve analysis of data from

spacecraft crossing the magnetopause. When data are avail-

able only along the trajectory of a single spacecraft, it is

impossible to determine whether the magnetopause is oscil-

lating in position or whether it is stationary or in a slow uni-

form motion. Observed fluctuations can thus be interpreted

either as an observational effect, due to magnetopause oscil-

lations, or as a true plasma phenomenon of importance in

plasma transport across the magnetopause. With simultane-

ous measurements by multiple spacecraft, it becomes possi-

ble to distinguish between these different cases.

In this paper, we examine data recorded by the Cluster

spacecraft on 25 January 2002, as they moved from inside the

magnetosphere across the magnetopause and into the magne-

tosheath. Data from this magnetopause crossing have been

analysed before by Fear et al.2 Those authors considered the

several spacecraft one by one and came to the conclusion that

the spacecraft approached the boundary intermittently due to

oscillations in the magnetopause position. By analysing

simultaneous measurements by two of the spacecraft, we

come to the opposite conclusion that the magnetopause was

moving slowly and monotonously and that the fluctuations

that were observed were caused by plasma structures moving,

not only in the spacecraft frame of reference but also in the

magnetopause frame of reference. This difference in interpre-

tation has consequences for how we interpret the results in

terms of magnetosheath plasma entry into the magnetosphere.

Magnetic reconnection is often invoked to explain solar

wind plasma entry into the magnetosphere,3–7 but there are

other processes as well. It has been shown that the Kelvin-

Helmholtz instability can be responsible for plasma travers-

ing the magnetopause at the terminator and further down-

stream in the tail,8 where the Kelvin-Helmholtz instability

reaches its non-linear stage and secondary instabilities pro-

vide transport of plasma. Another process, called impulsive

penetration, was suggested in the 1970s.9 In impulsive pene-

tration, inhomogeneities (or plasmoids) with higher momen-

tum density than the surrounding plasma can enter the

magnetosphere as filaments. The term plasmoid was first

used in laboratory plasma physics by Bostick,10 and we shall

use it in the sense “a coherent mass of plasma.”11 As a plas-

moid, with velocity v, enters the stronger geomagnetic field

B, ions and electrons gyrate in opposite directions, and space

charge layers form on the sides of the plasmoid creating an

electric field E ¼ �v� B inside it. This polarization allows

the charged particles to continue moving with their original

velocity through the means of an E� B-drift.12,13 Plasmoids

with high kinetic energy density can penetrate ballistically

by expelling the ambient magnetic field from the interior of

the plasmoid.14 This phase is then followed by a magnetic

diffusion phase, in which the plasmoid is magnetized by thea)Electronic mail: herbert.gunell@physics.org.
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ambient field, and finally the plasmoid can E� B-drift as

described above.

The impulsive penetration mechanism was first studied

in the laboratory, before it was suggested that it could be

applied to magnetopause physics, and both experiments and

theory have contributed to the understanding of this phe-

nomenon. In the 1950s, it was found experimentally that a

plasmoid can move across a magnetic field.10 Theory for

penetration via polarization showed that unless the kinetic

energy density of the plasma WK ¼ 1
2

nemiv2 is much greater

than the energy WE ¼ 1
2
�0ðvBÞ2 of the polarization field,

this field cannot be set up and penetration is prevented.12

The quotient WK=WE is an approximation of the dielectric

constant � ¼ 1þWK=WE. A refined requirement, �Z
10

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=me

p
, was later found experimentally.15 Experimental

studies showed that plasmoids can penetrate magnetic

fields, while the relative change of the magnetic field,

caused by the plasmoid, remains small even for large values

of the kinetic beta bk ¼ WK=ð0:5l0 B2Þ.14 Experiments with

laser produced plasmas have shown that wide plasmoids

can break up into smaller plasmoids as they move across the

field,16 and this has been attributed to the Rayleigh-Taylor

instability.17 In active space experiments, where ion beams

were injected in the ionosphere, both polarization fields and

magnetic field-aligned electric fields were observed.18

Theory with application to the magnetopause was devel-

oped further including the effects of magnetic field gra-

dients.19 More recent work includes kinetic theory20 of

plasmoid propagation in magnetic fields, and also particle-

in-cell simulations and laboratory experiments21–24 on

waves in the lower hybrid frequency range in penetrating

plasmoids. Such waves have also been observed at the

magnetopause.25

Previous space observations inside the dayside magne-

topause have shown plasma with characteristics of the

magnetosheath.26,27 There have been observations in the

magnetosheath of plasma structures that potentially could

penetrate the magnetopause. Hubert et al.28 reported small

scale structures related to mirror waves in the magneto-

sheath. High energy density jets that are thought to be

accelerated through a Fermi-type mechanism were observed

in the magnetosheath by Savin et al.29 Such jets have been

shown to be deflected toward the magnetopause, where they

may constitute a source of penetrating plasma.30 Recently,

magnetopause deformation by supermagnetosonic plasma

streams has been reported.31 Hietala et al.32 observed sev-

eral jets in the magnetosheath during a period when the

interplanetary magnetic field was directed outward from the

sun. These jets had speeds a few times above that of the am-

bient magnetosheath plasma. Karlsson et al.33 performed an

observational study of 56 plasmoids in the magnetosheath

each with a maximum density at least 50% above the den-

sity of the surrounding plasma. They found plasmoids in

a size range between 0:1RE and 10 RE. There were examples

both of plasmoids with a higher velocity, in the anti-

sunward direction, than the surrounding magnetosheath

plasma and of plasmoids moving with the same velocity as

that plasma. A related process has been observed on the

nightside, where a sub-auroral ion drift channel is formed

when the plasma sphere short circuits a plasmoid, which

has been injected in connection with a substorm.34

In this paper, we show that plasmoids do penetrate the

dayside magnetopause. This is done by observing the plas-

moids using data from the Cluster spacecraft; tracing their

motion deeper into the magnetosphere from one spacecraft

to the next; using simultaneous measurements on two space-

craft to show that the plasmoids were detached from the

magnetopause; and by computing a net flux of plasma across

the magnetopause. In Sec. II, a general description of the

data, the solar wind, and magnetopause conditions is given.

In Sec. III, we analyse the plasmoid motion using simultane-

ous measurements on two of the spacecraft. In Sec. IV, the

particle flux across the magnetopause is computed. In

Sec. V, we consider the possibility of the magnetopause

being a rotational discontinuity. In Sec. VI, the plasmoid size

is estimated from data and compared to theoretical estimates.

In Sec. VII, we discuss the conclusions and interpretations of

the measurements.

II. MEASUREMENTS

We present data from the Cluster spacecraft on 25

January 2002 between 10:10 and 11:00 UT. We restrict our

analysis to Cluster spacecraft 1, 3, and 4, for which there are

CIS (Cluster ion spectrometry) data. The spacecraft were

located on the dayside of the earth and moved from inside

the magnetosphere, across the magnetopause, into the mag-

netosheath. The Cluster spacecraft crossed the magnetopause

at a position ðx; y; zÞ � ð3:4; 6:6; 8:5ÞRE in geocentric solar

ecliptic (GSE) coordinates. The time of crossing was 10:46

for Cluster 1 and 4 and 10:41 for Cluster 3. Fig. 1 shows the

orbit of the Cluster spacecraft. The two top panels show the

projection of the orbit onto the x–y and x–z planes in GSE

coordinates. The bottom panels show the orbit in cylindrical

coordinates, the horizontal axis being the GSE x-axis, and

the vertical axis showing the distance to the x-axis. The bot-

tom right panel shows a closeup of the spacecraft orbits,

with their positions marked at the time Cluster 3 crossed the

magnetopause. The magnetopause that is shown in all four

panels is a Shue model35 magnetopause that has been scaled

to fit the observed crossing by Cluster 3. The solar wind pa-

rameters were measured by the magnetic field investigation

(MFI)36 and the solar wind experiment (SWE)37 instruments

on-board the Wind spacecraft. The solar wind proton den-

sity, speed, and magnetic field are shown in Fig. 2. The

Wind spacecraft was located at ðx; y; zÞ � ð22;�321; 18ÞRE,

which means that, at the measured solar wind speed, its loca-

tion was 7 min upstream. Assuming that the solar wind

conditions did not change appreciably over the 321RE dis-

placement in the negative y-direction it should provide rele-

vant parameters. Mean values obtained between 10:10 and

11:00 are shown in Table I. The density and speed curves

were quite uneventful during this period. The magnitude of

the magnetic field was also nearly constant, whereas there

are some changes in the magnetic field direction. For the

period that is under analysis here, that is to say, between

10:10 and 11:00 the interplanetary magnetic field was close
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to the ecliptic plane and directed toward negative y, in GSE

coordinates.

Fig. 3 shows the magnetic field observed by the FGM

(fluxgate magnetometer)38 instrument on Cluster 1, 3, and 4

in panels (a), (b), and (c), respectively. Panels (g), (h), and

(i) show the ion velocity. At the start of the interval shown,

the spacecraft are inside the magnetosphere, moving

outward. At the time that has been marked with a vertical

dashed line (10:31 for spacecraft 3 and 10:37 for spacecrafts

1 and 4) a transition region is reached, where the plasma

velocity starts to change toward magnetosheath values. The

magnetic field direction remains more or less unchanged

until the time marked by the solid vertical line (10:41 for

Cluster 3 and 10:46 for Cluster 1 and 4), where Bx changes

sign from negative to positive, and the spacecraft enter the

magnetosheath.

Fig. 4 shows the electron and proton energy spectra for

Cluster 1, 3, and 4. The ion spectra are summed over all

pitch angles, whereas the electron spectra are the sum of the

first and last pitch angle bins only, that is to say, pitch angles

in the ranges [0�, 15�] and [165�, 180�] are included. We

chose to show the electrons in this way because the presence

of a hot field-aligned electron population can be used to

diagnose the magnetic field configuration.39 The dashed and

solid vertical lines mark the inner and outer boundaries of

the transition region, respectively, as in Fig. 3. The ion spec-

tra were measured by the CIS instruments40 and the electron

spectra by the PEACE (Plasma Electron and Current Experi-

ment) instruments.41 For the ion measurements, here and

throughout the paper, the CIS-HIA sensor was used for

spacecraft 1 and 3, and the CIS-CODIF sensor for spacecraft

4. HIA is more suitable for measurements in and near the

magnetosheath, because CODIF experiences saturation in

that region. For spacecraft 4, however, no functioning HIA

sensor is available. Cluster 1 and 4 flew close to each other,

as can be seen in the orbit plot in Fig. 1. The distance

between them was approximately 150 km during these obser-

vations. It is seen in Figs. 3 and 4 that the data obtained from

these two spacecraft are very similar until they reach the

dashed line marking the inner boundary of the transition

region, where saturation of the CODIF sensor begins. Thus,

the two spacecraft were probing the same plasma, and it is

without loss of information that we base the following analy-

sis on only Cluster 1 and 3.

It is seen in Fig. 4 that the plasma inside the magneto-

sphere has a higher abundance of high energy particles, and

a lower density, than the magnetosheath plasma. However,

there are isolated patches of magnetosheath plasma also in

the magnetosphere. These can also be seen in Figs. 3(j)–3(l)

as periods of high density and low temperature (Figs.

3(m)–3(o)). While this magnetosheath plasma is observed,

there are also high energy particles present, as is seen in

Fig. 4, showing that the spacecraft were located on closed

field lines. Fig. 5 shows the density measured by Cluster 1

(black curve) and Cluster 3 (green curve) between 10:39 and

FIG. 1. Orbit of the Cluster spacecraft on 25 January 2002. The top left

panel shows the orbit of Cluster 3 in GSE coordinates, projected onto the

x–y plane; the top right shows a projection on the x–z plane; the bottom left

panel shows the Cluster 3 orbit in cylindrical coordinates; and the bottom

right panel shows a closeup of the spacecraft orbits near the magnetopause

in cylindrical coordinates. The position of the magnetopause crossing of

Cluster 3 is marked by green circles in all panels, and the positions of the

other spacecraft at that same instant are shown the bottom right panels as

black, red, and blue circles for Cluster 1, 2, and 4, respectively. A Shue

model magnetopause, which has been scaled to agree with the observed

Cluster 3 magnetopause crossing, is shown in black in all panels. Specifi-

cally, what is shown in the upper panels is the intersection of the magneto-

pause with the plane of the figure. That is why the green circle, which shows

the projection of the magnetopause crossing onto that plane, does not lie on

the curve showing the magnetopause.

FIG. 2. Solar wind parameters measured by the Wind spacecraft. Panel (a)

shows the proton density; (b) the solar wind speed; and (c) the magnetic field

magnitude jBj (black), and the GSE Bx (blue), By (green), and Bz (red)

components.

TABLE I. Solar wind parameters from the Wind spacecraft.

Magnetic field B (4.0, �7.4, 0.98) nT

Velocity vSW (�325, �50.2, 3.1) km/s

Speed vSW 329 km/s

Proton density 1:7� 107 m�3

Proton flux 5:7� 1012 m�2s�1
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10:43, when Cluster 3 crossed the magnetopause. The den-

sity at spacecraft 1 fluctuates between low values that are

less than 5 cm�3 and high values of approximately 25 cm�3.

At the same time, spacecraft 3 measures a steady increase of

the density as it moves into the magnetosheath, and the fluc-

tuations that are seen on top of this increase show no correla-

tion with the density at spacecraft 1. Thus, the observations

of magnetosheath plasma by Cluster 1, which was in the

magnetosphere, were not caused by the magnetopause mov-

ing back and forth, since this motion is not seen at Cluster 3,

which was located at the magnetopause. That the magneto-

pause was moving slowly and steadily inwards is also

confirmed by the observation that there is only one magneto-

pause crossing per spacecraft in the magnetic field data, and

by the timing of the magnetopause crossings, which is dis-

cussed in Sec. IV.

III. PLASMOID MOTION

The measurements presented in Sec. II show that plasma

of magnetosheath origin is present on closed magnetic field

lines, and that these observations are not caused by an oscil-

lating magnetopause. It rather suggests that plasmoids of

finite extent penetrate the magnetopause and that these give

rise to the observed fluctuations in density and temperature

as they pass by the spacecraft. Fig. 6 shows the ion spectra

measured by Cluster 1 and 3 from 10:23 to 10:25. Cluster 3

was closer to the magnetopause than Cluster 1, which was

farther inside the magnetosphere. At and around 10:23:30,

the density of magnetosheath plasma at Cluster 3 is down to

background levels. After a short increase shortly before

10:24, it declines to background levels until it increases

again after 10:24:30. During most of this period the density

FIG. 3. Data from the Cluster spacecraft on 25 January 2002. The left column shows data from Cluster 1, the middle column Cluster 3, and the right column

shows data from Cluster 4. Panels (a-c) show the magnetic field components Bx (blue), By (green), Bz (red), and jBj in nanoteslas. The coordinates are in the

GSE system. The curves are labelled at the right hand side of each panel. Panels (d-f) show the dynamic pressure for the three spacecraft, respectively. Panels

(g-i) show the velocity components in GSE coordinates: vx (blue), vy (green), and vz (red) in kilometers per second. The curves are labelled at the right hand

side of each panel. Panels (j-l) show the proton density. Panels (m-o) show the proton temperature. Panels (p-r) show the ratio of the velocity component nor-

mal to the magnetopause jvnormj to the total velocity jvj. Panels (s-u) show the cross-magnetopause proton flux perpendicular to the magnetopause C. The red

dots in panels (j-u) highlight data points with large flux across the magnetopause (C < �2� 1011 m�2 s�1). In all panels, the dashed and solid vertical lines

mark the inner and outer boundaries of the transition region, respectively. The two arrows in panel (s) mark the times for which distribution functions are

shown in Fig. 10.
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of magnetosheath plasma at the inner spacecraft, that is to

say at Cluster 1, is well above background level. Thus, a

plasmoid was present at the inner spacecraft, but not at the

outer, showing that the plasmoids are detached from the

magnetopause. This is also illustrated in Fig. 7, which shows

the ion temperature along the orbits of Cluster 1 and 3. The

magnetopause is shown in the top right corner, where it was

detected by spacecraft 3. The positions of Cluster 1 and 3 at

10:23:58 have been marked in the figure. The two spacecraft

followed almost the same track with Cluster 1 approximately

2000 km behind Cluster 3. As in the spectrograms in Fig. 6,

it is seen that the temperature is higher at Cluster 3 than at

Cluster 1, and that, considering the geometry, the only realis-

tic explanation is that the plasmoids are detached from the

magnetopause.

It is possible to trace the plasmoid motion from a space-

craft that is located closer to the magnetopause to one that is

located deeper inside the magnetosphere for some of the

observed plasmoids. Unless the plasmoid velocity is per-

fectly aligned with the direction between the spacecraft, the

possibility of observing the same plasmoid on two spacecraft

will depend on the shape and size of the plasmoid as well as

on the angle between the plasmoid velocity and the direction

between the spacecraft. Fig. 8 shows the angle a between the

plasma velocity measured by Cluster 3 and the direction

from Cluster 3 to Cluster 1 (a); the time of flight between the

two spacecraft calculated from the velocity measured by

Cluster 3 (b); and the densities measured by the two space-

craft (c). The Cluster 3 data in panel (c) and the quantities

derived from Cluster 3 data in panels (a) and (b) are shown

by green curves. The plasmoids pass Cluster 3 before they

reach Cluster 1. Therefore, the spacecraft 3 data, shown by

green curves in all panels, have been shifted Dt ¼ 20 s, cor-

responding to the dashed black line in panel (b). There is

good agreement for both the leading and the trailing edges of

the plasmoid that hit Cluster 1 between 10:25 and 10:26,

although the density was higher at Cluster 3 than at Cluster

1. The small plasmoid between 10:21 and 10:22 is also pre-

dicted fairly well from Cluster 3 data. This is also true for

the declining slope around 10:20, when a was around 20�.
Before 10:19:40 the density at Cluster 1 was low, while

Cluster 3 data would predict a higher density, but here the

a-value was much higher, and it is likely that the plasmoid

missed spacecraft 1. The distance between the two spacecraft

was approximately 2200 km. Thus, the 20 s time of flight

FIG. 4. Field-aligned electron spectrum (a), (c), and (e) for Cluster 1, 3, and

4, respectively. Omnidirectional ion spectrum for Cluster 1, 3, and 4 are

shown in panels (b), (d), and (f), respectively. The ion spectra for Cluster 1

and 3 were measured by the CIS-HIA sensor, and that for Cluster 4 by CIS-

CODIF. The electron spectra were measured by the PEACE instrument. The

quantity shown on the color scale is the logarithm of the flux in units of

cm�2 s�1 sr�1 keV�1. The dashed and solid vertical lines mark the inner and

outer boundaries of the transition region, respectively.

FIG. 5. Density measured by Cluster 1 (black) and by Cluster 3 (green)

between 10:39 and 10:43. During this period Cluster 3 crossed the magneto-

pause, while Cluster 1 was located on the magnetospheric side of it. The

magnetopause crossing time for spacecraft 3 was identified in magnetic field

data as 10:41:23 UT.

FIG. 6. Closeup of the Cluster 1 (a) and 3 (b) ion spectra from 10:23 to

10:25. Cluster 3 was located closer to the magnetopause and Cluster 1 far-

ther inside the magnetosphere, as is seen by the orbit plot in Fig. 1.
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corresponds to a plasmoid velocity component of 110 km/s

along the spacecraft separation direction.

Figs. 9(a) and 9(b) show the velocity component, meas-

ured by CIS, which is perpendicular to the magnetic field for

Cluster 1, and 3 (black curves). The perpendicular velocity

component decreases as the plasma travels through the tran-

sition region. For reference, the drift speed jE� Bj=jBj2 is

computed and shown by red dots in Figs. 9(a) and 9(b), using

data from the EFW (electric field and waves) instrument.42

While there is some scatter in the electric field data, the per-

pendicular velocity component lies within the range of this

scatter. The velocity and field data are thus consistent with

penetration through polarization of the plasmoid.12 This is a

necessary, but not sufficient, condition for impulsive penetra-

tion through polarization. In Figs. 9(c) and 9(d), the perpen-

dicular (black curve) and parallel (blue curve) velocity

components are shown. In the vicinity of the magnetopause,

the perpendicular component is larger than the parallel

component, showing the predominantly perpendicular nature

of the plasma transport. The plasma is seen to slow down

as it enters the magnetosphere, bringing the perpendicular

velocity down to the same level as the parallel. This slow-

down can also be seen in the individual components in

Fig. 3.

IV. PARTICLE FLUX ACROSS THE MAGNETOPAUSE

The flux across the magnetopause was computed from

the data, and the result is shown in Figs. 3(s)–3(u). The posi-

tive direction is defined as outward, and hence the negative

flux in the transition region corresponds to plasma moving

into the magnetosphere. Peak and mean values of the flux

during the last 30 min before each spacecraft reached the

magnetopause can be found in Table II. The mean values

approximately correspond to 0.2%–0.5%, and the peak val-

ues to 20%–24% of the 5:7� 1012 m�2 s�1 solar wind flux

that was measured by Wind.

The flux was computed in the following way. First, the

plasma velocity in the magnetosheath vMS was determined

FIG. 7. Color-coded ion temperature

along the orbits of Cluster 1 and 3. The

spacecraft positions at 10:23:58 have

been marked in the figure. The same cy-

lindrical coordinate system as in Fig. 1

is used. Also like in Fig. 1, a scaled

Shue model magnetopause is shown in

the top right corner in the position

where it was encountered by Cluster 3.

FIG. 8. Panel (a) shows the angle a between the plasma velocity measured

by Cluster 3 and the direction from Cluster 3 to Cluster 1. Panel (b) shows

the predicted time of flight from spacecraft 3 to 1 based on the velocity

measurements by spacecraft 3 (green). Panel (c) shows the density measured

by spacecraft 1 (black) and by spacecraft 3 (green). In all panels, the Cluster

3 data, shown by green lines, have been delayed Dt ¼ 20 s, corresponding to

the dashed line in panel (b).

FIG. 9. The upper panels show the perpendicular velocity component v?
(black solid curve) for Cluster 1 (a) and Cluster 2 (b). For comparison, jE�
B=B2j is shown by the red dots. The lower panels (c) and (d) show the per-

pendicular (black curves) and parallel (blue curves) velocity components.

The dashed and solid vertical lines mark the inner and outer boundaries of

the transition region, respectively.
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by taking the mean value of the velocity during 10 min, start-

ing 2 min after the spacecraft passed the outer boundary of

the transition region. The magnetopause is assumed to move

with the velocity vMP, which is perpendicular to vMS. The

magnitude of vMP is estimated by

jvMPj ¼
r1 � r3

tMP1 � tMP3

� ðvMS � rÞ � vMS

jðvMS � rÞ � vMSj
; (1)

where tMP1 and tMP3 are the times when Cluster 1 and 3,

respectively, crossed the outer boundary of the transition

region, and r1 and r3 are the corresponding positions in GSE

coordinates. The estimate was carried out for each space-

craft, and r without subscript is taken to be the position of

the spacecraft in question at the time of the crossing of the

outer boundary. The inclusion of r in the double vector prod-

uct in Eq. (1) serves to remove the azimuthal component of

the magnetopause velocity, i.e., a cylindrically symmetric

magnetopause is assumed. The axis of symmetry can be

computed from the data and is approximately anti-parallel to

the solar wind velocity. For example, the axis of symmetry

computed from Cluster 3 data is in the (0.965, 0.261, 0)

direction, which is 6:4� from being anti-parallel to the solar

wind velocity in Table I. For Cluster 1 and 3, we obtain

jvMPj � 4:8 km/s and 4.5 km/s, respectively. The flux values

were calculated in this moving frame of reference. In a frame

of reference where the magnetopause is at rest, the plasma

velocity in the magnetosheath is parallel to the magneto-

pause. In the GSE frame, we subtract vMP from vMS and nor-

malize to obtain a unit vector v̂tan.

v̂tan ¼
vMS � vMP

jvMS � vMPj
: (2)

We calculate the plasma flux along the magnetopause

normal, which is

N̂ ¼ ðv̂tan � rÞ � v̂tan

jðv̂tan � rÞ � v̂tanj
; (3)

and we obtain N̂ ¼ ð0:51; 0:57; 0:64Þ for Cluster 1 and N̂ ¼
ð0:53; 0:57; 0:64Þ for Cluster 3. Finally, the flux, in the frame

of the moving magnetopause, is found using

C ¼ nðv� vMPÞ � N̂ : (4)

To verify the significance of the computed flux, we com-

puted the ratio jv � N̂ j=jvj of the normal component of the

velocity to the magnitude of the velocity. This is shown in

Figs. 3(p)–3(r). With the definition of the normal above, the

velocity in the magnetosheath should be purely tangential.

Hence, all the non-zero values of jv � N̂ j=jvj in the magneto-

sheath can be seen as noise. In Figs. 3(p)–3(r), the root mean

square value of jv � N̂ j=jvj in the magnetosheath is shown by

a horizontal dashed line, and three times the root mean

square by a horizontal solid line. As expected, these values

are low.

Data points with a large inward flux (C < �2

�1011 m�2 s�1) have been marked by dots in Figs. 3(s)–3(u).

The corresponding dots in Figs. 3(p)–3(r) show that jv �
N̂ j=jvj was above the level of the magnetosheath noise for

data points with a large inward flux everywhere until the

spacecraft reached the inner boundary of the transition region

(shown by the vertical dashed line). Further verification of

the significance of these results is obtained from Fig. 10, in

which distribution functions measured by Cluster 1 are shown

for the two times that are marked by arrows in Fig. 3(s). The

horizontal axes correspond to the direction normal to the

magnetopause and the vertical axes to the v̂tan-direction,

which is parallel to the magnetosheath plasma flow. The vec-

tor v̂tan is defined in Eq. (2). The left hand panel shows the

distribution function at 10:21:11, when the spacecraft was

located inside the magnetosphere and a large inward flux was

measured, as is seen in Fig. 3(s). The distribution function is

observed to be centred on a velocity anti-parallel to the mag-

netopause normal. In the right hand panel, an example of a

magnetosheath distribution is shown. There, the distribution

is displaced vertically in the figure showing that the flow was

tangential to the magnetopause.

Determining the direction of the magnetopause normal

from the plasma velocity in the magnetosheath, we consider

the magnetopause to be the object around which the magne-

tosheath plasma flows. It is seen from Fig. 3 that the velocity

in the magnetosheath is fairly constant, and by determining

the normal from data taken there, we avoid the larger fluctua-

tions of the transition region, where the magnetopause orien-

tation may be fluctuating. Indeed, the magnetopause itself

may not be clearly defined during the penetration process.

The mean flux values in Table II show that there is a net flux

of plasma from the magnetosheath, across the transition

region, and into the magnetosphere.

For comparison we also computed the flux using the

Shue model,35 with the solar wind parameters in Table I as

input, to estimate the direction of the normal of the magneto-

pause. The normal according to the Shue model is (0.69,

0.44, 0.58). The peak fluxes thus obtained are greater than

those calculated according to Eqs. (1)–(4) by about a factor

of two, and the mean fluxes are an order of magnitude

higher. When the Shue model normal is used, a non-zero

mean flux is obtained in the magnetosheath. The Shue model

gives an average shape of the magnetopause, but it does not

provide a good estimate of the magnetopause normal on one

particular occasion. Therefore, the normal from obtained in

Eq. (3) gives better flux estimates. Mean and peak fluxes for

the Shue model magnetopause using Wind data as inputs are

shown in Table II together with those that were obtained

using Eqs. (1)–(4).

TABLE II. Mean and peak cross-magnetopause fluxes during the last

30 min before each spacecraft crossed the magnetopause. The two columns

with numerical values show the flux calculated by Eqs. (1)–(4) as described

in Sec. IV and by using the Shue model with input data from measurements

by the Wind spacecraft to compute the magnetopause normal.

Section IV Shue

Peak flux C1, m�2 s�1 �1:4� 1012 �2:2� 1012

Peak flux C3, m�2 s�1 �1:1� 1012 �2:1� 1012

Mean flux C1, m�2 s�1 �3:0� 1010 �6:1� 1011

Mean flux C3, m�2 s�1 �1:2� 1010 �5:2� 1011
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There are fluctuations on the flux in the magnetosheath

and in the transition region. Farther into the magnetosphere

the inward direction dominates more and more (Figs.

3(s)–3(u)). That the values of the mean flux in Table II are

negative shows that the magnetopause is on average being

penetrated by plasma from the magnetosheath. The large

inward flux data points in Figs. 3(s)–3(u) have also been

marked in the density (Figs. 3(j)–3(l)) and temperature (Figs.

3(m)–3(o)) diagrams, showing that periods of large inward

flux are characterized by high density and low temperature.

This is also seen in the particle spectra shown in Fig. 4.

There are data points where there is no large flux, but the

temperature is relatively low, indicating the presence of a

background of stationary low temperature plasma, which can

also be seen in particle spectra. In Figs. 3(s)–3(u), it is seen

that a significant inward flux is observed as early as 10:17 by

Cluster 3 and at 10:20 by Cluster 1. At these times, the

spacecraft were located approximately half an earth radius

inside the point where they later entered the magnetosheath.

At earlier times, the flux tends to zero, as does the velocity.

The distance to the magnetopause can be seen in Fig. 7,

where the spacecraft positions at 10:24 are marked.

V. ROTATIONAL DISCONTINUITY TEST

In MHD theory of reconnection, the boundary where

reconnection is happening is a rotational discontinuity. The

plasmas on both sides of the discontinuity are magnetically

connected, and the flow acceleration is predicted to be Alf-

vénic.43 We use the test described by Phan et al.43 in their

Sec. 4.1 to find whether or not the magnetopause is a rota-

tional discontinuity. The results are shown in Fig. 11. We

plot the change in the velocity components (red curves) in

two tangential directions as indicated in each panel. The tan-

gential velocity components are compared with the change

in the corresponding tangential magnetic field components

divided by
ffiffiffiffiffiffiffiffiffiffiffiffiffi
l0nmp
p

(blue curves). As reference points we

use the values obtained 7 min after each spacecraft entered

the magnetosheath. The local magnetopause normal was

determined by a minimum variance analysis of the magnetic

field, and was found to be N̂MVA ¼ ð0:47; 0:40; 0:79Þ for

Cluster 1 and N̂MVA ¼ ð0:55; 0:37; 0:75Þ for Cluster 3. Both

these normals differ by 13� from the average normals found

in Sec. IV for Cluster 1 and 3, respectively. The tangential

directions used in panels (a) and (b) were then defined by the

vector product û1 ¼ N̂MVA � ð0; 1; 0Þ and those in panels (c)

and (d) by û2 ¼ û1 � N̂MVA.

For the curves shown in panels (a) and (b), for Cluster 1

and 3, respectively, the agreement between Dv and

DB=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
l0nmp
p

is quite good in the magnetosheath, and in a

thin layer on the inside of the magnetopause for both the

spacecraft. This layer was traversed by the spacecraft during

the last 40–50 s before they reached the magnetopause. Else-

where inside the magnetopause no agreement is seen for ei-

ther of the spacecraft. In the lower panels (c) and (d), which

show Dv and �DB=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
l0nmp
p

, there is agreement between the

two curves for some features in the magnetosheath, but that

agreement does not reach across the magnetopause. These

observations are consistent with the presence of a reconnec-

tion jet on the inside of the magnetopause. However, recon-

nection only couples the plasma on the magnetosheath side

of the magnetopause to a thin sheath on the magnetospheric

side. This is seen in Fig. 11, and it is also what is predicted

by theory, simulations, and experiments on magnetic recon-

nection [see review by Ref. 44].

FIG. 10. Velocity distribution functions

for Cluster 1 at 10:21:11 (left) and

10:53:19 (right). The horizontal axis

shows the velocity component normal

to the magnetopause, and the vertical

axis shows the tangential component

parallel to the magnetosheath flow

direction. The observation times are

marked by arrows in panel (s) of Fig. 3.

FIG. 11. Rotational discontinuity test. The red curves show Dv in the direc-

tion indicated in each panel. The blue curves show DB=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
l0nmp
p

in the same

direction in panels (a) and (b), and �DB=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
l0nmp
p

in panels (c) and (d).

Cluster 1 results are shown in panels (a) and (c) and Cluster 3 in panels (b)

and (d).
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VI. PLASMOID SIZE

Limits of the cross-field width of plasmoids that can pen-

etrate through polarization appear in the literature,45 and large

plasmoids have been seen to break up into smaller plasmoids

in laboratory experiments.16 It is therefore interesting to esti-

mate the width of the plasmoids that are observed here.

For the cross-field distance between two spacecraft, m
and n, we use the projection of the distance between space-

craft on the direction of the polarization electric field. This

can be estimated by

dm;n ¼
jðrn � rmÞ � vm � Bmj

jvm � Bmj
;

where rm;n is the spacecraft position; and vm and Bm are,

respectively, the velocity and magnetic field measured by

spacecraft m. Taking the mean value of this distance over the

time Cluster 1 spent in the transition region, we obtain

d1;3 � 1400 km and d1;4 � 140 km. As we observed in

Sec. II, the data from Cluster 1 and 4 are very similar, show-

ing that these spacecraft passed through the same plasmoids.

The plasmoid width w is thus expected to be much larger

than 140 km. The agreement between Cluster 3 and the other

two is not as good, indicating that it observes the same plas-

moids as the other spacecraft some of the time, but not all of

the time, and therefore d1;3 � 1400 km may serve as an order

of magnitude estimate of w. Estimating the kinetic beta at

the magnetopause from the last data point on the inside of

the outer boundary of the transition region, we arrive at bk ¼
4:5 for both Cluster 1 and Cluster 3. With these parameters,

the boundary between the expulsion and polarization regions

in the theory by Brenning et al.45 is at w � 30 km. Since our

estimate is that the plasmoids are much larger than 140 km,

their theory predicts that penetration should occur through

expulsion in the present case.

Plasmoids could penetrate through an expulsion of the

ambient magnetic field, which is followed by a magnetic dif-

fusion and a convection phase, as outlined by Wessel et al.14

A combination of polarization and expulsion is also possi-

ble.45 Comparing the magnitude of the magnetic field in

Figs. 3(a)–3(c) (black curve) and the density in Figs.

3(j)–3(l) it is possible to find plasmoids, for which the mag-

netic field magnitude inside is higher, that is to say, closer to

magnetosheath values, than in the surrounding plasma, for

example, the plasmoid that is seen by Cluster 1 and 3 at

10:25. However, there are also plasmoids that do not have a

clear magnetic signature. Thus, we cannot clearly distinguish

between expulsion and polarization, and since both can occur

at the same time,45 it may not always be possible to make

such a distinction. The dependence of the penetration on

plasmoid size remains an open question, which is a suitable

topic for laboratory experiments and simulations, as well as

further multi-spacecraft measurements.

VII. CONCLUSIONS AND DISCUSSION

We have presented data from the Cluster satellites,

showing a plasma flux from the magnetosheath into the

magnetosphere. Plasma with the characteristics of the mag-

netosheath, i.e., lower temperature and higher density than

the magnetospheric plasma, is seen in the magnetosphere,

and as far inside as half an earth radius from the magneto-

pause an inward flux is observed. It is seen from the particle

spectra and from the density and temperature diagrams that

the magnetosheath plasma enters the magnetosheath as plas-

moids of finite extent. We can trace plasmoids moving from

one spacecraft to the next and find good agreement between

the plasmoid time of flight and the measured plasma veloc-

ity. The magnetic field magnitude inside the plasmoids is

closer to the values in the magnetosheath than the surround-

ing plasma in some, but not all, cases. The cross-field width

of the plasmoids is much greater than 140 km, and the cross-

field distance between spacecraft 1 and 3 of 1400 km will

serve as an order of magnitude estimate. These observations

are consistent with plasma entry through impulsive penetra-

tion,9 where the plasmoids enter by both expulsion of the

local magnetic field and by polarization14 or a combination

of the two.45

Although we interpret our observations in terms of im-

pulsive penetration, the applicability to this case of other

models that have been proposed in the literature deserves a

brief discussion. Impulsive reconnection on the dayside mag-

netopause in flux transfer events3,4 can connect field lines

that previously were closed to open solar wind field lines.

Then solar wind plasma can enter along these field lines,

creating field-aligned beams and magnetic bubbles in the

process.46 As proposed by Dungey,47 the plasma thus entered

remains magnetically connected to the magnetosheath

plasma moving with it toward the tail where reconnection

again can form closed field lines, on which the newly entered

plasma becomes trapped. Subsequently, in Dungey’s picture,

the plasma that entered while the field lines were open flows

back around the earth, populating the dayside magneto-

sphere. While it is likely that reconnection is happening

during our observations, it cannot explain these, because we

measure plasma transport straight through the magneto-

sphere on the dayside, rather than plasma taking the long

road via the cusp and the tail.

Reconnection can also occur in the magnetospheric

lobes, particularly for a northerly directed interplanetary

magnetic field,5 and this process can attach fluxtubes con-

taining magnetosheath plasma to the outside of the dayside

magnetopause, creating a thick boundary layer. This process

does, however, require a strong northward interplanetary

magnetic field,6 and in the present case the northward com-

ponent of the interplanetary magnetic field was much smaller

than the component in the ecliptic plane.

The Kelvin-Helmholtz instability is thought to be re-

sponsible for transport of plasma into the magnetosphere

along its flanks at the terminator plane and further down-

stream in the tail. However, to cause transport, it would need

to reach a non-linear stage, which is unlikely at the dayside

magnetopause.7,8 In the vortices that form in the non-linear

stage of the instability, low density plasma moves tailward

faster than the magnetosheath plasma.48 We do not observe

this, nor the periodic signatures that would be expected from

the instability in both the linear and non-linear stages. On the
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contrary, the magnetopause is not oscillating, as is seen in

magnetic data, where each spacecraft crosses the magneto-

pause only once, and by the steady increase in density that is

measured as the spacecraft move across the magnetopause.

We conclude that the Kelvin-Helmholtz instability is not

responsible for the plasma transport reported here.

Cluster data from the same period of time that is pre-

sented here have previously been analysed by Fear et al.2 In

their interpretation, the spacecraft approached a smooth gra-

dient intermittently, due to oscillations in the magnetopause

position. That interpretation is consistent with the observa-

tions only when each spacecraft is viewed separately. Using

simultaneous measurements on two of the Cluster spacecraft

it is seen, in Fig. 5, that the magnetopause was moving

slowly and only in the inward direction. Thus, the large fluc-

tuations on the spacecraft in the magnetosphere were not

caused by magnetopause motion. Instead, they were caused

by plasmoids of magnetosheath plasma that had penetrated

the magnetopause. With simultaneous measurements on

two spacecraft, the inward plasmoid motion can be traced

(Fig. 8) from one spacecraft to the next. The direction of the

velocity of the plasmoids traced in this way shows that they

came from the magnetopause, and by simultaneous measure-

ments of the ion spectra it is seen that they are detached

from it (Figs. 6 and 7).

Fig. 12 shows a sketch of the plasmoid motion. In the

magnetosheath, the plasmoids move predominantly in a tan-

gential direction with respect to the magnetopause. Superim-

posed on the tangential motion some plasmoids have an

inward and some an outward velocity component along the

magnetopause normal. Further in, the motion is increasingly

directed inwards, because only plasmoids with a large

inward velocity can reach that far in that direction. Inward

moving plasmoids that are detached from the magnetopause

are seen inside the magnetosphere. The plasmoids slow

down as they enter the magnetosphere, and once they have

stopped they are likely to stay there and contribute to the

magnetospheric plasma density. In summary, by observing

plasmoids of magnetosheath origin penetrating the magneto-

pause, we have shown that the impulsive penetration mecha-

nism, which is known from laboratory experiments on

magnetic barriers, also is active in space.
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