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Abstract. We report Double Star spacecraft observations
of the dusk-flank magnetopause and its boundary layer un-
der predominantly northward interplanetary magnetic field
(IMF). Under such conditions the flank low-latitude bound-
ary layers (LLBL) of the magnetosphere are known to
broaden. The primary candidate processes associated with
the transport of solar wind plasma into the LLBL are: (1)
local diffusive plasma transport associated with the Kelvin-
Helmholtz instability (KHI), (2) local plasma penetration
owing to magnetic reconnection in the vicinity of the KHI-
driven vortices, and (3) via a pre-existing boundary layer
formed through double high-latitude reconnection on the
dayside. Previous studies have shown that a cold population
of solar wind origin is typically mixed with a hot population
of magnetospheric origin in the LLBL. The present observa-
tions show the coexistence of three distinct ion populations
in the dusk LLBL, during an interval when the magnetopause
is unstable to the KHI: (1) a typical hot magnetospheric pop-
ulation, (2) a cold population that shows parallel temperature
anisotropy, and (3) a distinct third cold population that shows
perpendicular temperature anisotropy. Although no unam-
biguous conclusion may be drawn from this single event, we
discuss the possible mechanisms at work and the origin of
each population by envisaging three likely sources: hot mag-
netospheric plasma sheet, cold magnetosheath of solar wind
origin, and cold plasma of ionospheric origin.
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1 Introduction

The magnetopause boundary layers have been the subject of
intensive study over the years (e.g. Rosenbauer et al., 1975;
Eastman et al., 1976; Mitchell et al., 1987). Their formation
has been attributed to several plasma entry mechanisms, of
which magnetic reconnection (e.g. Song and Russell, 1992;
Paschmann et al., 1993; Fuselier et al., 1997) and diffusive
entry, including the Kelvin-Helmholtz instability (e.g. Tera-
sawa et al., 1997; Johnson and Cheng, 1997, 2001; Fujimoto
et al., 1998; Hasegawa et al., 2004), are the most favored (see
also Scholer and Treumann, 1997, and Sibeck et al., 1999, for
reviews).

The mechanism at work primarily depends on the IMFBZ.
Under southward IMF, magnetic reconnection allows plasma
to flow through the dayside magnetopause, probably in a
continuous (although possibly sporadic) and efficient fashion
(Dungey, 1961; Cowley, 1982). Under northward IMF, how-
ever, it is unclear which of the above-mentioned mechanisms
is most efficient. High-latitude reconnection is most likely to
occur at the magnetopause tailward of the cusps (e.g. Kessel
et al., 1996; Safrankova et al., 1998; Lavraud et al., 2002).
Song and Russell (1992) proposed that the formation of the
low-latitude boundary layer (LLBL) may stem from recon-
nection occurring in both hemispheres for the same magnetic
field lines, thus capturing solar wind plasma on newly closed
field lines. This scenario was given support through satellite
observations (Le et al., 1996; Onsager et al., 2001; Lavraud
et al., 2005, 2006) and MHD simulations (e.g. Ogino et al.,
1994; Fedder and Lyon, 1995; Raeder et al., 1997; Song et
al., 1999; Li et al., 2005).

Diffusive processes have been suggested to occur at the
magnetopause (e.g. Terasawa et al., 1997; Lee et al., 1994;
Johnson and Cheng, 1997, 2001; Wing et al., 2006), but
their efficiency has often been questioned (e.g. Scholer and
Treumann, 1997; Bauer et al., 2001). The Kelvin-Helmholtz
instability is not a plasma entry mechanism per se, but its
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occurrence is believed to be important for plasma transport at
the flank magnetopause, in particular under northward IMF
as it may allow local plasma penetration by favoring both
magnetic reconnection (Otto and Fairfield, 2000; Nykyri and
Otto, 2001) and diffusive processes (e.g. Matsumoto and
Hoshino, 2006; Smets et al., 2007).

Some studies have suggested that double high-latitude re-
connection is sufficient to form the LLBL and cold-dense
plasma sheet (CDPS: Fujimoto et al., 1998) under north-
ward IMF (Øieroset et al., 2005; Li et al., 2005). How-
ever, Hasegawa et al. (2004) noted that several observational
facts argue against double high-latitude reconnection as a
sufficient mechanism: (1) the thickness of the cold-dense
boundary layers increases with distance away from the nose,
as shown by Mitchell et al. (1987), indicating that plasma
continuously enters along the flanks; (2) the occurrence of
stagnant or even weakly sunward flow in the cold-dense
boundary layers appears inconsistent with tailward transport
of boundary layers formed on the dayside; (3) the stronger
dependence of the flank cold-dense plasma occurrence fre-
quency on IMF orientation, as compared to that in the sub-
solar region, is indicative of different entry processes; and
(4) the continued high density of the boundary layer plasma
well down on the flanks, at distances where flux tubes filled
at the dayside would need to have expanded substantially, is
not consistent with the expected adiabatic density decrease.

Finally, recent studies have shown a dawn-dusk asym-
metry of the ion energy spectrum of the plasma sheet and
LLBL under northward IMF conditions (Fujimoto et al.,
1998; asegawa et al., 2003, 2004; Wing et al., 2005). This
asymmetry is characterized by the predominance of a two-
component ion energy distribution on the dusk flank, con-
sisting of a cold-dense component of solar wind origin and a
hotter magnetospheric population. On the dawn flank, these
two components are less easily discerned and the popula-
tion has been considered as a single, broader mixed distribu-
tion. The preferential dawn-dusk magnetic drift of energetic
ions in the tail has been suggested to explain the preferen-
tial appearance of the hot magnetospheric population at dusk.
Nishino et al. (2007a) investigated the characteristics of the
(single) cold ion component at the dusk LLBL and found that
it has stronger parallel anisotropy at larger distances down-
tail. Here we will show that, at least for the present event,
the cold-dense ion population observed in the LLBL at dusk
may in fact consist of two distinct populations, in addition to
the hot population of magnetospheric origin.

Whether the Kelvin-Helmhotz instability substantially
drives transport of plasma into the magnetosphere is still
under debate. Understanding the signatures associated with
plasma entry at the flanks is key to determining the efficiency
of the various proposed entry mechanisms under northward
IMF.

2 Summary of previous study by Taylor et al. (2008)

In the present paper we show Double Star 1 observations of
a magnetopause crossing on 5 December 2004. A multi-
spacecraft study of this event was presented previously by
Taylor et al. (2008). They discussed the formation of the
LLBL and CDPS during this event in terms of the differ-
ences and similarities observed at several spacecraft located
at various positions in the magnetosphere and along the dusk
magnetopause.

Taylor et al. (2008) examined the nature of the quasi-
periodic fluctuations at the flank magnetopause (also shown
in the current paper in Fig. 1). By using an MHD simula-
tion, seeded with in-situ measurements, it was shown that the
local magnetopause conditions were conducive to the devel-
opment of the KHI. Further analysis of general properties of
the plasma and field fluctuations led to the conclusion that the
boundary waves were rolled up into vortex structures. This
conclusion was drawn from the occurrence of large tailward
flows (larger than that of the magnetosheath itself) charac-
terized by relatively low densities (typical of the magneto-
sphere). Such feature may only be expected for fully rolled-
up vortex geometries, as explained in details by Hasegawa
et al. (2006), and has been proposed as an indication of lo-
cal plasma transport through the boundary (Hasegawa et al.,
2004, 2006). In the present paper, we focus only on the ion
distribution functions observed by Double Star-1 within the
boundary layers.

3 Observations

We use data from the Double Star 1 spacecraft, in particular
from the Hot Ion Analyzer (HIA; R̀eme et al., 2005), which
measures full three-dimensional (3-D) ion (without mass dis-
crimination) distribution functions in the energy range 5–
32 keV/q (32 energy steps) every spin (4 s), with an angu-
lar resolution of 11.25◦×22.5◦. The moments shown here
come from straight integration of the distribution functions
onboard the spacecraft. The full 3-D distributions transmit-
ted on ground and from which the distributions in this pa-
per are draw are accumulated over 2 spins (8 s) and have an
angular resolution of 22.5◦×22.5◦. We also use spin resolu-
tion magnetic field measurements from the Flux Gate Mag-
netometer (FGM; Carr et al., 2005). Solar wind conditions
are taken from high resolution OMNI data (King and Papi-
tashvili, 2005). We show ACE magnetic field (Smith et al.,
1998) and plasma (McComas et al., 1998) measurements.
The OMNI data are time-shifted to the bow shock nose.

Figure 1 shows an overview of the Double Star and ACE
data for the time period 17:40–21:20 UT on 5 December
2004, with Double Star location given at the bottom. Dur-
ing the time period shown, Double Star is located at the
dusk flank magnetopause close to the terminator, and having
just passed apogee, is inbound to the magnetosphere. At the
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Fig. 1. Double Star 1 and ACE data for the time period 17:40–21:20 UT on 5 December 2004. The panels show the HIA ion (1) omni-
directional energy-time spectrogram, (2) density, (3) velocity components in GSM coordinates, and (4) parallel and perpendicular tempera-
ture. The following panels show (5) FGM magnetic field components in GSM, (6) ACE solar wind velocity magnitude and density, and (7)
ACE magnetic field components in GSM. Double Star 1 location is indicated below the time axis. Three arrows show the time at which the
ion distributions of Fig. 2 were sampled.

beginning of the period, denoted interval (A) in Fig. 1, the ion
and magnetic field observations are characterized by quasi-
periodic fluctuations. The spacecraft alternatively samples
pristine cold, flowing magnetosheath plasma and somewhat

hotter, more tenuous plasma typical of flank boundary lay-
ers. The period of the fluctuations is∼2–3 min, in agreement
with previous observations of Kelvin-Helmholtz-driven fluc-
tuations (e.g. Fairfield et al., 2000) and the data is consistent
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Fig. 2. Double Star 1 ion distribution functions in the form of cuts
in the (V//, V⊥) plane (relative to the magnetic field). The times
at which these distributions were sampled are shown with arrows
in Fig. 1. Note that these plots are zooms which show the distribu-
tions only for ion speeds up to 1000 km/s. The right-hand column
shows ion distribution functions in phase space density units (PSD)
(s3 km−6), while the left-hand column shows the same distributions
in energy flux units (JE) (keV cm−2 s−1 sr−1 keV−1). The circles
in (a), (c) and(e), and the arrow in(b) are used to emphasize parts
of the distribution discussed in the text.

with the occurrence of rolled-up vortices, as shown previ-
ously in Taylor et al. (2008). The following interval (B) is
characterized by a hotter, more tenuous population typical of
flank LLBL. As shown in the next paragraph, several popu-
lations coexist in this boundary layer region. During the last
interval (C), the predominant ion population observed is a hot
population (panel 1), although weak fluxes are also observed
at lower energies. This hotter and more tenuous population
is the plasma sheet and is typically observed inward of the
LLBL.

In Fig. 2 we show three representative ion distribution
functions from intervals (B) and (C) in Fig. 1. Ion dis-
tribution functions from the flowing magnetosheath are not
shown. These are trivially very distinct from those shown in

Fig. 2. All distribution functions show cuts in the (V//, V⊥)

plane (relative to the magnetic field). Note that these plots
show zooms on the core of the distributions and that the ve-
locity scale has been reduced to emphasize the distributions.
The actual highest velocities (i.e. energies) measured by HIA
are more than twice higher than the limit of 1000 km/s shown
in these plots. The right-hand column shows ion distribu-
tion functions in phase space density units (PSD) (s3 km−6)

and the left-hand column shows the same distributions in en-
ergy flux units (JE) (keV cm−2 s−1 sr−1 keV−1). While en-
ergy flux is not typically used to display such distribution
functions, it is used here to better highlight the presence of
several embedded populations at the lowest energies.

The key observation here is the ion distribution function
from 18:27:55.750 UT shown in Fig. 2a and b and which
shows the presence of two distinct populations at low ener-
gies (one part of each is indicated by circles in Fig. 2a). The
first cold population is observed as a primarily bi-directional
population, elongated along the magnetic field direction. It
is thus characterized by a parallel temperature anisotropy
(T//>T⊥). The second cold population is primarily observed
in the perpendicular direction; it is characterized by a perpen-
dicular temperature anisotropy. That those two populations
are indeed distinct is observable in the fact that the phase
space densities (Fig. 2b) and energy fluxes (Fig. 2a) at about
45◦ from both the field-aligned and perpendicular directions
show dips in the absolute PSD and JE values. We indicate
one such dip with an arrow in Fig. 2b. Because the dips ob-
served in the parallel and anti-parallel directions are mea-
sured by different anodes, and because no dips are observed
in adjacent regions, they are not the result of an instrumental
problem.

That the two populations observed in Fig. 2a and b are dis-
tinct is further confirmed by considering Fig. 2c and d, from
18:36:46.667 UT. At this particular time within the boundary
layer, a temporal or spatial change occurs, which likely led
the spacecraft to sample an innermost region of the boundary
layer so that the hotter magnetospheric ion population ap-
pears, primarily in the perpendicular direction, as indicated
by the right-most circle in Fig. 2c. We note the continued ex-
istence of the cold bi-directional ion population with parallel
temperature anisotropy (again indicated by a black circle).
Finally, a characteristic ion distribution function of the hot
plasma sheet from the end of interval (C) (Fig. 1) is shown in
Fig. 2e and f. It shows a hot ion population with perpendicu-
lar temperature anisotropy, as expected for such a region.

The interesting feature of Fig. 2c and d is that the cold ion
population showing parallel temperature anisotropy is clearly
present. It has the same characteristics as in Fig. 2a and b and
is here mixed with the hotter plasma sheet ion population.
However, the second, cold population primarily observed in
the perpendicular direction in Fig. 2a and b is not present at
this time. This also suggests that the two cold populations
observed in Fig. 2a and b are distinct and possibly the result
of different entry mechanisms and/or origins.
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We note that the absolute values of the parallel and per-
pendicular temperatures (panel 4 of Fig. 1) are somewhat
variable during interval (B). However, ion distribution func-
tions showing the presence of two cold populations, such as
in Fig. 2a and b, are observed throughout interval (B), apart
from the short interval when the distributions of Fig. 2c and
d are sampled. No time-aliasing effect is therefore expected.

The IMF is strongly northward during interval (A) in
Fig. 1, but it rotates towards a more horizontal direction
(dominantBY >0) during the first part of interval (B). This
fact could lead us to believe that processes other than the
Kelvin-Helmholtz instability (e.g. magnetic reconnection)
may be locally active at such times, owing to this new IMF
orientation (or that KHI activity is not limited to strongly
northward IMF periods). This would complicate the inter-
pretation of the ion distribution functions given in Sect. 4
below. However, the distribution function of Fig. 2a and b is
sampled very close to the magnetopause, at a time when the
local magnetosheath field was strongly northward just a few
minutes before (and had been for a substantial time). There-
fore, we believe that this distribution function is character-
istic of the Kelvin-Helmholtz-unstable magnetopause at the
dusk flank, at least for this event.

Finally, we note that no counterpart to these three ion pop-
ulations have been discerned in the electron distribution func-
tions. The higher thermal velocity of electrons renders such
a distinction much harder than for ions.

4 Discussion

As suggested by Hasegawa et al. (2004, 2006), such a rolled-
up magnetopause may imply local plasma transport. The
Kelvin-Helmholtz instability can be envisaged as a mech-
anism of solar wind entry mediated by diffusion, as a re-
sult of secondary instabilities, wave-particle interaction, etc.
(e.g. Wilber and Winglee; 1995; Jonhson and Cheng, 2001;
Sibeck et al., 1999; Matsumoto and Hoshino, 2006; Smets
et al., 2007). As proposed by several authors (Otto and Fair-
field, 2000; Nykyri et al., 2006; Nishino et al., 2007b, c) the
development of KHI-driven vortices can induce magnetic re-
connection in the vicinity of rolled-up structure and hence
solar wind entry. Under northward IMF, numerous studies
have provided evidence for the occurrence of double high-
latitude reconnection (see introduction). That a pre-existing
boundary layer formed via this mechanism was present prior
to the occurrence of the KHI along the flanks is also envis-
aged in the following. Together with the solar wind plasma
entry mechanisms involved, we now discuss of the ion pop-
ulations observed during this event.

4.1 Origin of the hot population with perpendicular tem-
perature anisotropy

The hot ion population with perpendicular temperature
anisotropy (observed in Fig. 2c, d, e, and f), and that is
primarily observed during interval (C) in Fig. 1, obviously
comes from the magnetotail plasma sheet. It is believed to be
preferentially observed in the dusk LLBL as a result of mag-
netic drifts (Fujimoto et al., 1998; Hasegawa et al., 2003).

4.2 Origin of the cold population with perpendicular tem-
perature anisotropy

Ion populations with perpendicular temperature anisotropy
have been observed in the dawn LLBL (e.g. Hasegawa et
al., 2003), and particle simulations have shown that dif-
fusive transport via the KHI may lead to ion perpendicu-
lar anisotropy in the boundary layers (Wilber and Winglee,
1995). Wing et al. (2006) also proposed that diffusion by
Kinetic Alfv én Waves (KAW) can explain such anisotropy
at dawn, on the basis of the work by Johnson and Cheng
(1997, 2001). As discussed by Sibeck et al. (1999), the de-
velopment of the KHI may further generate KAW-induced
diffusion. Therefore, the cold ion population showing a per-
pendicular anisotropy may be the result of diffusive transport
owing the KHI.

Another possibility is that this population comes from a
pre-existing boundary layer formed by double high-latitude
reconnection on the dayside. As shown by Nishino et
al. (2007a), the LLBL on the dayside show less parallel tem-
perature anisotropy, i.e., are more isotropic, than in the night-
side. The LLBL on the dayside are not generated by the KHI
owing to the lack of velocity shear there. The double high-
latitude reconnection origin is thus also plausible.

Cold ionospheric plasma tends to be field-aligned when
observed in the tail. This is due to the conservation of the first
adiabatic invariant along magnetic field lines (with decreas-
ing field magnitude). An ionospheric source for the cold ion
population with perpendicular anisotropy is thus less likely.

4.3 Origin of the cold population with parallel temperature
anisotropy

Diffusion within Kelvin-Helmholtz vortices leading to the
entry of solar wind plasma with parallel temperature
anisotropy has never been suggested to the author’s knowl-
edge, apart from the very specific case of Smets et al. (2007)
for an anti-parallel field orientation. However, reconnec-
tion induced in the KHI-driven vortices, as suggested in both
modeling and observational studies (e.g. Otto and Fairfield,
2000; Nykyri et al., 2006; Nishino et al., 2007b, c) may lead
to flows along the magnetic field near the KHI vortices. In
Nykyri et al. (2006), three cases of parallel ion beams were
observed which were interpreted as reconnection signatures
due to the KHI. These dawn flank observations were made
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under strong tangential IMF conditions. In the current case,
although on the dusk flank, draping of the IMF during the pe-
riod of dominant tangential (+YGSM) component could pro-
duce similar conditions. It is thus possible that the cold ion
population with parallel temperature anisotropy is the result
of reconnection having occurred both north and south of the
spacecraft, i.e. in order to explain the bi-directionality, as
suggested by Nishino et al. (2007c).

Another plausible explanation is that this population
comes from double high-latitude reconnection. This possi-
bility is supported by the observation of Fig. 2c and d, where
only the cold population with parallel temperature anisotropy
is observed (together with the hot plasma sheet). Such dis-
tribution functions (Fig. 2c and d) are typically seen dur-
ing the early part of interval (C) in Fig. 1, i.e. at the tran-
sition between the LLBL and the plasma sheet (Fig. 2e and
f). Thus, the cold ion population with parallel temperature
anisotropy seems to be observed on the more inner parts of
the LLBL. This may be consistent with it having been built
prior to the ongoing KHI locally at the boundary. On the
other hand, there is no clear explanation as to why a popu-
lation formed via double high-latitude reconnection should
show such anisotropy, or why it should retain it during trans-
port from the dayside. This explanation is also incompatible
with the observation of Nishino et al. (2007a, b) that the cold
population is more isotropic on the dayside than in the tail
LLBL.

Finally, a plausible explanation is that the cold ion popu-
lation with parallel temperature anisotropy comes from an
ionospheric source (outflows), which as explained above
should exhibit such anisotropy. However, we also note that
ionospheric outflow is found to be weaker under periods of
Northward IMF (Øieroset et al., 1999). This source may not
be confirmed here since the HIA instrument on Double Star
does not allow for species determination.

5 Concluding remarks

We have presented ion distribution functions in the low-
latitude boundary layer (LLBL) at the Kelvin-Helmholtz-
unstable dusk flank magnetopause. These undoubtedly show
the presence of two cold ion populations, one showing a par-
allel temperature anisotropy and the second showing a per-
pendicular one, together with the typical hot plasma sheet
population. This is to be contrasted with previous studies of
the LLBL that generally were considering a single cold ion
population (see introduction).

That such ion distribution functions have not been reported
previously may stem from: (1) the lack of detectors with suf-
ficient energy-angular resolution, (2) the location of the ob-
servation; proximity to the terminator may correspond to the
beginning of plasma entry mediated by the Kelvin-Helmholtz
instability while more scattering may be expected as time
elapses along the flanks downtail, and (3) the possible exis-

tence of an ionospheric population which may not be always
present at the flanks.

No definitive conclusion may be reached for the origin of
the two cold ion populations, and for the solar wind plasma
entry mechansims that could lead to such properties. In fu-
ture work we will look for more events, focusing on Clus-
ter dataset with composition measurements. Also, modeling
efforts directed towards determining the anisotropies of the
solar wind-originated ions in the LLBL would be most rele-
vant.
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