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Abstract. We study one event of reconnection onset asso-
ciated to a small substorm on 27 September 2006 by using
Cluster observations at inter-spacecraft separation of about
10 000 km. We focus on the acceleration of suprathermal
electrons during different stages of reconnection. We show
that several distinct stages of acceleration occur: (1) moder-
ate acceleration during reconnection of pre-existing plasma
sheet flux tubes, (2) stronger acceleration during reconnec-
tion of lobe flux tubes, (3) production of the most energetic
electrons within dipolarization fronts (magnetic pile-up re-
gions). The strongest acceleration is reached at the loca-
tion of Bz maxima inside the magnetic pile-up region where
the reconnection jet stops. Very strong localized dawn-dusk
electric field are observed within the magnetic pile-up re-
gions and are associated to most of the magnetic flux trans-
port.

Keywords. Magnetospheric physics (Magnetotail) – Space
plasma physics (Magnetic reconnection)

1 Introduction

Suprathermal tails in electron distribution functions are com-
monly observed in the Earth magnetotail and their pres-
ence has been associated to the magnetic reconnection pro-
cess (Terasawa and Nishida, 1976; Hoshino et al., 2001).
There are different mechanisms accounting for the en-
ergization of such electrons. Electrons are thought to
be first accelerated by the reconnection electric field at
the X-line (Øieroset et al., 2002; Pritchett, 2006; Retiǹo
et al., 2008) and then further accelerated around the X-
line within magnetic flux pile-up regions (Hoshino et al.,
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2001; Imada et al., 2007) and/or magnetic islands (Pritch-
ett, 2008; Retiǹo et al., 2008; Oka et al., 2010). At larger
spatial scales, betatron acceleration is efficient enough to ac-
count for the observed fluxes of energetic electrons (Åsnes
et al., 2008) as confirmed by recent observations and sim-
ulations (Khotyaintsev et al., 2011; Ashour-Abdalla et al.,
2011), although other studies indicate that the accelera-
tion mechanisms can be more complex (Asano et al., 2010;
Retiǹo et al., 2011).

The most energetic suprathermal tails are very often as-
sociated to the magnetic pile-up regions forming ahead of
fast earthward reconnection jets (Khotyaintsev et al., 2011;
Fu et al., 2011). Pile-up region forms close to the recon-
nection site and can propagate relatively undisturbed over
large distance,−20RE to −11RE (Nakamura et al., 2009;
Runov et al., 2009). The front edge of magnetic flux pile-
up regions is often in literature referred to as dipolarization
front. Such regions can have sub-ion-scale structure associ-
ated to strong DC electric fields and electromagnetic fluctua-
tions however their role in suprathermal electron acceleration
is not yet clear (Sergeev et al., 2009; Retiǹo et al., 2011).

Here we present one case of Cluster observations where
energization of electron suprathermal tails to different ener-
gies can be explained by different stages of the reconnection
in the magnetotail.

2 Observations

2.1 Event overview

We present Cluster observations during the time period
27 September 2006 17:10–17:26 UT. Cluster is located in the
tail with inter-spacecraft separation of about 10 000 km, see
Fig. 1. C4 is the closest to the Earth. All the satellites are
located slightly towards the evening side from the midnight
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Fig. 1. Spacecraft location. Top panel shows the sketch of space-
craft location within the magnetosphere. The bottom panel show
the spacecraft configuration in GSM reference frame. The dotted
line shows the projection of the magnetic field observed by C2 in
XY-plane.

meridional plane, with C2 atY = 3.9RE being the furthest
from midnight. During the event all spacecraft were located
south of the current sheet.

We use measurements of magnetic field (FGM instru-
ment), electric field (EFW), ions (CIS) and electrons
(PEACE, RAPID) (Escoubet et al., 1997).

Figure2 is the overview of the event as observed by C4,
that is the spacecraft measuring the largest suprathermal elec-
tron fluxes. In the plot we have identified several characteris-
tic time instants labelled “A” to “F” and in the text we refer to
them only by their label (e.g. “after ‘A’” will be used instead
of “after the time ‘A’”).

Figure2a shows the magnetic field. Initially (“A”)Bx is
the dominant component indicating an elongated magneto-
tail. Around “B” the magnetic field amplitude starts to de-
crease and it reaches a local minimum between “C” and “D”,
whenBz starts to increase whileBx is approximately con-
stant. Between “D” and “E”Bz is the dominant component
and the topology of tail has a more dipolar topology. Fig-
ure 2b shows the proton velocity. Note that the data are
noisy due to low count statistics. In the beginning of the
event “A–B” no significant flows are observed and ion den-
sity is low, Fig. 2c. After ”B” fast earthward flows up to
800 km s−1 are observed. Afterwards the flows decrease, but
again large earthward flows occur in the interval “D”–“E”.
The flows become tailward in the interval “E”–“F”. Fast
earthward/tailward flows can be seen also during the later
part of the event. Figure2d shows measurements of the
suprathermal electron fluxes. The fluxes in the beginning of
the interval are close to the noise level. They start to gradu-
ally increase around ”B” and reach the largest values around
“E”. After this time interval the fluxes decrease, although
one can see a few sharp variations also later during the event.
Figure2e shows the spectrogram of the differential energy
flux of electrons in the thermal range (<30 keV). In the be-
ginning of the event low fluxes of electrons are seen and thus
the satellite is within the lobe or at boundary between the
lobe and the plasma sheet boundary layer. Typical electron
energies are low, below 1 keV. Starting with “C” more ener-
getic electrons (a few keV) are observed and after “D” ener-
gies go up to 10 keV. Such energetic electrons are observed
during all later part of the event.

2.2 Ground observations

Figure 3 shows the relation between observations on the
ground and in space. Figure3a shows the AE/AU/AL/AO
indices. The onset of the substorm occurs about 1 min after
“E”, around 17:24 UT and the substorm becomes fully devel-
oped around 17:26 UT. Figure3b shows the measurements
from the equatorial station: Pi2 pulsations can be clearly seen
with onset just before “C”. The onset of Pi2 pulsations is al-
most 5 min before the substorm onset. Figure3c showsBz
component from C2 and C4. The onset of Pi2 pulsations
is about 2 min after the observations of the first increases in
Bz by C2. The discussion part gives the possible explana-
tion of the observed time delays between space and ground
observations.

2.3 Multi-spacecraft observations

Figure4 shows comparative observations among all Cluster
spacecraft. Figure4a showsBz component. All four space-
craft observe a magnetic pile-up region in the interval “D–E”,
whereBz goes from a few nT to average values above 5 nT.
C4, which is the closest to the Earth, observes the highest
values ofBz ∼ 15 nT at “E”. Figure4b showsBx component
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Fig. 2. Overview observations by C4.(a) magnetic field,(b) H+ velocity, (c) energy spectrogram of H+ ions, (d) suprathermal electron
energy spectrogram (RAPID instrument),(e)electron spectrogram (PEACE instrument).

that is a good indicator of how deep in the current sheet satel-
lites are. C3, according to Fig.1, is the furthest from the cur-
rent sheet and consistently it observes the most negativeBx
values throughout the event.

One can see that in the interval “A–B” and around “F”
all satellites observe similar magnetic fields (with small vari-
ations) while in the time interval “C–E” large differences
among the spacecraft are found. This indicates that in the
interval “A–B” and later around “F”, there were only large
scale currents flowing (on the scale of spacecraft separation
∼10 000 km) and at the spacecraft locations the magneto-
sphere changed from stretched to more dipolar magnetic field
topology. On the other hand, in the interval “C–E”, the situ-
ation is more dynamic and small-scale current structures are
present.

Figure4c shows the differential energy flux of suprather-
mal electrons (energy range 68–95 keV) from all spacecraft.
It can bee seen that the highest fluxes are observed by C4,
the spacecraft closest to the Earth, and that the highest flux is
reached around “E” when alsoBz has the highest amplitudes.
This is also the time when the plasma flow, see Fig.2b is
turning from being earthward to being tailward. All satellite
show the same trend that the highest fluxes correlate with the
time interval of highestBz values. It is also seen that the ini-
tial increase in suprathermal electron fluxes occurs stepwise.
The first stepwise increase is observed almost simultaneously
by C2 and C4 at “B” and the second stepwise increase is
seen by C2 and C4 a few minutes later at “C”. In addition,
C2 observes additional stepwise increase at “D”, while flux
increase seen by C4 during that time is more smooth. Also
C1 and C3 observe stepwise increases in electron fluxes but
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Fig. 3. Correlation between space and ground observations.
(a) AE/AU/AL/AO indices, (b) Kanoya stations ground magne-
tometer data,(c) Bz component from C2 and C4.

those are not correlated to the flux increases observed by C2
and C4, except for the one observed by C1 around “D”.

Figure4d shows the time integral of dawn dusk electric
field as observed by satellites C1,C2 and C4. The data from
C3 are not shown because it spends most of the time far out
in the lobes where the electric field measurements by the
EFW instrument suffers from wake effects. To make eas-
ier the interpretation of the dawn-dusk electric field time in-
tegral we present it in the units of magnetic flux transport.
The electric field in general has the same unit as magnetic
flux transport. The dawn dusk electric field corresponds to
the magnetic flux transport in the X-Z plane. When mag-
netic field is predominantly in Z-direction it corresponds to
transport in earthward or anti-earthward direction and when
magnetic field is predominantly in X-direction it corresponds
to transport in north or south direction. The time integral of
electric field can be expressed as the distance travelled by a
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Fig. 4. Overview observations by all four Cluster spacecraft.(a)Bz,
(b) Bx, (c) suprathermal energy flux at one energy channel of
RAPID instrument,(d) integral ofEy expressed in units of mag-
netic flux transport (distance that magnetic flux tubes would be
transported if magnetic field magnitude was 20 nT, a typical value
in the lobe),(e)electron temperature,(f) electron density.

magnetic flux tubes. In our case, the magnetic flux transport
we measure as how large distance we would need to trans-
port magnetic flux tubes having magnetic field amplitude of
20 nT. In our event, this is a typical strength of magnetic field
in the lobe around “A”. Figure4d shows that on C1 and
C2 there is large jump (around 10RE) just after “D” when
magnetic flux pileup region hits C1 and C2. Integrating cor-
responding dawn-dusk electric field between C1 and C2 at
the location of the jump would give potential drop of the or-
der several hundred kV. The positive jump corresponds to the
magnetic flux transport across the spacecraft in the earthward
direction. However, C4 does not observe such jump. C4 ob-
serves a fewRE increase after “D”, corresponding to earth-
ward transport of magnetic flux in the beginning of magnetic
flux pileup region, and a fewRE decrease after “E”, corre-
sponding to tailward transport of magnetic flux at the end of
magnetic flux pileup region. The later increases at C4 after
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“F” seem to be associated with the next pileup regions pass-
ing C4. In summary, during the time interval from “A” to
“F”, there is large amount of magnetic flux passing C1 and
C2 in earthward direction while the total amount passing C4
is close to zero.

Finally, Fig. 4e, f shows the temperature and density of
electrons as observed by all spacecraft. In the beginning
of the interval, temperature is around 200 eV. Spacecraft C3
is furthest out in the lobe and observes the lowest densities
of ∼0.01 cm−3. After “B” electron temperature on C2 and
C4 increases to 400–900 eV. After “C” there is an additional
increase in electron temperature, up to∼1 keV on C4 and
∼2 keV on C2. There is additional increase of temperature
reaching peak values up to 4–5 keV around “D” on C2 and
“E” on C4. During this time, “D”–“E”, temperature is very
varying. Later, at “F” temperature is back to∼2 keV and
density is∼0.1 cm−3, typical values for plasma sheet.

2.4 Poynting flux

Figure5 shows the Poynting flux associated with the event.
Figure5a,b shows magnetic and electric field measurements
by C2 and Fig.5c shows the Poynting flux. We look at the
Poynting flux associated to disturbances in electric and mag-
netic fields and constructed in the following way: the data are
low-pass filtered below wave period 1 s and then background
field is obtained low-pass filtering the data below wave pe-
riod 2 min. The disturbance fields are obtained by subtract-
ing background fields from the full measurements. In Fig.5
all the quantities are shown in ISR2 (Inverted Spacecraft Ref-
erence) reference frame which has X- and Y-components in
the satellite spin plane. ISR2 reference frame is very close
to GSE reference frame (difference is less than 3.5 deg). The
reason for using ISR2 reference frame is that EFW instru-
ment measures only 2 components of electric field (EX and
EY in ISR2) and staying in ISR2 reference frame we have
better control over all possible error sources (Khotyaintsev
et al., 2010). In this event the third component of elec-
tric field (EZ) cannot be reconstructed from the assumption
E×B = 0 because mangetic field was close to the spin plane
most of the event. Thus, when estimating the components of
the Poynting flux,SZ is fully estimated while the contribu-
tion to SX andSY from EZ cannot be estimated. Thus if we
assume thatEZ contributes roughly as much to the Poynting
flux as other components, then most probably we are under-
estimating the totalSX andSY by a factor of 2.

Figure5c shows that there is almost continuous Poynting
flux in the positive X-direction (towards the Earth) that starts
just after “B” and there is also Poynting flux in the negative
Z-direction (away from the current sheet). To see the cumu-
lative effect of the Poynting flux, in Fig.5d we show the time
integral of the Poynting flux. Finally, in Fig.5e we show
the X component of the integrated Poynting flux from all 4
spacecraft. A clear eartwhward Poynting flux can be seen on
three of the spacecraft, the ones which are closer to the cur-
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Fig. 5. Poynting flux observations.(a) total magnetic field (solid)
and background magnetic field (dashed),(b) total electric field and
background electric field(dashed),(c) Poynting flux,(d) integrated
Poynting flux,(e)X component of integrated Poynting flux from all
spacecraft.

rent sheet. C3 is mainly out in the lobe and does not observe
significant Poynting flux. C2 sees the largest Poynting flux of
all spacecraft and it is also the spacecraft that first observes
the increase of the Poynting flux at “B”.

3 Discussion

The observations in Fig.4d show that during the event there
are several consequent suprathermal electron energization
steps, indicating that there are several and most probably
different energization mechanisms at work. In Fig.6 we
show a cartoon of the event to explain our interpretation of
suprathermal electron acceleration at each different stage of
reconnection.
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Fig. 6. Sketch of the temporal evolution of reconnection process
during the event.

The color in Fig. 6 represents the temperature of the
plasma, where blue is the coldest and red is the hottest. From
“A” to “F”, at the location of spacecraft, the magnetotail con-
figuration changes from stretched into more dipolar. Initially
satellites observe relatively cold electrons (less than 1 keV),
most probably indicative of pre-existing cold plasma sheet
(colored yellow). Reconnection starts at “B” when C2 and
C4 observe the first energetic electrons (Fig.4c) and C2 ob-
serves the first earthward Poynting flux (Fig.5c) . At this
stage, reconnection occurs between plasma sheet flux tubes
and the observed energetic electrons most probably come di-
rectly from the reconnection site where they gained most of
their energy. This is also consistent with C2 and C4 observ-
ing similar flux levels after “B”. C3 does not observe in-
crease because it is located out in the lobes while C1 is likely
is located too far on the dawn side and thus is not observing
the magnetic flux tubes mapping into the reconnection re-
gion. Note that C2 and C4 are separated in the Y-direction by
more than 1RE, however if we take into account the observed
orientation of magnetic field (shown in Fig.1) the separation
between their magnetic flux tubes is smaller.

After all plasma sheet flux tubes have reconnected (at the
spacecraft location), lobe flux tubes start to reconnect and
the reconnection rate increases. This happens because the
reconnection rate scales with the Alfvén speed in the inflow
region and inflowing lobe plasma has much lower density
than plasma sheet plasma (thus much higher Alfvén speed).
Typical numbers for our case would give Alfvén speed
of ∼4400 km s−1 in lobes (B = 20 nT, n = 0.01 cm−3) and
∼1000 km s−1 in plasma sheet (B = 15 nT, n = 0.1 cm−3).
The increase in the reconnection rate corresponds to large
electric fields around the reconnection site and can be the
cause of the subsequent jump in the suprathermal electron
fluxes at “C”. This jump again is observed only by C2 and

C4, indicating that the magnetic flux tubes observed by those
spacecraft map closer to the reconnection site. The simul-
taneous suprathermal electron flux increase observed by C2
and C4 at “C” indicates that this increase can not be a spa-
tial effect of spacecraft crossing some boundary; C2 and C4
are located far apart and density observations in Fig.4 even
indicate that C2 and C4 move in opposite direction with re-
spect to plasma sheet. C2 and C4 also observes an increase
in the electron temperature at “C”, that is consistent with the
above interpretation since higher electron temperature is ex-
pected during lobe reconnection due to higher Alfvén speed
in lobes. It has been shown in numerical simulations and con-
firmed by observations that electron acceleration near X-line
scales with the inflow Alfv́en speed (Hoshino et al., 2001).

Finally, the last jump in the suprathermal electron fluxes
is observed around “D” for C2 and slightly after “D” for C4.
This jump corresponds to the largest fluxes observed by both
spacecraft, reaching the peak by C4 at “E”. This last step
of flux increase is consistent with acceleration in the mag-
netic flux pile-up region, that propagates earthward from the
reconnection site reaching C2 and slightly later C4. While
at C2 the magnetic flux pileup region is passing very fast
(speeds larger than 1000 km s−1 estimated fromE ×B, not
shown, at C4 the speeds is much slower and after “E” the flow
even reverses its direction. The flow reversal at C4 observed
around “E” can be clearly seen in Fig.4d as well as in Fig.2b.
Thus the peak in the magnetic flux at C4 is observed when
there is a reversal of magnetic flux transport from earthward
to tailward and this also coincides with the time interval of
highest fluxes in suprathermal electrons. This means that the
pile-up region decelerates in between C2 and C4 and stops
at C4, indicating that Cluster is in the flow braking region
(Retiǹo et al., 2011). The timing of the pile-up region be-
tween C2 and C4 is not possible due to very different profiles
of the pile-up region, indicating that the such region is likely
not planar over the separation C2–C4 in Y-direction and/or
that the region is not stationary in time over the propagation.

The proposed evolution of reconnection in the magneto-
tail is also supported by ground observations. Figure3a with
the AE/AU/AL/AO indices shows that the onset of the sub-
storm is about 1 min after “E”, around 17:24 UT, and the
substorm is fully developed around 17:26 UT. The Alfvénic
propagation time from the magnetosphere at position of C4
down to the ionosphere is of the order 2 min and thus it is
consistent with the substorm onset being related to the full
braking of the lobe reconnection jet close to the Earth. The
onset time of Pi2 pulsations, shown in Fig.3b, is just be-
fore “C”. The onset time of Pi2 pulsations is about 2 min
after the observations of the firstBz increase at C2, shown in
Fig. 3c. The propagation speed ofBz disturbances, as esti-
mated earlier, is more than 1000 km s−1 (1RE in ∼5 s) and
thus it would take more than 1 min for theBz disturbances to
propagate down to the equatorial ionosphere (assuming the
same Alfv́en speed). Thus the onset of Pi2 is most probably
associated with the onset of the plasma sheet reconnection
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in the tail. At the same time one can notice that the largest
amplitude of Pi2 oscillations agree with the onset of the sub-
storm and thus are correlated in time with the reconnection
jet braking in the near Earth region. Similar relation between
Pi2 oscillations and the onset of the substorm has been ob-
served earlier, where it is shown that magnetic waves on the
time scale 1-40 s occur a few minutes before the onset of the
the substorm (Rae et al., 2009). Although that study gives a
different interpretation of the data (“inside-out” scenario of
the substorm), it can also be consistent with the model pre-
sented here where initial reconnection in pre-existing plasma
sheet is followed by the lobe reconnection leading to strong
auroral arcs. Association between Pi2 oscillations andBz
fluctuations related to impulsive reconnection in the tail ob-
served by Cluster satellites has been also shown byKeiling
et al.(2006).

Finally, we address the question of suprathermal elec-
tron energization around the time when their highest fluxes
are observed. In Fig.7 we zoom into this region. Fig-
ure 7a showsBz component, the highest value is observed
by C4 at “E”. Next panels, Fig.7b–e show the pitch an-
gle spectrograms for C1–C4. First, it can be seen that the
highest suprathermal electron fluxes are observed by C4,
as previously mentioned. Furthermore, the C4 data show
that the acceleration is more in perpendicular direction than
parallel/antiparallel directions, suggesting betatron acceler-
ation (Asano et al., 2010). On the other hand C2 observes
electron fluxes in perpendicular direction that are some-
times larger and sometimes smaller than those in the paral-
lel/antiparallel directions. One possible speculation is that
Fermi acceleration occurs together with betatron. The condi-
tions that favor one or other mechanism has been shown in a
recent study byFu et al.(2011).

We focus now in more detail on the observations of the
peak suprathermal electron fluxes by C4. Detailed compari-
son shows that the peak fluxes are not observed exactly at “E”
but slightly later. In particular, the peek seems to be associ-
ated with a localBz dip about 15 s after “E”. Recent study by
Khotyaintsev et al.(2011) suggests that whistler emissions
can be a good indicator of locations where active betatron
acceleration is ongoing. Therefore, in the next panel, Fig.7f,
we plot magnetic field spectrogram. The black line shows
the electron gyrofrequency. Whistler waves are expected to
be observed in the frequency range from about 50 Hz to the
electron gyrofrequency. Indeed, localized whistler emissions
around 100 Hz can be seen being correlated with the two lo-
cal Bz dips after “E”. This suggest that suprathermal elec-
tron acceleration within the magnetic pile-up region can be
dependent on the internal structure and dynamics of the mag-
netic pile-up region on smaller scales, as also found for other
events (Retiǹo et al., 2011). This stresses the importance to
carry out in future detailed studies of the electron accelera-
tion mechanisms on suchsmall scales, similarly to what has
been done in thin current sheets in magnetotail reconnection
regions (Retiǹo et al., 2008).
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Fig. 7. Observations around the time of highest suprathermal elec-
tron fluxes. (a) Bz, (b)–(e) pitch angle spectrogram of electron
flux in one energy channel (42–64 keV) of RAPID instrument,
(f) magnetic field frequency spectrogram, line marks electron gy-
rofrequency.

4 Summary and conclusions

We have presented observations with Cluster multi-
spacecraft that are located at large separation (10 000 km)
in the magnetotail around the time of reconnection/substorm
onset.

Our observations are consistent with different reconnec-
tion steps, each associated to a different suprathermal elec-
tron acceleration mechanisms: (1) reconnection of pre-
existing plasma sheet with absence of reconnection jet brak-
ing region, (2) onset of lobe reconnection, (3) formation of
reconnection jet braking region associated with strong mag-
netic flux pile-up. Stage (1) is associated with Earthward
Poynting flux on the field lines connected to the reconnec-
tion region. Following the onset of lobe reconnection, strong
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dawn-duskEy fields are observed associated to pile-up re-
gions, clearly showing that most of the magnetic flux trans-
port is associated with the earthward propagation of such re-
gions. Potentials of several hundred kV over the the space-
craft separation of about 10 000 km are associated to the jet
braking front.

Ground observations of auroral indices and Pi2 oscilla-
tions are consistent with the observed several steps of recon-
nection: (1) Pi2 oscillation onset is related to plasma-sheet
reconnection onset, with the highest amplitudes associated
to the formation of the jet braking region; (2) substorm onset
observed in the auroral indices is related to the onset of lobe
reconnection; when the jet braking region forms, substorm
becomes fully developed.

Our observations based on the RAPID instrument (elec-
tron energies above 40 keV) are consistent with the inter-
pretation that in the suprathermal electron energization one
can clearly distinguish several stages: (1) relatively small in-
crease when reconnection of the pre-existing plasma sheet
starts. (2) Significant increase when the reconnection of lobe
plasma starts. (3) Largest fluxes observed in magnetic pile-
up boundary with the maximum flux throughout the event
being in the region with strongest magnitude of the magnetic
field in the magnetic pile-up region, coinciding also with the
region where reconnection jet is fully stopped and bounces
back.
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