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Abstract. Using data from the four Cluster spacecraft we 1 Introduction
study the separatrix regions of magnetic reconnection sites

at the dayside magnetopause under conditions when 16y qnetic reconnection is an important process that occurs

cor_mection is occurring in the magnetopause current layef,, jitterent plasma environments: in the Earth’s magneto-
which separates magnetosheath plasma from the hot magngbhere, at the Sun, in astrophysical plasmas as well as in

tospheric plasma sheet. We define the.sepfaratr.ix region "ﬁboratory plasmasBiskamp 2000. At the Earth's mag-
the region between the separatrix — the first field line opened, qna5e. magnetic reconnection is the dominant process
by reconnection — and the reconnection jet (outflow reg'on)'responsible for the entry of solar wind plasma into the mag-

we ana!yzg eight separatrix region crossings on the Magn&ietosphere, as well as for the transfer of energy across the
tospheric side of the magnetopause and present detailed d%gnetopause

for two of the events. We show that characteristic widths
of the separatrix regions are of the order of ten ion inertial
lengths at the magnetopause. Narrow separatrix regions wit
widths comparable to a few ion inertial lengths are rare. We
show that inside the separatrix region there is a density cavit ) ) )
which sometimes has complex internal structure with multi- | "€ régions between outflow and inflow regions can have
ple density dips. Strong electric fields exist inside the separac0MmPplicated structures that depends on the properties of the
trix regions and the electric potential drop across the regiond€cONnecting plasmas. These regions can be described in dif-
can be up to several kV. On the magnetosheath side of the rd€reént ways. In the MHD description of steady reconnection
gion there is a density gradient with strong field aligned cur-©f two similar plasmas, outflow and inflow regions are sep-
rents. The observed strong electric fields and currents insid@at€d by a pair of slow shocks originating in the diffusion
the separatrix region can be important for a local energiza!€9ion Petschek1964. In the case of asymmetric recon-
tion of ions and electrons, particularly of ionospheric origin, N€Ction as at the magnetopause, the MHD description pre-
as well as for magnetosphere-ionosphere coupling. dicts an AIf\,e_n wave (rotational d|sc9nt|nU|ty) on the mag-
netosheath side and a slow expansion fan on the magneto-
Keywords. Magnetospheric physics (Magnetopause, cuspSPheric sidelevy et al, 1964. Depending on the asymme-

and boundary layers) — Space plasma physics (Discontinuty the structure of discontinuities can be differenin(and
ities; Magnetic reconnection) Lee 1994. The simplified MHD description of discontinu-

ities has been successful in explaining low altitude observa-
tions of ion and electron signaturdsockwood et al. 1996.
More complicated MHD discontinuities develop when plas-
mas are different on either side of the current sheet and/or the

Correspondence td. Lindstedt reconnection is time varyingsemenov et al1992 Biernat
BY (toli@irfu.se) etal, 1998.
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Reconnection geometry can be divided into two main re-
gions: these are the inflow region where plasma is on a large
scale drifting towards the current sheet, and the outflow re-

ion where accelerated plasma jets away from the X-line.
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$1.13:1000 Se : topause it can be difficult to separate these boundaries. Thus,
paratrix .. . . .

E1 ] at the magnetospheric side the ion edge approximately coin-
e Magnetosheath Inflow cides with the boundary of the reconnection jet (outflow/field
~ region reversal region in Figl). Most of the magnetic field rotation

= from the magnetosheath to magnetospheric orientation hap-

pens inside the outflow/field reversal region bounded by the
ion edges.

Outflow/field reversal
region

The separatrix region on the magnetospheric side of day-
side magnetopause has been extensively studied at low alti-
. tudes [ockwood et al. 1994 1996 Sandholt et a).1998

X-line 2002 and mid (5-7Rg) altitudes Topliss et al. 2001, Bog-
Inflow danova et aJ.2904 20009, as well as close to the mag-
region netopauseGosling et al. 199Q Khotyaintsev et aJ.2006
125120 Magnetosphere Retimo et al, 2006. In some studies the separatrix region is

% Separatrix _E’f]c;;"g”eedge referred to as the electron edge of the low latitude boundary
S25 13:12:00 layer (e.gBogdanova et al2006. On the basis of 8 events
Bogdanova et al2004) discuss plasma and wave signatures
characteristic for the separatrix regions (ULF waves, elec-

12:51:55

Fig. 1. Simplified sketch of a reconnection layer formed by an

. . O Fron beams and outflow of ionospheric iongppliss et al.
X-line at the magnetopause. The separatrices are the magnetic fie 00 dBoad 200 dql L
lines connected to the reconnection X-line. Justinside the separatri ) andBogdanova et ak 9 presented large statisti-

are the electron edges in yellow. The purple lines illustrate the jonC@l Studies of this region. They found that the region can be
edges that are closer together than the electron edges due to thtP t0 2 ILAT thick. The median thickness was estimated
time-of-flight effect. Between the separatrices and ion edges ard0 ~0.2° ILAT corresponding to roughly about 600 km at the
the separatrix regions in grey. Between the ion edges is the outflownagnetopause.
region. Spacecraft orbits for the two events that are discussed in Separatrix regions are important for the coupling between
detail are shown by orange (12:51 UT) and pink (13:11 UT) lines. the Earth’s magnetosphere and the ionosphere, as they con-
This figure is similar to Fig. 5 iGosling et al(1990). nect X-lines at the magnetopause to the ionosphere. It
has been shown that separatrix regions can extend far from
the X-line and still keep their narrow (ion inertial length
Detailed experimental studies reveal that it is usually dif- scale) width as well as strong currents and electric fields
ficult to identify fluid boundaries in the data, such as slow (Khotyaintsev et aJ.2006. Possible manifestations of the
shocks. Instead, it is useful to introduce the separatrix regiorseparatrix regions are strong auroras at the plasma sheet
(see Figl). The separatrix region is between the separatrix,boundary layer (PSBL) for reconnection in the magneto-
the first field line opened by reconnection, and the reconnectail and poleward moving auroral forms, PMAFSandholt
tion jet (outflow/field reversal region, Fid). To identify et al, 1998 2002 for reconnection at the dayside magne-
the separatrix region kinetic particle signatures are impor-topause.
tant Gosling et al. 1990 Vaivads et al.2006 Khotyaintsev Earlier studies of separatrix regions have led to a signifi-
et al, 2006. The separatrix regions are at one side boundedcant improvement in understanding of the basic structure of
by the separatrices — the magnetic field lines connected tthese regions. It has been shown that ions are not “frozen-in”,
the reconnection X-line. The separatrices are located venfE+v; x B#0, in the separatrix regiorkKpotyaintsev et aJ.
close to the electron edges as electrons propagate relativeB00§. The deviation from the “frozen-in” condition oc-
fast along the magnetic field. The magnetospheric electrorturs on scales comparable to or smaller than the ion iner-
edge (E2) is where (going from the magnetosphere to theial length, A;=c/w,;, and is mainly provided by the Hall
magnetosheath) the first electrons originating in the magneterm and electron pressure effects in the generalized Ohm’s
tosheath are observed. Similarly, the magnetosheath electrdaw (André et al, 2004 Vaivads et al.2004h Khotyaintsev
edge (E1) is located where (going from the magnetosheatlet al, 200§. The separatrix regions are regions of strong
to the magnetosphere) the first magnetospheric electrons aedectric fields, currents and wave activity. As in the case of
observed. The separatrix regions contain a mixture of magthe slow shock, plasma heating and energization takes place
netospheric and magnetosheath electrons but not of ions. Tha the separatrix region/fygant et al. 2005 Vaivads et al.

ion edges are defined in a similar way (see &ssling et al, 2008 Topliss et al.2001; Bogdanova et a12004).
1990. In some studies a difference is made between the ion One characteristic feature of separatrix regions is the ex-
edge and the fluid boundary of the reconnection Rxig- istence of a density cavity inside the regidvigzer et al,

danova et a).2006. In particular, this is possible to do at 2002 André et al, 2004 Wygant et al. 2005 Cattell et al,
lower altitudes. However, similar tGosling et al.(1990, 2005 Retimo et al, 2006 Khotyaintsev et a).2006. Nu-
we do not make such a distinction because at the magnemerical simulations also predict a density cavity as well as
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strong currents and electric fields within the separatrix re- Zosu(Re) |
gion (Shay et al.2001; Pritchett and Coronit2004). Several

\ -
mechanisms have been suggested to explain the formation //
of the cavity: electron density decrease close to a separatrix /
5

can be caused by escape of energetic (hot) magnetospheric

electrons to the magnetosheath along a newly opened field
line (Khotyaintsev et a.2006 and/or due to parallel electric

—
fields at the separatrixattell et al, 2005. At the same time, \
the decrease of ion density within the cavity can be due to the /
acceleration of ions by the strong electric fields in the normal
direction as ions move from the magnetosphere into the out-

/ i

flow region Shay et al.2001 Khotyaintsev et a).2006.

Systematic statistical studies addressing the internal struc- 10 ( 5
ture and the electric and magnetic fields of the separatrix

R . SM(RE)

regions have so far been lacking. Here we present a study
of multiple encounters of separatrix regions by the Cluster
spacecraft during ongoing reconnection at the magnetopause.
We investigate if the features of the separatrix region identi-
fied in single event studies (the density cavity, strong current
and potential jump) are typical for most of the separatrix re-
gion crossings.

Ty

A ZGSM(RE)

2 Data set

We analyze data from the four Cluster spacecraft during the
time interval 12:30-14:30 UT on 4 January 2004. The space- |
craft position is shown in Fig2 together with geomagnetic
field lines obtained from the Tsyganenko T96 modidy-
ganenke 1995. Cluster is located on the dusk side in the
Northern Hemisphere sunward of the cusp. The separations
between the spacecraft are small, about 300 km.

During the time interval we have studied, Cluster is in
burst mode with high sampling rates on all instruments. We
use data from all spacecraft. The electric field is obtained
from the EFW instrumentGustafsson et g12001). EFW
measures two components of the electric field in the space- _ _
craft spin plane low-pass filtered at 180 Hz and sampled a{:l_g. 2 CI_uster orbit on 4 January 2004, 12:30-14:30 UT. During
450 Hz. We use plasma density derived from the spacecraff!'s time interval Cluster moved from [2.3 9.8 SR} (GSM) to
potential, available at a resolution of 5 Hz, using an empirical>:/ 12:2 5.7k (GSM). The maximum separation between the

. spacecraft is~300 km. The plot was created using OMittp://ovt.
conversion lawEscoubet et al1997 Pedersen et al2008 irfu.se).
and calibrated using electron density measured by PEACE.
Thus we can obtain plasma density estimates at a higher
temporal resolution than from particle instruments where the )
data must be integrated over the spin period of 4s to obtaifange from 5 to 32000 eV/e. From the CIS-HIA instrument
plasma density. The magnetic field data is from the flux-We also use the spin averaged ion velocity moment.
gate magnetometer (FGMB&logh et al.2001). FGM has a An overview of ACE Smith et al, 1998 McComas et aJ.
sampling frequency of 67 Hz. The electron data is from the1998 and Cluster data during the interval 12:30-14:30 UT
plasma electron and current experiment (PEAGBhOstone  on 4 January 2004 is presented in RBg.The interplanetary
et al, 1997 Owen et al. 2001) on spacecraft C2. We have magnetic field (IMF) z-component, measured by the MAG
used the 3DXP product from the high energy electron anainstrument on the ACE spacecraft, is shown in Fg.to-
lyzer (HEEA), which covers the energy range from 30 eV to gether with the IMF clock anglé=arctar(B,/B;). This
26 keV. The ion data is from the hot ion analyser part of themeans that©and 360 correspond to positiv,, 90° to pos-
Cluster ion spectrometry experiment (CIS-HI&Rgme et al. itive By, 180 to negativeB, and 270 to negativeB,. The
2007 on C1, which measures the ion fluxes in the energylMF is predominantly southward, witl®, (GSM) varying

www.ann-geophys.net/27/4039/2009/ Ann. Geophys., 27, 4IB%-2009
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Fig. 3. Overview of the Cluster magnetopause crossing on 4 January 2004, 12:30-14:30 UT from SC{a)Rdmoels the interplanetary
magnetic field (IMF)B; and the clock angle observed by the ACE spacecraft. Rahshows the solar wind pressure and the estimated
distance to the magnetopause. Panels (c—g) contain data from Cluster(dyahelws the GSM components and magnitude of the mag-
netic field. Pane(d) shows the ion velocity in GSM coordinates. Pa(@lshows three different plasma density estimates based on the
spacecraft potential, electron instrument PEACE and ion instrument CIS data.(fpahelws the ion differential energy flux spectrogram.
Panel(g) shows the electron differential energy flux spectrogram. The vertical lines mark sub-intervals which are analyzed in detail and
summarized in Tablé. Details for the sub-intervals marked in pink are shown in Fégand®9.
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between—8nT and 4nT. In Fig.3b we show the solar 40

wind dynamic pressure together with the distance between — B
the Cluster location and the model magnetopause calculated 20 — By
using the Shue modeShue et a.1997). The negative dis- — B
tance corresponds to locations inside the magnetosphere, as 0 3

it is at the beginning of the interval, and the positive distance tot
corresponds to the location inside the magnetosheath. ACE  -20
is located at the Lagrangian point L1 between the Sun and

. : : ; ; -4
Earth. The time dglay of th.e solar wind data is estlmg'ted with 1% 4630 12:47:00 12:47:30 12:48:00
the method described Weimer et al(2003 with modifica- 40
tions byHaaland et al(2006.

Figure 3c—g shows Cluster data during the same inter- 20

val 12:30-14:30UT. In the first half of the interval, be- _
tween 12:30 and 13:45UT, Cluster is located primarily in- &
side the magnetosphere, and after a number of magnetopausé-
crossings (change of sign &, and B, between 12:45 and =
14:15 UT, Fig.3c) exits to the magnetosheath at 14:12 UT.

At the magnetospheric side the magnetic field is directed pri-

marily along the+B; and—B, GSM. The magnetospheric 195110 125130 12:52:00 12:52:30
plasma is stagnant (flow velocity is close to zero) and has a 40
relatively low density~0.5cm2 (Fig. 3d). The ion spec-

trogram at spin resolution in Figf show omni-directional 20 y/ﬁ—éﬂ/wma/

ion energy fluxes. Magnetospheric ions (F3) and elec-

-20

trons (Fig.3g) are hot, their temperatures are a few keV 0
and~10keV respectively. In the magnetosheath the condi-
tions are very different. The magnetic field is directed pri- 20

marily along the—B; and +B, GSM. The plasma is rel-
atively dense,~14cn3, and flowing around the magne-

-40
topause (negativ&,, and positiveV, andV, in Fig. 3d) at 12:58:00 12:58:30 12:59:00 12:59:20
~350knys. The temperature of ions 8400 eV and elec- 04-Jan-2004
trons~100eV.

Fig. 4. The magnetic field in localMN-coordinates from Clus-

ter 1 for the events 12:47, 12:51 and 12:58, whereis dark blue,
3 Reconnection evidence By is green,By is red andBr o7 is light blue. TheN-direction

here is the normal to the magnetopause for the entry into the magne-
In this section, we discuss large scale evidence of ongoingosheath at 14:10. This is direction is very similar to the local timing
reconnection during the selected time interval when Clusteron the parallel current sheet used in the analysis. [Fdérection is
is located close to the magnetopause. Then we illustrate théhe local magnetospheric direction.
motion of the flux tubes assuming reconnection is occurring.
The kinetic evidence of reconnection based on the electron
distribution properties is discussed in the next section wherdield lines, e.g. at 12:47, 12:51, 12:58 UT. At these times
two crossings of separatrix region are presented in detail. the magnetic field increases in magnitude, however does not

Earlier studies show that reconnection at the magne-change to the magnetosheath direction. The ion velocity is

topause can be associated with flux transfer events (FTEsyometimes as high as500 kiry's and the plasma density in-
bulges due to varying magnetic reconnection rate propagatereases almost to the magnetosheath level. The plasma is a
ing along the magnetopausRu(ssell and Elphicl978 Sc-  mixture of magnetospheric and magnetosheath populations.
holer, 1995 Khotyaintsev et a).2004). The multiple cross- The magnetic field in locdlMN-coordinates from Cluster 1
ings of the magnetopause we observe can also be caused fyr the events 12:47, 12:51 and 12:58 are shown in &ig.
FTEs. Comparing magnetopause crossings with solar windche normal component of the magnetic fidtg (red, nor-
pressure variations in Figgh we find no clear correlation mal direction is determined by inter-spacecraft timing on the
and thus rule out solar wind pressure variations as a causkill magnetopause crossing at 14:10) shows a bipolar signa-
of most magnetopause crossings. During the first part oture characteristic for FTER{Ussell and Elphicl978 Owen
the interval Cluster is primarily located inside the magne-et al, 2008. By changes from positive to negative, which is
tosphere, the FTEs can be identified in Fgas encoun-  consistent with northward and tailward propagation of FTEs.
ters of magnetosheath-like plasma on the magnetospherithe event at 12:51 UT shows a typical bipolar signature of

www.ann-geophys.net/27/4039/2009/ Ann. Geophys., 27, 4IB%-2009
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1309 ‘ ‘ ‘ Both the polarity of the observed FTEs and the &etlest
1 obs indicate that the reconnection site is located sunward from
b the spacecraft and this location is further supported by the
Cooling model Cooling et al, 2001). The Cooling model
100L ] predicts the motion of reconnected flux tubes by calculating
their velocity. This is the velocity of the de Hoffman-Teller
50¢ 1 frame calculated from the magnetosheath velocity, magnetic
field and density. The magnetosheath magnetic field is from
a model byKobel and Fluckigen1994 where character-
-50} ] istic solar wind magnetic field values for the time interval
12:50-13:10UT is used. The geomagnetic field used by
-100r ] Cooling et al.(200]) to estimate the magnetopause current
is very simple and the location of the anti-parallel X-line is
approximate. We have made one run of the Cooling model
-200 1 for characteristic solar wind conditions during the interval
200 -150 -100 50 0O 50 100 150 200 (southward-duskward pointing IMF). In Fi§.we show the
vufkmys] predictions of flux tube motion for the location of the recon-
nection X-line at the subsolar point (in Fi§a) and where
Fig. 5. Results of the Wéln test for the event at 13:09 UT. The the reconnecting fields are antiparallel (in Fég). In the
outflow region is observed for more than 10s and the result indicatdirst case, where we assume that the reconnection occurs near
that reconnection is ongoing sunward of the spacecraft. The bludhe subsolar point, see Fi@a, the flux tubes connected to
line corresponds to the observed velocity and the red line to thethe Northern Hemisphere move poleward and duskward (red
calculated velocity. paths) and pass the location of the spacecraft. In the second
case, see Figb, we assume that reconnection sites are in the
an FTE traveling tailward, and the event at 12:47 UT is very pre-noon sector of the Northern Hemisphere and post-noon
similar. The event at 12:58 UT has a more complicated strucsector of the Southern Hemisphere, as expected from anti-
ture of the normal magnetic field component; this structure,parallel reconnectionGrooker 1979, and the model pre-
however, is likely to be produced by the same process as thdicts that we should not expect reconnected flux tubes to pass
FTE and can be interpreted as overlaid bipolar signatures. the location of the spacecraft. Thus, we conclude that for
To test for the presence of reconnection locally we havecharacteristic IMF conditions during the interval the recon-
also carried out the Wah test Sonnerup et al1981) for the nection X-line is most probably located close to the subsolar
events where there is data from both the outflow region ancpoint.
the magnetosheath, i.e. when the spacecraft cross the magne-The FTE signatures and the \&altest show the presence
topause. Figuré shows the Waln test for the magnetopause of ongoing reconnection with an X-line located southward
crossing at 13:09 UT. Figurg shows a comparison of the of the spacecraft during the major part of the studied interval
measured and estimated change of the velagityand vy, with southward IMF. The Cooling model results indicate that
components. The ratio between the absolute values of théor these IMF conditions the reconnection X-line is located
predicted and the observed magnitudes of the velocity vecnear the sub-solar region. Note that there is additional evi-
tors is 073 and the angle between the vectors’isThe event  dence for Cluster crossing reconnected flux tubes related to
at 13:09 UT shows a good agreement between the observetie properties of the separatrix regions themselves and that
and predicted ion velocities and we conclude that within theis discussed in the next section, e.g. the mixture of magne-
magnetopause there is likely a rotational discontinuity withtosheath and magnetospheric electrons.
the reconnection X-line located sunward of the spacecratft.
For the events 13:06 and 13:11 UT the crossings of the out-
flow region are very fast and ion moments are measured onlyy  Observations of separatrix regions
in at most 1-2 points inside the outflow region. However,
these few points cannot be fully trusted because the ion moWe have made a detailed analysis of the separatrix region
ments are computed from the data collected during one spiion the magnetospheric side of the magnetopause reconnec-
(~4s), and both the magnetic field and plasma density ardion layer (see Figl). Eight crossings or partial entries into
highly variable at such time scales. Thus, we do not expecthe magnetopause reconnection layer were selected and are
a good Waén test for these events. In summary, a reliablemarked by vertical lines in Fig8. The crossings were se-
Walén test was only possible to perform on one crossing andected such that all four spacecraft observe similar signatures
this test suggest that the spacecraft are passing reconnedir magnetic field and density, thus making it possible to per-
ing flux tubes that has been reconnecting sunward from théorm multi-spacecraft timing analysiS¢hwartz2000. The
spacecraft in all of the three analyzed crossings. events at 12:47, 12:51, 12:58, 13:46 and 13:55 UT are partial

200

150

Vy [km/s]

-150r
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Fig. 6. Motion of the opened field lines predicted by the Cooling model. Field lines connected to the Northern Hemisphere are shown in
red and field lines connected to the Southern Hemisphere are shown in bl(g). réconnection is initiated near the subsolar point. In

(b) reconnection is initiated in region of highest shear in the Northern and Southern Hemisphere. The position of Cluster is shown with an
asterisk. The diamond show the location of the cusp. The dotted lines are cont&iggyp

entries into regions with magnetosheath-like plasma locateahetic field). Observations of the magnetopause crossing at
on magnetospheric field lines; the dominant magnetic field13:11 UT are shown in Figi. The panels from top to bot-
componentB, does not change sign throughout the cross-tom show: plasma density from EFW spacecraft potential
ing and thus the magnetic field preserves its magnetospheri@=ig. 7a), LMN-components of the magnetic field from FGM
orientation. The first event, at 12:47 UT, was analyzed in de{(Fig. 7b), N (Fig. 7c) andL (Fig. 7d) components of plasma
tail by Khotyaintsev et al(2006. Note that some of these flow velocity, full (green) and perpendicular (red) from CIS-
events may look like full crossings of the magnetopause reHIA and E x B from EFW, antiparallel (Figre) and parallel
connection layer in the overview plot (Fig), e.g. 13:46 UT,  (Fig. 7f) to B electron fluxes from the PEACE 3DXP prod-
but this is due to a short time delay between a partial anduct (HEEA sensor) which has been rebinned using the actual
a full crossing. In the other events, at 13:06, 13:09 andmagnetic field measured by the FGM.
13:11 UT in Fig.1, the spacecraft fully cross the main mag-
netopause current layer (identified by the changa.afign). Cluster is located in the magnetosheath (high density side)
We find similar characteristics for the eight events we havein the beginning of the interval and plasma flow is nearly
studied and present detailed data for the two sub-intervalarallel toB. Then plasma convection in theé direction in-
(at 12:51 and 13:11 UT) marked with pink on top of Fy.  creases (magnetopause moves outward) and Cluster crosses
These two cases represent the two different situations: a pathe main magnetopause current layer between 13:10:58 and
tial (12:51 UT) and a full (13:11 UT) crossing of the magne- 13:11:06 UT whereB;, changes sign. On scales larger than
topause reconnection layer. ion inertial lengthvepw~vcis1 and this velocity reflects the
overall motion of the magnetopause (marked by the green
4.1 Full crossing of the magnetopause reconnection bar in Fig.7) in the normal direction. Inside this current
layer, 13:11 UT layer there is also an accelerated plasma flow inZthei-
rection and we can identify the outflow/field reversal region
The observations are presented in the IaddN-coordinate  (green bar marked OR in Fid) bounded by the ion edges
system of the magnetopause obtained from minimum vari{purple bars). The ion edge on the magnetospheric side is
ance analysis (MVA). TheV direction given by MVA is identified at the main density gradient, that is the edge of
consistent with normal direction obtained from timing anal- the bulk flow of the reconnection jet. On the magnetosheath
ysis of the magnetopause crossing (both density and maggside the ion edge is located outside the field reversal region

www.ann-geophys.net/27/4039/2009/ Ann. Geophys., 27, 4IB%-2009



4046 T. Lindstedt et al.: Separatrix regions of magnetic reconnection at the magnetopause

Separatrix
region

Figure 8

_ VEFW,N 2

200 a

VeisN

\% (@
100 als, L

VN [km/s]

VL [km/s]

Energy [eV]
antipar

Log D e-flux
ergs/(cm’s sreV)

Energy [eV]
par

\m ﬂ\} m\i\ T lI ‘\i\:\: ; -7

13:10:00 13:10:20 13:10:40 13:11:00 13:11:20 13:11:40 13:12:00
04-Jan-2004

Fig. 7. Cluster crossing of the magnetopause reconnection layer on 4 January 2004, 13:11UT. The panels from top to bottom show:
(a) plasma densityb) LMN-components of the magnetic fiel@:) vy normal plasma flow velocityd) v; flow velocity components of

plasma flow velocity (full and perpendiculafg) electron flux anti-parallel td and(f) electron flux parallel taB. The LMN-directions

are: L=[—0.73-0.45 0.53],M=[0.69 —0.48 0.55],N=[0.01 0.76 0.65] in GSE. The velocity of the magnetopausg;is=210[-0.02 0.74
0.67]kmys GSE. Vertical green bar marks the outflow/field reversal region (OR), and yellow bars mark the outer and inner separatrices.
Arrow in the top panel marks the time interval presented in detail in&:ig.
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at the edge of the ion jeBy is negative, which is consistent distance to the magnetopause obtained by integration of the
with reconnection X-line being sunward from the spacecraft. N-component of the plasma convection velociti,x B) y,
While in the magnetosheath, at 13:10:20 UT Cluster detects ahown in Fig.7c. The time axes of spacecraft SC1, SC3 and
sharp increase in anti-parallel (away from the magnetopause3C4 have been time shifted so that the different spacecraft
electron flux at energies above 400 eV, i.e. electrons of magedata can be compared in the boundary reference frame.
netospheric origin. At the same time there is no change in The magnetopause current layer is identified by a change
the parallel flux. We identify this point as the outer sepa-of B; from negative in the magnetosheath to positive in the
ratrix or magnetosheath electron edge (E1), see Eign magnetosphere. Inside this current laygy makes a bipo-
the separatrix region on the magnetospheric side of the madar change (Fig8b). Such bipolar signatures are usually at-
netopause, 13:11:06-13:11:28 UT, we observe a mixture ofributed to Hall magnetic fieldsv/aivads et al.20048. The
magnetosheath-like electrons and electrons with energies 1magnetospheric edge of tt, variation coincides with the
10keV, similar to the magnetospheric electron population.main magnetopause density gradient, at which the density
The transition to purely magnetospheric populations happendrops from the magnetosheath to magnetospheric level, and
at 13:11:28 UT. We identify this point as the inner separatrix this is also the location of the ion edge (marked by the purple
or magnetospheric electron edge (E2). bar). At the density gradient there is a strong current par-
We further investigate the details of the reconnection layerallel to the magnetic field (Figdg); the current density is
particularly concentrating on its magnetospheric side. Fig-0.2 pA/m2. The parallel current is produced by Hall currents
ure8 shows detailed observations. Fig@ae-d showd. MN- flowing towards and away from the X-line, in this case the
components and magnitude of the magnetic field. Fi@ere strongest parallel current is flowing towards the X-line.
shows density derived from the EFW spacecraft potential. The high energy magnetospheric ion population is present
Figure 8f shows the ion energy spectrogram. Note that thison both sides of the magnetopause current layer @fg.
ion spectrogram does not display the spin-averaged flux; ifThe magnetospheric population starts at several keV and
shows snhapshots of the ion energy flux spectra for sub-spigoes outside the CIS-HIA energy range. The magnetospheric
accumulation periods 0f0.25s. The fact that ion energy edge of the ion jet is located at 13:11:06 UT, at the main
fluxes vary in a periodic fashion simply reflects the presencedensity gradient. At the high density side the plasma is
of a bulk ion flow relative to the spacecraft which appearsdominated by the magnetosheath population with a typical
modulated due to the spacecraft spin. FigBgeshows cur-  energy of several hundred eV. As the spacecraft cross the
rent parallel to the magnetic field. The observed localizeddensity gradient it moves into a region populated mainly by
current sheets are too narrow to use multi-spacecraft techplasma of dayside plasma sheet origin. At the same time
niques such as the curlometBudpert et al.2000 to estimate  (13:11:06 UT) thel.-component of the plasma flow velocity
their current density. Instead, we estimate the current using decreases (Figid). The ion jet §;,~200 knys), accelerated
single spacecraft methodiuhr et al, 1996: we assume that by the J x B force, is localized inside the magnetopause cur-
changes in the magnetic field are due to plane current sheetent layer and is directed mostly perpendiculaBtoOn the
moving across the spacecraft with a velocity,s, which is magnetospheric side the main density gradient bounds the
determined from timing analysis. FiguBh shows theN- ion jet and we identify it as the “ion edge” (12), see Fig.
component of the electric field from EFW. FiguBeshows  Some magnetosheath ions with flux lower than in the mag-
the electric potential which is obtained by integrating e  netosheath are still seen within the gyroradius distance from
component of the electric field across the boundary. The fullthe density gradieng; ~230 km, and even deeper inside the
E-field vector is computed from the 2-D electric field mea- magnetosphere (seen around 13:11:22 UT in 8igand a
sured by EFW using the zero parallel electric field assump-corresponding secondary velocity peakWp in Fig. 7d).
tion. Figure8j—k show the electron differential energy fluxin The ion edges bound the outflow region observed between
two directions. The flux is obtained from the PEACE 3DXP 13:10:58-13:11:06 UT where the plasma fliwcomponent
product (HEEA sensor) which has been rebinned using thencreases in Figr. On the magnetosheath side the ion edge
actual magnetic field measured by the FGM. Then we secannot be well defined due to the data resolution and the
lect the sectors being perpendicular (F8j). and with the larger gyroradius of magnetospheric ions. A good estimation
smallest measured angle relative to the magnetic field (thef the position of the ion edge on the magnetosheath side is
most parallel direction, Fig8k). The observed angle be- at the start of the accelerated ion flow, i.e. where the longi-
tween the selected sector with the smallest pitch angle antudinal plasma flowy;,, in Fig. 7 increases as the spacecraft
the magnetic field is shown in Figl (blue line). The sector enter the outflow region from the magnetosheath.
with the smallest pitch angle is often rather far from being Prior to the magnetopause current layer crossing we
parallel to the magnetic field (up to 0and the direction observe mainly the magnetosheath electron population in
parallel to B is generally sampled only once per spin (an- Fig. 8j and Fig. 8k, with electron energies up to 200eV
gle ~ 0°). Since the electron distribution is anisotropic, the (7,~40eV). On the magnetospheric side of the magne-
changing pitch angle of the parallel sector recorded in8kg. topause current layer (on the low density side) the magne-
produces a characteristic periodic pattern. Figgmeshows  tosheath population is of much lower density, and it is mixed

www.ann-geophys.net/27/4039/2009/ Ann. Geophys., 27, 4IB%-2009



4048 T. Lindstedt et al.: Separatrix regions of magnetic reconnection at the magnetopause

separatrix outflow
region | region separatrix region
a T T T T T T T T T T I‘ T T T T T T T T T T
g 20
m_l
g
s
o
3
=z
[aa]
E
o
£
=)
<
> —
= 3
[ L wn
g _ ot
5% g2
s ==
Nr—w X
£
=
=
E
>
£
=z
w
k=l
<
9 —
82
- o =
g R
> C. wn
o U~
@ o g
5 23
o = o
2 o
g 1t
[*)]
C
©
c =
28
a= I S .
F T
‘E 2000 1
s
a 0 ]
-2000 T R R B R B
13:10:50 13:11:00 13:11:10 13:11:20 13:11:30 13:11:40 13:11:50

04-Jan-2004

Fig. 8. Cluster crossing of the magnetopause reconnection layer on 4 January 2004, 13:11 UT(aPdhslow the magnetic fielHMN-
components and magnitude of the magnetic field for all four spacecraft. Rgrsflows the density and the density on a different scale
from C1, (f) the energy spectrogram of ions over all angles from @}the current density parallel to the magnetic figll), the normal
electric field, (i) the electric potentialj) the energy spectrogram of electrons perpendicular to the magnetic field frotk)GBe energy
spectrogram of electrons with the smallest measured pitch angle, from GB éimel pitch angle of electrons in par(&), (m) the distance

to the magnetopause. The black, red, green and blue lines represent spacecraft 1, 2, 3 and 4, respectivildirketions are the same
as in Fig.7. The time axes for spacecraft 1-4 are shifted by [1.0 0-@%]s.
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with the magnetospheric population (energies above 2keV13:11:16-13:11:28 UT does not affect the electric potential
T.~2keV). Alongside with high energy (above 2 keV) mag- considerably.
netospheric electrons, electrons in the intermediate energy
range 0.2-2keV (above typical magnetosheath energy and.2 Partial crossing of the magnetopause reconnection
below the magnetospheric) are observed between 13:11:06  layer, 12:51 UT
(magnetospheric ion edge) and 13:11:28 UT, which we have
identified as “magnetospheric separatrix”’. The region be-The event at 12:51UT (partial BL crossing, FTE) is pre-
tween the separatrix and the ion jet, is the “separatrix re-sented in Fig9 (the format is the same as for F#). In this
gion”. At the magnetospheric side of the separatrix (aftercase the reference system based on the minimum variance
13:11:28 UT) electrons have a typical distribution with a nar- analysis is not appropriate because the spacecraft does not
row loss cone, calculated to be2°. The loss cone appears Cross the main magnetopause current, but the parallel current
as periodic pattern in the parallel electrons (Bij.observed  sheets within the boundary layer, where the minimum vari-
after 13:11:28 UT; the pattern is created due to a variation once analysis does not gives reliable results. Instead we use
the detector angle with respect Ba minima are seen when N=Lx(rnxL), wheren is the boundary normal given by the
the angle (Fig8l) is close to zero. When plasma crosses theboundary velocitygis=vgisn Which is determined from the
separatrix from the closed magnetic field lines of the mag-time delays between observations of the boundary by differ-
netosphere to the open field lines of the separatrix regionent spacecraft. The timing analysis is made on both the par-
parallel magnetospheric electrons start to escape to the mag@lel current sheet and the density gradient to give the best
netosheath creating a wider loss cone. At the same time alsfit over the boundary. Note that this parallel current sheet
the magnetosheath electrons enter the separatrix region alorig not the main magnetopause current layer, but a local cur-
the open field lines. During the magnetopause current layerent sheet located on the magnetospheric side from the mag-
crossing these electrons can be further accelerated into the ifetopause current layer on the border between the magne-
termediate energy range 0.2—2 keV that is higher than typicalosphere (separatrix region) and the outflow region. The
electron energies in the magnetosheath. Such electrons witlirection is the direction of the magnetic field inside the mag-
parallel energies less than 2keV are observed at 13.11:28)etosphereM completes the orthogonal syste=N x L.
24,20 UT, e.g. at times when PEACE samples the most field In the event at 12:51 UT the longitudinal component of the
aligned population (pitch angle0° in Fig. 8l). We locate  magnetic field B, in Fig. 9a) decreases to almost zero but
the separatrix around 13:11:28 UT where the most energetidloes not change sign. It means that the spacecraft does not
parallel electrons start to disappear and the accelerated magross the main magnetopause current layer but enters into it
netosheath electrons appear. and then return back to the magnetosphere. At 12:51:46 UT
The separatrix region is 2400 km wide (Figm) and it  perpendicular electrons in Fi§j show a characteristic tran-
coincides with a region of increased magnetic field magni-sition from the hot magnetospheric plasma (electron tem-
tude and decreased plasma density (cavity, 8&J. How- peraturel,~3 keV) to the colder magnetosheath-like plasma
ever, it is important to notice that the density is derived from (7.~80eV). Low energy perpendicular electrons are not
the spacecraft potential and changes in the spacecraft potepresent prior to the transition. The flux of high energy mag-
tial are mainly related to variations in electron density, but netospheric perpendicular electrons drastically decreases at
also depend slightly on variations in electron temperaturethe transition; however, some of these electrons are still
Therefore on boundaries separating plasmas of different tempresent after the transition. The first magnetosheath ions (en-
peratures and densities, as in our case the separatrix regioargies between 100 eV-3 keV) are observed at the transition
the estimation of the density from the spacecraft potential iscorresponding to the ion edge (purple bar), as seen in the high
more complicated and the absolute depth of the density cavresolution time-energy ion spectrogram (F3f). Magneto-
ities needs to be further investigated. The density/spacecrafipheric ions {10 keV) are still present after the ion edge.
potential cavities are characteristic for separatrix regions orAfter 12:51:46 UT there are mixed ions and electrons from
the magnetospheric side and they can even be useful in thine magnetosheath and the magnetosphere. At the same time
identification of separatrix regions. In the cavity there are atthe ion velocity (not shown) increases to about 300&m
least two individual density dips (Fi§e), each a few seconds which means that the spacecraft enters the ion jet (reconnec-
long. Multi-spacecraft data allow us to see that the observation outflow/field reversal region). The density in the outflow
tions of the individual density dips are time lagged among theregion ¢~6 cm3) is significantly higher than the magneto-
spacecraft in such a way that we can conclude that the spacepheric densityr(~0.5 cnt3).
craft cross multiple density dips and do not make multiple The region prior to 12:51:33 UT we identify as the separa-
encounters of the same density dip. trix (marked with a yellow bar in Fig9). The identification
Inside the separatrix region there are strong normal electriof this region as the separatrix is based on observing the elec-
fields (Ey, Fig. 8h) up to 30 m\ym. The estimated change trons parallel to the magnetic field in Figk (at times when
of the electric potential across separatrix region is 4 kV be-the parallel sector is aligned witB, i.e. the angle in Figol
tween 13:11:05-13:11:16 UT. The small distance betweeris close to zero). Parallel electrons are observed at energies
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Fig. 9. Cluster crossing from the magnetosphere into the reconnection layer on 4 January 2004, 12:51 UT. Format of the figure is the same
as for Fig.8. The LMN-directions are :.L=[—0.21—0.95 0.25],M=[—0.08 0.27 0.96]N=[0.92 0.40—0.04] in GSE. The velocity of the
discontinuity isvgis=176[-0.92—0.40 0.04] kmis GSE. The time axes for spacecraft 1-4 are shifted48y42 0—1.40 0.03] s.

~0.5-1 keV which is lower than the plasma sheet energiedo the first opened field line. A similar distribution with paral-
and, thus, originate from the magnetosheath, i.e. being thé&el magnetosheatk 1 keV electrons is observed at the sepa-
most energetic part of the magnetosheath population. We exatrix during the first event (see Fig, 13:11:28 UT). In con-
pect to observe such magnetosheath electrons only very clogeast to the first event, where such a distribution is observed
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only during one spacecraft spin and the separatrix can be lo- All the events we analyzed show a very similar bound-
cated very precisely, such a distribution is observed for manyary structure to the ones presented in detail in Bigind
spins in this second event and the separatrix is observed fd®. Table1 presents a summary of the main characteristics
a longer time interval in Fig9. However, this interval still ~ for all these events: the boundary velocity, the width of the
corresponds to a very narrow region in space. For this evenseparatrix region (distance between the separatrix and the
we calculate the distance in the same way as for the previoumain density gradient), potential variation inside the sepa-
event. Prior to 12:51:33 UT the spacecraft move very slowlyratrix region and the maximum parallel current. For all of
and efficiently stay at the same position relative to the mag-our events summarized in Tallleve observe a density cav-
netopause (FigPm). ity between the magnetosphere and the outflow region (ion
At 12:51:33UT the normal velocity increases to jet). The cavities contain a density decrease down to about
~180knys (corresponding to the slope of the distance half of the magnetospheric density and have a width rang-
D in Fig. 9m) and the spacecraft cross the separatrix regioning from 300km ¢1c/wpims)y~4c/wpi¢sH)) 10 2500 km
reaching the ion edge at12:51:46 UT. The width of the (~9¢/wpims)~34c/wpicsmy). We find cavities which are
separatrix region is~2100km. Similar to the first event, on average much wider than the one foundAndré et al.
the separatrix region coincides with the density cavity (2004 that is about 300km, and bRetind et al. (200§
and the increased total magnetic field. As the spacecraftvhich is only 100 km wide. A discussion on how the density
cross the separatrix region and get closer to the ion edgeavity is created can be found Khotyaintsev et al(2009.
the characteristic energy of parallel electrons continuousiyWe could not identify the cause of different cavity widths.
decreases (Figok); the energy of the parallel electrons Our typical values of the width of the separatrix region can be
is changing more gradually than the rapid change in thecompared with the separatrix region width estimates at much
perpendicular electrons at 12:51:46 UT in . After the lower altitude in the mid altitude cusp region Bgpgdanova
ion edge (12:51:47UT) magnetosheath electrons are thet al.(2006. They find the separatrix region to have widths
dominant population. up to 2 ILAT with 0.2° ILAT being characteristic value. This
Strong electric fields normal to the boundaB(, Fig. 9h) width corresponds to a width e¥600 km near the magne-
with amplitude up to 50 mym are observed inside the sepa- topause when mapped along the magnetic field and thus falls
ratrix region. By integrating the normal electric field we get within the range of our estimates.
the electric potential which will affect ions crossing the sepa- Almost all the magnetopause reconnection layer crossings
ratrix region (Fig.9i). Inside the separatrix region the poten- show similar characteristic properties of the separatrix re-
tial first increases and then decreases and in total the electrigion. The main density gradient defines the edge of the ion
potential changes by 1.4 kV across the region. The steady pget and the ion boundary to the the separatrix region. The
tential increase inside the outflow region (after 12:51:47 UT)outflow region is dominated by plasma of magnetosheath ori-
is due to the large plasma convection there. The strongeggin. In the data we see that the outflow region and the mag-
electric fields are localized on the low density side of the netopause current layer, identified as the time interval when
main density gradient. In Figg there is a current paral- the B -component rotate from positive to negative values, at
lel to the magnetic field with a magnitude of 0.2/ at  least sometimes overlap (see Figand Fig.8). When the
12:51:47 UT. The parallel current is coinciding with the den- spacecraft is crossing from the magnetosheath to the mag-
sity gradient located on the ion edge (I12) in FlgThe mag-  netosphere, there is a sharp change in the ion distribution at
nitude of this parallel current and its location is the same aghe ion edge; the magnetospheric population becomes dom-
for the first event. The calculation of the current depends orinant, and a rather sharp change in the perpendicular elec-
the timing analysis which is valid up to only 12:51:47 UT for trons is observed. The parallel electrons, on the other hand,
this event so the current estimation is no longer valid. are changing more gradually and represent a mixture of the
magnetosheath and magnetospheric populations throughout
the separatrix region. Observations of this mixing of mag-
5 Discussion netosheath and magnetospheric electron populations inside
the separatrix region provide additional (kinetic) evidence
We have analyzed in detail eight crossings of the mag-for ongoing reconnection. Closer to the main density gradi-
netopause reconnection layer (marked by vertical lines inent we observe mostly the low energy magnetosheath elec-
Fig. 3) which are consistent with the spacecraft crossing septrons transmitted through the magnetopause. The flux of
aratrix regions of reconnection sites during ongoing recon-such electrons decreases as we move deeper into the magne-
nection. Evidence for ongoing reconnection are based on théosphere. Further away from the magnetopause in the mag-
properties of the observed reconnection ion jets and observaretosphere we observe a loss cone distribution in high en-
tions of FTEs as well as observations of separatrix regionsergy magnetospheric electrons created due to escape of en-
The Cooling model shows that the observations are consisergetic electrons with small pitch angles along the open field
tent with a reconnection site located sunward of the spacelines. At lower energies magnetosheath electrons are enter-
craft. ing along the opened field lines. The magnetospheric edge
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Table 1. Summary of parameters of the observed separatrix regions on 4 January 2004. The table shows (1) the time of the event, (2) the
velocity of the discontinuity, (3) the width of the separatrix region, (4) the potential change over the separatrix region with the starting
point on the magnetospheric side of the separatrix region, (5) the potential dip with respect to the magnetospheric level and positive sign
corresponds to diverging electric fields and (6) the magnitude of the parallel current. The potential dip is a potential change over a region
smaller than the width of the separatrix region.

Time Vdis width  potential change potential dip  current

(km/h)  (km) (kv) (kV) (HA/mP)
12:47 270 300  -2.6+1.3 - 0.3
1251 180 1400  —0.7+0.3 0.8:0.3 0.2
12:58 250 1500 140.6 —1.0£0.4 0.5
13:06 60 1500 540.9 - 0.6
13:09 150 1500 541.6 - 0.3
13:11 210 2300 3:80.7 - 0.2
13:46 180 2500 0:80.8 ~1.5£05 0.1
13:55 140 300 0.750.3 - 0.2

of the separatrix region is the separatrix, a transition fromhybrid drift waves that propagate along the caviaiyads

the open to closed magnetospheric field lines. Low energyet al, 20043. The normal electric field can be integrated
(below the typical plasma sheet energies) field aligned electo obtain the electric potential structure across the separa-
trons are no longer observed on the magnetospheric side dfix region. The studied separatrix regions show that there
the separatrix. This point also coincides with the magneto-exists a potential jump across the separatrix region varying
spheric edge of the density cavity. between 0.3kV and 5.5kV (Tablg. The electric fields ob-
served locally close to the magnetopause will map along the
magnetic field lines into the ionosphere. Thus the local po-
tential drops that are observed across the separatrix region at
the magnetopause can be expected to lead to similar poten-
tial drops down in the ionosphere. The observed values are of
the same magnitude as the ones observed across the dayside
iﬁluroral region at low altitudes supporting the idea that such

at the other end most probably closed through the currents Cpotential jumps can map down into the ionosphénengin
the ionosphere. Mapping the field aligned current densities t . .
! P bping I '9 . " et al, 1995. The shape of the electric potential across the

the ionosphere results in expected field aligned current densi: ) ) o ) .
ties at the top of the ionosphere of 200#—1200 pAM?. separatrlx regions is different fgr th.e @fferent evgnts, for ex-
For the mapping we use thBtvl/Rz andJ~1/R2 S0B~J ample, in the event of 12:51 in Fi@i the electric poten-

and a typical magnetic field value of 20nT in the magneto-t'al first increased and then decreased, which corresponds

sphere and #10°nT in the ionosphere. Large field aligned to diverging elgctric fields, i.e. pointing outwards .from. the
currents of hundreds pAn? have previously been observed separalrix region. For another event at 13:11 in Fg.

by the low altitude satellites such as Freja and Astrid-II onthe potential monotonically decreases over the separatrix re-

similar magnetospheric flux tubeStasiewicz et al.1998 gion and the corresponding electric field is directed from the
Ivchenko and Marklund2002. In the ionosphere t'he man- magnetosphere to the magnetosheath, similar to the event of
ifestation of field-aligned currents originating in the magne- Khotyainisev et a](ZQOQ. Itis |m.porFant to notice th?t when.
tosheath have been observed, e.g. in the form of polewargqe normal electric field extension in the normal direction is

moving auroral forms (PMAFs)Sandholt et a).1998 sufficiently small (in comparison to the ion gyro-radius) ions
' ' entering the separatrix region are accelerated by the normal

All observed separatrix regions are associated with strong|ectric field and in this way obtain energy comparable to the
electric fields. The strongest electric field component is inpotential jump within the separatrix region. This can be par-
the direction normal to the boundary and the values that wejcularly important for cold ionospheric ions that in this way
have observed (e.g. in Fi§and Fig.9) are of the same mag- can increase their energy hundredfold. There are no iono-
nitude as previously observed Byndré et al.(2004 and  spheric ions detected for the current event, however, prelim-
Retino et al.(2006. Note that it is the tangential electric inary studies of other events show that energization of iono-
field and not the normal electric field that corresponds tospheric ions within the separatrix region can be significant.
the plasma motion across the boundary. The normal electrig\|so Topliss et al(2001), Bogdanova et a({2004 andBog-

field has a fast fluctuating component with frequency abovedanova et al(2006 observed energized ionospheric ions in
a few Hz, that is most probably related to electrostatic lower

On the main density gradient which is located on the ion
boundary of the magnetospheric separatrix region we ob
serve a thin parallel current sheet with typical current den-
sities between 0.1 pAn? and 0.6 pAm?2. Presumably, these
field-aligned currents are at one end closed by the Hall cur
rents in the ion diffusion regiorMaivads et al.2004h, and
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Fig. 10. lllustration of the spacecraft crossings of the magnetopause during reconnection due to multiple X-lines. The major X-line is on the
right and the secondary X-line is on the left. Separatrices associated with the X-lines are marked in red and plasma density is shaded in grey
density cavities associated with the X-lines can be seen as light grey bands next to the separatrices. Two example crossings by spacecra
are marked in yellow. The spacecraft on the left crosses a wide cavity with multiple dips due to multiple X-lines, the spacecraft on the right
crosses closer to the major X-line and sees only one narrow cavity.

the separatrix region. Earlier studies show that the stron@ Conclusions
normal electric fields are mainly Hall field&~ j x B /ne,

and do not correspond to the large scale motion of the plasm@ye naye studied Cluster spacecraft observations in the vicin-
(Khotyaintsev et al., 2006). ) ity of the dayside magnetopause on 4 January 2004, between
In 7 out of 8 events we observe a complex internal struc-15.30 and 14:30 UT. During this time the IMF was varying
ture of the separatrix region with multiple density dips inside p, ;t mainly directed southward and we find signatures of on-
the caV|t|e_s._ _Th_e origin of Fhe dips is not _fuIIy un_derstood. going reconnection. We analyze in detail eight encounters of
One_possmmty myolves existence of. multiple X-lines (and {4 separatrix region of magnetic reconnection on the mag-
multiple separatrices) due to formation of secondary magy,etospheric side of the magnetopause current layer, i.e. the

netic islands at the reconnection site. The existence of Sucpegion located between the inner (magnetospheric) separa-
islands has been confirmed both using numerical simulationg;x and the reconnection jet.

(Daughton et a).2006 and spacecraft observationsast- , - : .
wood et al, 2007 Chen et al. 2008. If the formation of We find a similar strgcture _of the separatrix region in all
a density cavity is characteristic for every active X-line we U events: (1) a density cavity, (2) strong parallel currents

could use this to monitor whether reconnection is ongoing aff'_"r::;:h ccgncé:lldle with the |_or|1 bo_un_dary, (3) strt;ng el‘?cmﬁ
a single or multiple X-lines. Figur&Qillustrates spacecraft €0 @n (4) large potential variations across the region. In

crossings of the magnetopause with two X-lines. The yel_most events there are multiple density dips inside the cavi-

low line shows the spacecraft orbit. In the crossing (a) to thell€s: The total width of the cavities varies between 300 km

right in Fig. 10 the spacecraft is crossing the magnetopaus
near the major X-line and only observe a single separatrix o
J y g b altitudes Bogdanova et al.2006§. The electron distribu-

the magnetospheric side. The density in Higis illustrated ) b d inside th . . h dual
by the grey background color. Light grey color corresponds;tlonS observed insiae the separatrix regions show a gradua
change in the parallel energy due to transition from the mag-

to low density and darker to high density. The single sepa- heri heath el lation that i
ratrix crossing then corresponds to the crossing of a singl@,e'[OSp eric to magnetosheath electron population thatis con-

density cavity. In the crossing (b) to the left in FID there sistent with expected signatures when magnetospheric and

is another X-line present between the spacecraft and the mdnagnetosheath electrons mix on newly opened field lines.

jor X-line. In this case we observe a density cavity with two  The strong parallel currents are concentrated on the main
density dips corresponding to crossing two separatrices, ongensity gradient on the magnetosheath side of the cav-
from the major X-line and one from the secondary X-line. In ity. Only in one earlier case study bndré et al.(2004
the future it is necessary to test if similar wide density cav-the strong parallel current has been found to be located
ities with multiple dips can be produced in numerical sim- on the magnetospheric side of the cavity. The observed
ulations and whether multiple dips are correlated with thestrong currents on the ion boundary of the separatrix region,
presence of multiple X-lines. when mapped into the ionosphere would correspond to very
strong ionospheric currents, more than 20QmA, which
can be important for formation of the aurora and global
magnetosphere-ionosphere coupling.

nd 2500 km which is from a few to a few tens of the ion in-
rtial length and consistent with observations at much lower
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Inside the density cavity we find strong electric fields di- E.: Observation of energetic electrons within magnetic islands,
rected normal to the boundary. We integrate this electric field Nature Physics, 4, 19-23, doi:10.1038/nphys777, 2008.
to obtain the electric potential structure across the separatri¢ooling, B. M. A., Owen, C. J., and Schwartz, S. J.: Role
region. The electric potential shows potential jumps of sev- of the magnetosheath flow in determining the motion of open
eral kV across the separatrix region. In some cases there flux tubes, J. Geophys. Res., 106, 18763-18776, doi:10.1029/

. . . . . 2000JA000455, 2001.
can be internal structure of the electric potential showing di Crooker, N. U.: Dayside merging and cusp geometry, J. Geophys.

verging electric fields but in most cases the potential changes Res., 84, 951-959, doi:10.1029/JA084iA03p00951, 1979,
monotonically across the separatrix region. The strong eIecDaught’on, W Scudder, J.. and Karimabadi, H.- Full); Kinetic sim-
tric fields within the separatrix region can contribute to the  jations of undriven magnetic reconnection with open bound-
energization (by a few keV), of the ions crossing this region.  ary conditions, Phys. Plasmas, 13, 2101, doi:10.1063/1.2218817,
This can be particularly important for cold ionospheric ions.  2006.
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