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Abstract. We show that in the case of magnetic reconnec-tational discontinuity RD on the side of the current sheet with
tion where the Alfen velocity is much higher in the plasma the lower Alfvén speed and a slow expansion wave on the op-
on one side of the current sheet than the other, anélfv posite sidel(evy et al, 1964). An example where conditions
edge is formed. This edge is located between the electroifor reconnection in most cases involve large differencé&in

and ion edges on the high AEwn velocity side of the cur- is the Earth’'s magnetopause. Here the magnetosheath (so-
rent sheet. The Alfén edge forms because the Afvwave lar wind plasma compressed behind the Earth’s bow shock)
generated near the X-line will propagate faster than the accelis reconnecting with the magnetic field of the Earth magne-
erated ions forming the ion edge. We discuss possible gentosphere. UsuallWa is about 5 times larger in the Earth
eration mechanism and the polarization of the Aflwave  magnetosphere plasma than in the magnetosheath plasma. In
in the case when higher Alén speed is due to larger mag- general, we can expect reconnection between plasmas with
netic field and smaller plasma density, as in the case of magvery differentV, in many locations in the plasma universe.
netopause reconnection. The Adfvwave can be generated In real plasmas the fluid description of the boundaries
due to Hall dynamics near the X-line. The Adfiwwave pulse  formed by reconnection most often brakes down, particu-
has a unipolar electric field and the parallel current will be larly where ion and electron kinetic effects become impor-
such that the outer current on the high magnetic field side igant. Taking into account kinetic effects, well defined ion
flowing away from the X-line. Understanding Aw edges  and electron edges should form during magnetic reconnec-
is important for understanding the separatrix regions at thetion as suggested §osling et al{1990. These boundaries
boundaries of reconnection jets. We present an example dfiave been identified in space data and have been studied in
Alfvén edge observed by the Cluster spacecraft at the magietail (e.g.Bogdanova et al2006.

netopause. In this paper we demonstrate that during magnetic recon-

Keywords. Magnetospheric physics (Magnetopause, Cusp,nection there will be an additional boundary, we call it the

and boundary layers) — Space plasma physics (Magnetic relfvén edge, that is located between the ion and electron
connection) edges on the side of the current sheet where theéhlfve-

locity is highest. The Alfén edge is associated with strong
electric fields and parallel currents. This region corresponds
to the region where a slow expansion wave is expected in the
fluid description. In asymmetric reconnection, the A&lfv
edge can be an important part of the structure of the separa-

1 Introduction

Magnetic reconnection is an important process in plasmz%rix region n

physics commonly occurring in regions where narrow cur- ' 9

rent sheets form separating regions with different plas- 8

mas Priest and Forbe000. Properties of magnetic recon- i =

nection strongly depend on the parameters of plasma in thg Aliven edge >S5
opposing plasma regions. In the fluid description, when there_ . . .

isp:Iargg(;)ifference?n the Aln speed/a, therr)e forms a ro- eFII’St we _schem_atlcally explain the_ formation of the Afv E

edge. Figurel illustrates boundaries formed when recon- §

nection occurs between two plasmas with different &iiv. =~

Correspondence toA. Vaivads velocity. Only the region to the right from the X-line is in- o

BY (andris@irfu.se) cluded. The Alfién velocityV,"®" is higher thanv/!*" due to 8

C
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//// also on the lowVvp side, solid blue line in Figl. The loca-
tion of ion edges depends on the thermal spéeat plasmas.

separatrix In Fig. 1 we assume thal{o < 2 v/o% and v;"9" > 2 y/low
lon edge / which is common at the Earth magnetopause. In this case the

- - ion edge on the lowp side is located closer to the separatrix
RD (Alfvén) than on the high*s side.

For V"9 > 2 vIow we will have a situation where the
Alfv én wave in the high#s region propagates faster than ac-
celerated ions from the lowa side forming the ion edge on
the high¥a side. Then there can form an Aém edge lo-
cated between the ion and electron edges (separatrix) on the
high-Va side (normaIIyVA';"gh will be slower than the electron
speed). This is illustrated in Fig.whereV,'9" = 5 /oW and
the Alfvén edge has been marked by a red dashed line.

The Alfvén edge is located in a similar place as the slow
expansion wave in the fluid picture. The difference is that the
slow expansion wave takes care of matching boundary con-
ditions between the outflow region and the high-+egion,
while the Alfvén edge can be an independent region where
Alfv én waves generated at the X-line propagate away from

the X-line. Note also, that any physical processes generat-

Fig. 1. Sketch of the main boundaries in reconnection when the'"9 Alvén vyaves along the ion edge on th? highside W'll
Alfvén velocity within one of the reconnecting regions is higher créate Alfilen waves that can propagate into the region be-
than in the other. All the angles are magnified by about a factortween the Alfién edge and the ion edge. Next we discuss
of four to better illustrate the different boundaries. Plasma param-one of possible mechanisms generating Affwaves near
eters are typical for reconnection at the Earth magnetopause. Eled¢he X-line.

trons move much faster than ions and therefore their edges are very
close to the separatrices and we do not show them explicitly. The
green arrow illustrates how a spacecraft is crossing the boundarie§
in the observational example shown in F8j. Plasma parameters

are: Vglgh =5 VAOW, BNigh — 2 BloW_ Thermal velocity of ions on

high

\

Alfvén wave generation

Possible way of generating the Affm wave can be seen
the high¥ side is assumed to bg '°"' = 10V}®". The shaded  when analyzing the region around the X-line (also called the
area shows the region that is dominated by lgwside plasma. diffusion region) in the two-fluid description where Hall ef-
fects appear. We limit ourself to antiparallel case and the
mechanism is similar to the description of magnetic out-
higher magnetic field and lower plasma density in the high-of-plane component generation in symmetric reconnection
Va region. This is a typical situation for the Earth magne- without guide-field flandt et al, 1994. The mechanism is
topause. Inside the Earth magnetosphere the magnetic fielfustrated in Fig.2. Since the magnetic field is stronger on
is typically higher, the plasma density is lower. In such a sit-the high¥/ side, there will be a region on that side where
uation in the fluid description a RD is expected to form in the the magnetic field amplitude decreases at least to values cor-
low-Va region plasma and the slow expansion wave on theresponding to/," without significant changes in the direc-
high-Va side of the current sheettgvy et al, 1964. Inthe  tion. In this region there will be current in the out-of-plane
kinetic description we expect the formation of ion and elec- direction as shown in Fig. This current we expect to flow
tron edges on both sides of the current sh@ets(ing etal.  in a narrow layer, since numerical simulations indicate that
1990. Due to the large velocity of electrons, electron edge iscurrents near the X-line tend to flow in layer that is thin-
located very close to the separatrix, and in Bigve indicate  ner than a typical ion scale. In such a thin layer ions are
only separatrices (bold black lines). mainly unmagnetized and therefore the current will be car-
When we follow one of the magnetic flux tubes, then theried by E x B drift of electrons. This requires the forma-
kink in RD will move with~ V/'f"" away from the X-line. The tion of an electric field normal to the current sheet, shown
low-Va region plasma, when moving across RD, will be ac- with green arrows in Fig2. The magnetic field lines enter-
celerated to a velocity that is 2 VA'OW and form a plasma jet ing this E x B drift region from the highVa side will move
on the high¥a side of the current sheet (RD). There will be in the out-of-plane direction while the same field lines fur-
an ion edge, dashed blue line in Figwhere the fastestions ther away from the X-line are still undisturbed. This leads to
appear on the highta side. There will be a similar ion edge the formation of the out-of-plane magnetic field component
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Fig. 2. Sketch showing the generation of an Adfvwave. The mechanism is described in the text.

By as shown in Fig2. The By disturbance is in the direc- line (Chaston et al.2005. Here we present one example
tion of nN x n, whereny is normal to current sheet amgl where the data indicate the presence of an @&ifedge. The
points towards X-line as shown in Fig. This is also consis- example shown in Fig8 is from a reconnection event close
tent with Poynting fluxEy x Bm /1. flowing away from the  to the subsolar point in the Earth magnetosphere, observed
X-line. It is important to notice that the given polarization by the Cluster spacecrafE¢coubet et a1.1997. The ef-
of En and By corresponds to the generation of an Afv  fect by cold (eV) plasma on reconnection during this event is
wave propagating away from the X-line. Because HE\¢ studied byAndré et al.(2010. Cluster spacecraft C3 and C4
and By, are generated in a layer with perpendicular sdale are located 30 km away from each other. During the cross-
smaller than the characteristic ion scale it will be a kinetic ing of the boundaries on the magnetospheric side, Fithe
Alfv én wave. Therefore its damping and dispersion properdocal normal to such boundaries is estimated by using the
ties will strongly depend on plasma parameters. Associateaninimum variance analysis and the velocity in the normal
to By there will be also field-aligned currents such that the direction is estimated by using the timing of magnetic field
first current observed when going from higf-side towards  structure passing both C3 and C4. In this way the spatial
low-Vp side will be flowing away from the X-line (FigR), scale of the boundaries, marked on the top in Bjgan be
corresponding to electrons moving towards the X-line. Theestimated. Figur@a shows the magnetic field, Figb the
propagation at Alfén velocity implies that the Alfen wave ~ measurements dfy on C4. Note that before23:12:15 UT
will propagate along the direction parallel to the Alfvedge  the electric field measurements are contaminated by cold ion
(assuming zero perpendicular group velocity of the wave). wakes. HoweverEy derived as—v x B is close to zero

To our knowledge there is no direct identification of the (dots), wherev is the plasma velocity. The current in Fig¢
Alfvén edge in numerical simulations. However, taking ais estimated based on the single spacecraft technique. For
look on the existing publications of numerical simulations we this event, the current flowing parallel to the ambient mag-
can identify regions reminiscent of the Ali edge. For ex- netic field is flowing away from the X-line. The plasma den-
ample, in a simulation of asymmetric reconnectiorPojch- sity is estimated from the satellite potentiBledersen et al.
ett (2008 magnetic fields, electric fields and currents on the 2007). Finally, Fig.3e, f show the electron spectrograms for
high-Va side are similar to the ones described here. How-the instrument sectors closest to the directions away and to-
ever, the size of the simulation box was too small to identify wards the X-line along the ambient magnetic field. Red dots
the behaviour of this wave further away from the X-line, so indicate time intervals when the measuring instrument sec-
that the ion, Alfen and electron edges can be clearly sepa-+tors are aligned with the magnetic field.
rated. Similar results were found in the simulationTiayaka
et al.(2008. More simulations are necessary to clearly iden-
tify the Alfvén edge.

During this event the spacecraft cross the three boundaries
on the highVs side (magnetospheric side) of the current
sheet in this order: separatrix, Afm edge and ion edge.
The approximate location of the boundaries is marked by
4 In situ example shaded intervals (gray — separatrix, pink — &lfvedge, blue

—ion edge). We have identified the separatrix as the bound-
To our knowledge, the Alfén edge has not been identified ary where high energy electrons (electrons of highside
in in situ measurements, even though it has been shown thatith energies more than 1 keV) moving away from the X-
drift-kinetic Alfvén waves are propagating away from the X- line disappear, as seen in FRg (Khotyaintsev et aJ.20086.
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On these field lines there are still high energy electrons mov-
ing towards the X-line, Fig3f, and therefore the spacecraft
are crossing the first open field lines. At the separatrix, the
first magnetosheath (lowp side) electrons having energies
around a few hundred eV and moving away from the X-line
also appear, see Fige. We identify the Alfen edge as
the region with the stronged#iy and By disturbance.Ey

and B\ disturbance directions are consistent with the sketch
in Fig. 2. The ratioEn/Bwm ~ 600 km/s which is close to

VAh'Q’h ~ 1000 km/s. Also the parallel current that is first ob-
served is in the direction away from the X-line, consistent
with the sketch in Fig2. It is difficult to estimate the exact
perpendicular size of the Alén wave from the data, but ap-
proximately it is of the order of a few hundred km, which is
less than the ion inertial length and the gyroradius of the hot
magnetospheric (high’a side) ion population. The parallel
current flowing away from the X-line in this case seems to be
carried by cold ionospheric electrons that have been acceler-
ated towards the X-line, as one can see in Bi@gt energies
below 100 eV during the time of the peak of the parallel cur-
rent. There are no ion measurements shown in Bidut

the presence of the ion edge can be identified as the increase
in plasma density which is due to the appearance of Waw-
side (magnetosheath) ions. When the density increase is sig-
nificant it implies that the bulk of accelerated magnetosheath
ions have reached the spacecraft and we can identify it as the
ion edge. The appearance of magnetosheath ions leads to in-
creased plasma thermal pressure and therefore the magnetic
field amplitude is decreasing to keep the total pressure con-
stant. In summary, we show that our observations are consis-
tent with the sketch presented in FRjand that the Alfén

edge may be identified in the data.
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Fig. 3. Cluster C4 observations of a crossing of boundaries on
the magnetospheric side during reconnection at the magnetopause.

Boundaries are color marked as separatrix (gray), &ifiedge

(pink) and ion edge (blue). Panels showa) magnetic field,
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