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Magnetic reconnection is the process by which magnetic feld
lines of opposite palarity reconfigure to a lower-energy state, with
the release of magnetic energy o the surroundings. Reconnection
at the Earth’s dayside magnetopause and in the magnetotail allows
the solar wind into the magnetosphere'”. It beging in a small
‘diffusion region’ where a kink in the newly reconnected lines
produces jets of plasma away from the region, Although plasma
jets from reconnection have previously been reported’ 7, the
physical processes that underlic jet formation have remained
poorly understood because of the scarcity of in sity observations
of the minuscule diffusion region. Theoretically, both resistive
and collisionless processes can initiate reconnection® ", but which
process dominates in the magnetosphere is still debated. Here we
report the serendipitous encounter of the Wind spacecraft with an
active reconnection diffusion region, in which are detected key
processes predicted by models™™ of collisionless reconnection.
The data therefore demonstrate that coellisionless reconnection
oceurs in the magnetotail.

When magnetic field lines of opposite polarity convect toward
cach other they reconnear and change configuration in a small
diffusion region centred around a magnetic X-line (Fig. 1), Outside
the diffusion region, in the inflow ss well as the high-speed el
regions; the magnetic field lines are “frozen’ to the plasma. In the
ditfusion region, however, the fekl lines diffuse from the plasma,
allowing the opposite beld lines. to merge and change partners
{Fig. 1b}, The occurrence of reconnection depends critically on the
plasma processes within the diffusion region. Essentially all of
the experimental tests for its occurrence, however, pertain to
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whservations outside the diffusion resgon Much of our kaowledge
of processes i the diffusion region thus derives selely from
thearetical modelling” ",

According Lo theory, reconnection can be accomplished either by
risistive or by collisionless mechanisms, The dassical collision rate
i the magnetosphere is low, bt anomalous resistivity could be
provided by increased wave activiey™ ' I the resistive scabe sive 1
larger than the oo scale size (the won skin depth—see Fig. § for
definition}, reconnection s accomplished by resistive diffusion of
irs and electrons at the resistive scale and no separation between
s and electrens occurs. If, on the other hand, the resistive scale
stz is smaller than the aon skin depth, collisiontess etfects beeame
deminant, and a separation of fons and electrons (the Hall effect)
ooours as the dons are first unfroezen from the magnetic held fat the
Larger ion scale) while the electrons continue to carey the field lines
toward the X-line and eventually diffuse at the smaller electron
seales The separation between electrong and tons in the on
diffusion region gives rise to a svstem of currents, termed the
"Hall current” (see Fig W), which o turn induces @ guadropolar
out-of-plane. Hall magnetic field pattern’. The Hall guadrupolar
felds shonbd e recounizable by a spacecraliraversing the magneto-
tail reconnection region, from one side of the X-line 1o the other, as
a reversal of the oul-of-plane component [y-component] of the
magnetic feld, with an amplitude of —30% of the background
magnetospheric feld™. Electrems: carrying, the Hall corrent are
expected along the boundary separating the lobe and the plasma
sheet!"™,

Out-gf-plane magnetic fields ave recently Been detected by the
Geotail spacecraft in the high-speed How region outside the diffu-
sion region both in the near-Farth tail™ and w0 the dayside
magnetopause™. These fields are presunmably the extensions of the
Hall magnetic fields originating inside the diffusion region. But as
lomg as such signatures are obtained only ouside the diffusion
region one cannot el with certainty whether the observed signa-
tures are the cavse or consequence of reconnection: Only an sitn
detection of Hall signatures in the diffusion regien would unam-
biguously point 1o the dominance pfcollisionless effects in magnetic
reconnection,

The Wind spacecralt madea lortuitous direet encounter with the
ion diffusion region on 1 April 1999, Asthe spacecraft travelled away
trom the Sun through the Earth's magnetotail (see Fig. 1), at abou
ol Earth radii hehind the Earth it detected a period of Earthward
directed plasma jets followed by an interval of tailward-direcred jees,
with proton Qow speed reaching 400 ks~ (Fig, 2h1. The velocities
ol both the Earthward and tailward jets are in agreement with the
predicted slingshot effeer resulting from reconnection’ This Tow
mterval was embedded in a 10-hour interval of quasi-steady
reconnection’, The detection ol the reversal of the reconnection
jets implies that the spacecrall moved from the Earthward side to
the tailward side of an active reconnection X-line (Fig, 1b). The
spacecraft remaingd in the reconnection layer as it crossed from one
side of the X-line to the other, as evident from the uninterrupted
Lratgsition from Earthward to tailward flow (Fig. 2a), so the space
craft must have crossed the diffusion region, 1f the crossing from
one side of the X-line to the other had aceurred outside the diffusion
region, the spacecraft would have detected an interval of slow tlow
in the z-direction only, which coreesponds 1o the reconnection
inflow region’. [t can be inferred from the mostly negative sign of
the s-component of the magnetic Reld, 8., that the spacecral stayed
predominantly on the southward side of the plasma shest midplane
(the neutral sheet) during the crossing near the X-line, as sche-
matically shown in Frg 1he

We now describe the THall electron and magnetic field signatures
abtained in the diffusion region implying that collisiondess {rather
than resistive) effects dominate in this event,

Asthe spacecraft travelled from the region of Earthiward jets to the
region ol tailward jets while remaining mostly below the plasma
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sheet midplane, it observed a decrease followed By an icrease -
component of the magnetic field, B, The amplitudes of these
changes were about 4.5 0T superposed ona Background B, held of
6 1 T. The sense of the field veversal for this spacecraft trajectory is in
precise agreement with the predicted quadropolar out-ofl-plane
Hall magnetic field configuration®™ (Fig. 1h). Even more convine-
ing, shartly after the flow reversal Wind twice crossed briefly to the
northward side of the neutral sheet, as apparent from the positive
sign-of the B, component, before returning to the southward side,
During the two brief excursions into the northern hemisphere the B,
component actually turned negative, as required by the model
shown in Fig, 1b The observed Hall magnetic Deld amplitode of
4.5nT corresponds to about 40% of the total magnetic field
magnitude (about 12n7T), close to the prediction based on a two-
dimensional hybrid simulation', The presence of nearly symmetric
bipolar 8, feld superposed on a background 8, feld of 6 nT | 50% of
the total field) is consistent with theoretical predictions that the
presence of a guide field does not change the quadrupolar Hall feld
pattern in a significant way' =

In addition 1o the Hall magnetic ficld signatures, a low-energy
(=300 eV) electron beam aligned with the magnetic feld and
directed towards (implying a current away trom) the X-line was
observed just before the flow reversal (Fig. 30, The electron beam
was observed only for 3 2-minute interval preceding the flow
reversal when the B, component was large and negative, which
indicates that the spacecraft was near the boundary between the
plasma sheet and the lobe in the southern hemasphere, The sense of
the clectron beam and the confinement of this beam to the plasma
sheet/lobe boundary are consistent with these electrons being the
Hall current carriers {see Fig. 1b).
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A dip in the density was detected just preceding the time of the
flow reversal (Fig. 2a). A density depletion along the separatrices’
andl at the contre of the diffusion region™" has been predicted in
recent simulation models. The abserved density depletion {Fig. 2a)
ts not centred at the time of the low reversal and would correspond
miore to A dip along the separatrices, although a briefentry into the
labe is also a possible interpretation,

The lengtly of the fon diffusion reglon {aloag the x-daxis) is
difficult to estimate from single spacecraft observations, If, however,
one assumes the X-line 1o be stationary inspace while the spacecraft
mioves at a speed of about 1 kms™ in the negative x-direction one
abtatns o dilfusion region length of 1,300 km, or roughly 2 ion skin
depths, for a crossing duration of 21 minutes, The true length is
larger ar smaller depending on whether the X-line moved with or
against the spacecraft trajectory:

Waves with power between the lower hybrid resonance and the
ion cyclotron frequency were observed {not shown) throughout the
many hours of ohserved high-speed jets, The magnetic spectral
energy density was similar inside and ouwtside the diffusion region.
Although these waves conddd be interpreted as whistlers generated in
the collisionless diffusion region’, we cannot rule out that the waves
could be localiy generated by processes outside the diffusion region,

The ohservations presented here constitute a rare encounter with
an active reconnection diffusion region in the Earth's magnetotail
where Hall effects indicative of collisionless reconnection were
detected. The event was embedded in a 10-hour interval of quasi-
steady reconnection, Evidence for Hall eftects has also been reported
outside the diffusion region in highly time-varying reconnection
closer to the Earth™ and at the dayside magnetopause™, and
perhaps in the diffusion region in the polar cusp ([ 1 Scodder,
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Figure 1 Schematics of magnatic recannection in the Earh's magnotnsphens: a, Tha
nogn-midnight piane of the magraiosphere showing dayside magnetopsuse and
maanetolail recannection, In the ragnetetall, oppesitely directed magnatic fledd nes In
the nomharn and southemn kb regions comecl tvwards tx low-lattude plasma sheet,
touch ezch other and reconnect at 2o 0X-paint o X-ling {n the cut-of-ghane y-deckany, In
the process magnelic anergy & converted inkz kinebc energy m fhe form of Bi-directional
plasma [2ts direcied towards and sway from tha Earth, b, Zoom-in oo the ragion
surrounding the X-Ene. in the collisioniess regima, oppaositaly direcied fisld lines convect
towards each other from the topaand he botiom of the Biguse and reconnect al & distance
of the grsr of the ion skin depth {defined a5 mii o’ . whera m s the mazs of the
Epacins, 18 the plasma density, @ i 1he charme, and o 15 he parmeability in vacuumn)
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from the Z-line, The skin depth in e plasma sheet 15 abaut 700 km for iong and 20km or
glectrons. The o diffusion region is marked by the shaded red area, gnd 1he smaiier
aleciron difusion regian |5 shown a5 & gray box, 1ahe ion giffusion reqion, ihe saparalion
beteveen ons-and alecirons at the ion scale creales a system of Hall currents: These in
Tuirn induce aquadiesolar cut-ol-slane magnatic leld patien® which was ohsened by e
Wind spacecrad as it travelled fram the Earthward 10 the tailward sige of the X-line
Eizciran mation consistent with the Hall current was 450 delected near the boundary
betwiaen lobe and pasma sniset as expacted fram the schematic. The coordinata system
iz gdetined such that x points towards the Sw, 238 normel to the current sheet, and

i Is directed aut of the piane,
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Figure 2 Chasrvations: by Wind In 1he g diffsion segqion. The lan diffusion seqgion
{rerarked) 15 identilied from the 8. component &5 the region of darps oat-of-plane’ Hall
magnetic flds serrounging g fow revecsal. a, The plasma density, wivch was al the
typical plasma sheet values throughout the interval except for a brief (—1 minge) dip 1o
et density |ust batons The flow raversal. b, The s=component of 1he frosen low valocty
showing bi-directional jets and a Fow reversal, c-e, The three composants of tha
magnetic fald, The disaction reemal 1 the cumant sheet was delermized by minimum
varance analyss™ of the magratic fleld data. Bipolar £, Al varfations with polanties
corslstent with fhe Hall magnetc lield paliern {Fig, 160 were datzcled as the spacecrafl
crossad from the Earthwvard side to the failwand i of 1he faw resarsal region, To
tighiighl 1he tepalar B-sigrature, magratic field deviations: from the: guide field) larges
than 1.5 nT are skaded blue for negative changes 2ad red lor positive anbzncements,
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Flgure 3 Deteclion by Wing of 2 kow-anergy isciron beam caryving tha Hall corresd The
eleciron disinbutions at 07, 907-and 1807 to the magnebc field wers chtasmed at 7:53:51
Linbversal Tiene for, st stons the flow réeversal whan the spacecialt was in the southem
hemisphere ipelow the piasma sheet midplana) near the boundzry hebsesn thie lohe srd
the plesa sheel, The slaciron distribution (s Sotropic at &l enemgies, except for the
appearance of 3 fiekd-aligned electron Deam with energy up to 200 84, Tha detestion of
The feid-aligred {0%-electon Beam implies thal the beam was directed towards the X-
ling, conslstent with the-pregiction that the Hall cyrrant shauld he direcies sy from 1he
£-hnz ab Inds hoation (sze By b,
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persenal communication), Tegether these observations indicate
that magnetic reconnection in the entire magnetosphers operates
in the collisionless regime at least same, if net most, of the mme;

According to theory™ ", reconnection proceeds at 2 much faster
rate when it is mediated by collisionless rather than resistive effects,
with predicted {dimensionless) collisionless reconnection rates
reaching —~0.2 refs 9-13), A collisionless reconnection regime i
the Earth's magnelosphere thus implies much higher rates of solar
wind entry than depicted by present-day global numerical simula-
tion models of interactions between the solar wind and magneto-
sphere, whicl assuwime resistive reconnection™

The detection of Hall effects in the jon diffusion region implies
the importance of collistanless {non-resistive) effects in reconmec-
tion, But the processes that ultimately cause the electrons to diffuse
from the magnetic feld in the much smaller electron diffusion
region remain ane of the main unsolved prablems in reconnection
research, The identification of electron processes requires high-
resolution measurements capahle of resolving electron-scale struc:
tures andd dyvnamics, Such observations could then be used Lo verify
a recent rather surprising theoretical finding, based on two-dimen-
stonal reconnection configurations, that ion-scale Hall effects ulti-
mately determine the reconnection rate, irrespective of which
¢lectron-scale processes eventually cause the electrons to diffuse
from the magnetic feld™", O
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