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Abstract. We report an accelerated plasma flow event detected by Wind at the low-latitude dawn
tail magnetopause (xgsg=-10 Rg) when the local magnetic shear across the magnetopause was high
(~180°) and the GSM y component of the interplanetary magnetic field was positive and much
larger than the z component. High time resolution (3 s) three-dimensional ion and electron distribu-
tions were obtained for this event. We have performed rigorous tests of fluid and particle predic-
tions of reconnection. Consistent with reconnection, we observed at the magnetopause (1) jetting of
plasma, with a flow speed, measured in the deHoffmann-Teller frame, at 98% of the Alfvén speed;
(2) mixing of a nearly isotropic hot plasma sheet ion distribution with a field-aligned magneto-
sheath distribution having a low-energy cutoff at the predicted deHoffmann-Teller velocity; (3)
opposite streaming of magnetosheath and plasma sheet electrons consistent with open field topol-
ogy; and (4) a finite inward (earthward) directed normal magnetic field (By<0) at and an associated
earthward plasma flow (at 94% of the normal Alfvén speed) across the magnetopause. The com-
bined fluid and particle signatures provide a comprehensive set of evidence for reconnection at the
magnetopause. These reconnection signatures were observed in the tail flank magnetopause, where
the presence of fast plasma flow (at almost twice the local Alfvén speed) in the adjacent magneto-
sheath has been predicted to suppress reconnection. The sense of the flow enhancement, the direc-
tion of the electron heat flux, and the polarity of By are all consistent with each other and with the
spacecraft being located tailward and northward of the reconnection site. Our analysis places the
reconnection site ~7 Earth radii south of the magnetic equator. The dimensionless reconnection rate
at this flank magnetopause is estimated to be in the range of 0.1 to 0.2, which is similar to values
reported for the subsolar region. In essence, the present event provides unambiguous evidence for
reconnection and shows that reconnection signatures at the tail flank magnetopause are not notice-

ably different from those predicted and observed in the subsolar region.

1. Introduction

Magnetic reconnection is a universal plasma process which
converts stored magnetic energy into kinetic and thermal energies.
It also creates topological changes which provide access of one
plasma to another and is believed to be one of the dominant pro-
cesses by which solar wind energy is transferred into the Earth’s
magnetosphere [e.g., Dungey, 1961; Cowley, 1984].

At the dayside magnetopause, reconnection between magneto-
sheath and geomagnetic field lines is expected to produce (1) a
finite magnetic field compenent normal to the magnetopause, By,
[Sonnerup and Ledley, 1979]; (2) Alfvénic plasma flow accelera-
tion associated with a rotational discontinuity at the magnetopause
[Levy et al., 1964]; (3) ion distributions on reconnected field lines
consisting of a mixture of magnetosheath and magnetospheric pop-
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ulations where the transmitted magnetosheath population has a “D-
shaped” distribution, with a low-energy cutoff at the deHoffmann-
Teller velocity [Cowley, 1982]; (4) reflected ions in the layers adja-
cent to the magnetopause [Sonnerup et al., 1981]; (5) opposite
streaming along reconnected field lines of outgoing magneto-
spheric electrons and incoming magnetosheath electrons, resulting
in large parallel electron heat flux; and (6) an offset between the
ion and electron edges at the inner boundary of the low-latitude
boundary layer (LLBL) due to a time-of-flight effect resulting
from the fact that entering magnetosheath electrons have much
higher parallel speeds than ions while their transverse motions are
the same [Gosling et al., 1990b]. The second expectation repre-
sents a macroscopic (fluid) property, while predictions 3 to 6 are
kinetic manifestations of reconnection. The sense of By, vy, the
directions of both the accelerated flows and the electron heat flux,
as well as the form of the D-shaped ion distributions are mutually
related and depend on the location of the observation site relative
to the reconnection site. The percentage of reflected ions depends
on the magnetopause structure and cannot be uniquely predicted
theoretically, while the offset between the ion and electron edges is
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a function of the distance from the observation point to the recon-
nection site.

Experimentally, By is difficult to measure accurately because
doing so requires a precise determination of the magnetopause nor-
mal. Because the field component tangential to the magnetopause
is substantially larger than the normal component, even a slight
error in the magnetopause normal determination could lead to
large errors in the value of By. Thus a measured nonzero By in
itself is usually not considered to be unambiguous evidence for
reconnection.

Reports of plasma jetting that satisfies tangential stress balance
across a rotational discontinuity (the so-called Walén test) [e.g.,
Paschmann et al., 1979, 1986; Sonnerup et al., 1981, 1987; Gos-
ling et al., 1982, 1986, 1991; Phan et al., 2000] have provided
quantitative verification of the fluid signatures of reconnection,
while observations of kinetic signatures lend further support for
the occurrence of reconnection at the dayside magnetopause.
These signatures include (1) “D-shaped” ion distributions [e.g.,
Gosling et al., 1990b; Smith and Rodgers, 1991; Fuselier et al.,
19917; (2) opposite streaming magnetosheath and magnetospheric
electrons [e.g., Ogilvie et al., 1984; Mitchell et al., 1987]; (3)
reflected ions next to the magnetopause [e.g., Sonnerup et al.,
1981; Scholer and Ipavich, 1983; Fuselier et al., 1991; Gosling et
al., 1991]; and the separation of the electron edge from the ion
edge at the inner LLBL [Gosling et al., 1990b].

Despite the large amount of evidence for reconnection, open
questions remain. Many dayside magnetopause crossings have
failed to display flow acceleration with the predicted magnitudes,
even under favorable (southward) interplanetary magnetic field
(IMF) conditions [e.g., Papamastorakis et al., 1984; Paschmann et
al., 1986; Gosling et al., 1990a; Phan et al., 1996]. Furthermore,
few reconnection events display all the predicted fluid and kinetic
signatures and the presence of a finite By. A survey performed by
Bauer et al. [1998] to check the consistency between the various
fluid and particle signatures revealed that although particle signa-
tures are sometimes observed together with the fluid signatures,
more often one signature is observed without the other. For exam-
ple, the majority of accelerated flow events do not display the pre-
dicted “D-shaped” ion distributions. The reverse situation also
occurs where the observed ion and electron particle signatures are
as predicted, but the flow enhancement is substantially below the
predicted Alfvén speed. Without clear explanations for these
inconsistencies, our understanding of the reconnection process
remains incomplete.

In the present study we perform rigorous tests of reconnection
predictions on a dawn flank magnetopause crossing by Wind for
which high time resolution (3 s) full three-dimensional (3-D) ion
and electron distributions are available. The observed fluid and
particle characteristics are in quantitative agreement with predic-
tions and together provide compelling evidence for reconnection.
This study also reveals possible reasons for the inconsistencies
between fluid and particle signatures reported in previous studies.
Finally, this reconnection event was detected at the dawn tail flank.
The majority of previously detected tail flank reconnection events
were on the duskside [Gosling et al., 1986].

2. Instrumentation and Data Selection

The present analysis uses data from the Wind spacecraft.
Plasma parameters were obtained from the 3-D Plasma (3DP)
detectors [Lin et al., 1995], with varying time resolution. Full 3-D
ion distributions were produced every spacecraft spin period (3 ).
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Because of limited telemetry capacity, the 3-s distributions are
usually averaged over 24 or 51 s before being transmitted; how-
ever, burst mode data, which provides 6 min of full temporal reso-
lution (3 s) 3-D ion and electron distributions, are available for the
magnetopause event reported here. The burst mode is triggered at
the magnetopause by sudden changes in the ion flux level. The
magnetic field is measured at a rate of 10.9 samples 571, but for our
analysis, the magnetic field data are averaged over 3 s [Lepping et
al., 1995].

Plate 1 shows the trajectories of the Wind and the IMP 8 space-
craft during the event. Wind was crossing the dawn tail magneto-
pause (xgsg= -10 Rg) below the GSM equatorial plane (zggm= -
6.6 Rg) while IMP 8 remained in the dusk tail magnetosheath, pro-
viding shocked solar wind plasma and magnetic field information.

The (local) boundary normal (LMN) coordinate system is used
throughout this paper. It is defined such that the N axis points out-
ward along the magnetopause normal and the (L, M) plane is tan-
gential to the magnetopause with L oriented approximately due
north and M oriented due west (see Figure 1). The magnetopause
normal is taken from Fairfield’s magnetopause model [Fairfield,
1971], except in the determination of By (section 4.4), where vari-
ance analyses of the measurements are performed.

3. Observations

Plate 2 shows an overview of the Wind outbound pass from the
magnetosphere to the magnetosheath on January 13, 1996. In the
magnetosphere (i.e., before 2030 UT) the M component of the
magnetic field, B, is large and positive (Plate 2i), consistent with
the spacecraft being located south of the neutral sheet and the mag-
netospheric field lines being highly stretched. From 2030 to 2100
UT the spacecraft crossed the dawn flank magnetopause multiple
times, and high-speed flows were detected (Plate 2c). The peak
flow speed is larger than the magnetosheath flow speed by ~200
km s°!. At these times the IMP 8 spacecraft was in the dusk flank
magnetosheath and measured a rather constant magnetosheath
flow speed (red line in Plate 2c), which implies that the plasma jets
detected by Wind at the dawn magnetopause are true flow acceler-
ations unrelated to solar wind velocity variations.

Plate 21 shows the density of the energetic ion and electron pop-
ulations of magnetospheric origin. It is noted that the sharpest drop
of the energetic particle density did not occur at the first encounter
of the magnetopause (at ~2030 UT). It occurred much later at
~2110 UT, which coincides with the last magnetopause and high-
speed flow encounter.

Plate 2k displays the magnetic field clock angle measured by
IMP 8 and Wind. As expected, the clock angle measured by Wind
in the dawn magnetosheath (after 2100 UT) agrees well with that
in the dusk magnetosheath, indicating that the IMF clock angle has
the same value, ~ 90°. The clock angle measured by IMP 8 indi-
cates that the GSM y component of the IMF was much larger than
the GSM z component for more than 4 hours surrounding the Wind
magnetopause crossing. The magnetosheath and the magneto-
spheric fields at the dawn tail magnetopause (at the Wind location)
are nearly antiparallel.

Plate 3 shows one of the magnetopause crossings in more detail.
This event is chosen for detailed analysis because of the availabil-
ity of the highest resolution (3 s) particle distribution data. The
spacecraft was in the magnetosphere at 2030:00 UT. It crossed the
entire magnetopause and its boundary layer in less than 2 min and
entered the magnetosheath at ~2031:40 UT. Reversing the space-
craft travel direction, the flow enhancements (relative to the mag-
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Figure 1. A sketch illustrating reconnection at the dawn tail mag-
netopause. Our analysis indicates that the Wind satellite crossed
the magnetopause in the Southern Hemisphere, tailward and north-
ward of the reconnection site, and the X-line makes an angle of
~60° relative to the equator (with the northern part of the line
pointing toward the Sun). The accelerated flows at the magneto-
pause are indicated by the thick arrow.

netosheath flow) commenced at the outer edge of the current layer,
at ~2031:40 UT. The enhanced flows were detected from 2031:40
to 2030:33 UT (Plate 3c), i.e., throughout most of the magneto-
pause/low-latitude boundary layer (MP/LLBL). The M and L com-
ponents of the flow velocity are both positively enhanced (Plates
3d-3e), indicating that the spacecraft was located tailward and
northward of the reconnection site, as illustrated in Figure 1. Con-
sistency checks of this picture in terms of the sense of By and elec-
tron heat flux, the presence of D-shaped ion distributions, and the
occurrence of Alfvénic flows are the subject of the remainder of
this paper. Finally, based on a vy, enhancement of ~200 km sl and
a v, enhancement of ~100 km s'! across the magnetopause, we
infer that the X-line makes an angle of ~60° relative to the equator.

At the magnetopause the magnetic field magnitude, IBI, is
reduced to only ~20% of the magnetosheath and magnetospheric
values (Plate 3g). Large dips in IBl occur at several other magneto-
pause crossings (see Plate 2g) and are part of the magnetopause
structure since they do not occur in the magnetosheath proper
(after 2100 UT). Such field depressions are common in the magne-
topause [e.g., Sonnerup and Ledley, 1979] and have been seen in
other reconnection events [e.g., Paschmann et al., 1979; Gosling et
al., 1986, 1990a, 1991].

4. Analysis

In this section we quantitatively verify both fluid and kinetic
predictions of reconnection for the event in Plate 3, and we demon-
strate their mutual consistency. We confirm that the observed bulk
flow accelerations are in close agreement with the prediction. We
then show the presence of “D-shaped” ion distributions, with the
predicted low-energy cutoff at the deHoffmann-Teller velocity.
The electron distributions are also shown to be consistent with an
open magnetopause and in agreement with the configuration of
Figure 1. The presence of a finite inward (earthward) directed By
and a corresponding inward plasma flow across the magnetopause
(which is itself moving earthward) is confirmed by two separate
methods. On the other hand, some predicted kinetic signatures,
namely reflected ions and separate electron and ion edges at the
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inner LLBL, were not observed in this event. Finally, the magneto-
pause and LLBL thicknesses, the reconnection rate, as well as the
location of the reconnection site are estimated from the knowledge
of the speed of the magnetopause boundary itself, the flow across
the magnetopause, and the normal magnetic field.

4.1. Tangential Stress Balance

For a rotational discontinuity at the magnetopause [Levy et al.,
1964], ideal MHD predicts that the reconnection flow is Alfvénic
in the deHoffmann-Teller (HT) frame of reference [Sonnerup et
al., 1987]. This condition is called the Walén relation and is
expressed as

v - Vigr = 2(1-0)2 B/(ugp) 2, )

where v is the plasma velocity, Vyt is the deHoffmann-Teller
velocity, B is the magnetic field, and p is the total mass density.
Also, the pressure anisotropy factor is o = (p; - p | )¢/ B2, where py
and p, are the plasma pressures parallel and perpendicular to B,
respectively.

4.1.1. Existence of the deHoffmann-Teller frame. The exist-
ence of a finite By at the magnetopause requires field lines on both
sides of the magnetopause to move together. In this scenario there
must be a reference frame (the HT frame) which slides along the
magnetopause with the field line velocity. In this frame the con-
vective electric field vanishes (E_ = -vxB= 0); that is, the flows are
field-aligned on the two sides of the magnetopause.

The HT frame for a set of plasma and field measurements can
be found as the reference frame in which the mean square of the
convective electric field, D = <I(v - Vyyp)xBI?>, is as small as pos-
sible [Sonnerup et al., 1987; Khrabrov and Sonnerup, 1998c]. The
angle bracket < > denotes an average of an enclosed quantity over
a set of measurements. The velocity v for which D(v) is a mini-
mum is the deHoffmann-Teller velocity, Vyt. The ratio D/D,
where Dy= <I(vxBI?>, is often used as a measure of the quality of
the HT frame. For a good HT frame, D/Dy, should be small (<< 1).
The quality of the HT frame for a data interval is also evident when
a single velocity Vyr can be found such that -v"*xB™ ~ -VypxB™,
where the superscript m denotes individual data points in the inter-
val.

We compute the deHoffmann-Teller velocity using the method
by Sonnerup et al. [1987] for the 2031:10-2031:42 UT interval
indicated by the green bars in Plate 3. This interval includes a seg-
ment of the enhanced flow region and a few magnetosheath mea-
surements in the immediate vicinity of the magnetopause.
Analyses in section 4.4 suggest that this is the optimal data interval
for the determination of the magnetopause normal vector. One
obtains Viyp= (-185x, -89y, 712)ggg km s'. When -v"xB™ is plot-
ted against -VyrxB™ (Plate 4a), the best fit of the data points has a
slope of +1.06 and a correlation coefficient of 0.96. Together with
the ratio D/Dy= 0.06 these results indicate the existence of a good
HT frame.

4.1.2. Walén test. Plate 4b shows the scatterplot of each GSE
x, y, and z component of the flow velocity in the HT frame versus
the Alfvén velocity. On average, the flow speed in the HT frame is
98% of the Alfvén speed, and the correlation coefficient R between
the two quantities is 0.93. The pressure anisotropy factor o is small
in this event and is not an important factor in the Walén test. The
positive slope of the regression line implies that the normal mag-
netic field points earthward (i.e., By<0) [e.g., Sonnerup et al.,
1981], consistent with the scenario in Figure 1.

The results of the tangential stress balance test are not sensitive
to the chosen data interval as long as the interval does not include
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samples in the innermost region of the LLBL. Plate 5 shows the
Walén slope and the correlation coefficient as one varies the data
interval. In this analysis the outer (magnetosheath) edge of the
interval is fixed (at 2031:42 UT) while the inner (LLBL) edge is
varied between 2030:00 and 2031:38 UT. Results in Plate 5 are
shown as a function of the time which corresponds to the LLBL
edge of the data interval. The Walén slope (Plate 5b) and the corre-
lation coefficient R (Plate 5¢) are excellent (better than 0.9) across
an extended time interval when the inner edge is in the range of
2030:36-2031:30 UT. It is only when the interval extends earth-
ward of 2030:36 UT that the regression slope and the correlation
coefficient decrease substantially below unity. This finding indi-
cates that the region immediately earthward of 2030:36 UT, in
which the flow speed remains high, is not governed by the Walén
relation: It may represent slow-mode expansion, modified by non-
MHD effects. Another complication is present in this region: The
density and temperature profiles in Plate 3 suggest that a brief
reversal of the magnetopause normal motion occurred in the inter-
val 2030:28-2030:42 UT. Such a boundary motion reversal should
not be included in deHoffmann-Teller and Walén analyses. In other
words, the earthward edge of the data interval should not be before
2030:42 UT. The poor Walén slope for cases where the inner edge
of the interval is after 2031:30 UT, on the other hand, is due to the
small number of measurements in these cases (Plate 5d).

Finally, although the ion measurements by the Wind 3DP exper-
iments assume all detected ions to be protons, the ion velocity
moment agrees remarkably well with the Walén relation. This indi-
cates that, at least for this event, the effects of heavy ions on the
computed moments are negligible.

4.2. Ion Distributions

The kinetic description of reconnection can also be quantita-
tively verified. An important kinetic signature is the so-called “D-
shaped” ion distribution. Magnetosheath particles can either be
reflected at or cross the magnetopause. In the deHoffmann-Teller
frame of reference in which the electric field vanishes, only ions
traveling toward the magnetopause will cross the magnetopause.
Thus, when viewed in the spacecraft frame, only magnetosheath
ions with parallel velocity greater than the deHoffmann-Teller
velocity can be seen earthward of the magnetopause, resulting in a
“D-shaped” distribution [Cowley, 1982]. Along the reconnected
field lines, hot magnetospheric ions are also expected to be
present.

Plate 6 shows ion distributions taken in the magnetosphere at
2030:00 UT, in the inner part of the LLBL at 2030:33 UT, in the
magnetopause at 2031:17 UT, and in the magnetosheath proper at
2032:34 UT. The distributions in the magnetopause (Plate 6c) con-
tain a mixture of hot magnetospheric and cold magnetosheath pop-
ulations. While the hot magnetospheric component is nearly
isotropic, the magnetosheath component displays a significant
shift from the origin toward the +B direction and has the character-
istic D shape with the low-energy cutoff occurring at the deHoff-
mann-Teller velocity, in quantitative agreement with prediction. D-
shaped distributions, similar to Plate 6c, are visible in 15 consecu-
tive measurements, from 2030:45 to 2031:30 UT, corresponding to
most of the flow enhancement region and to the interval when the
Walén slope is close to 1. The streaming of particles of magneto-
sheath origin along the magnetic field (+B) direction (Plates 6b
and 6¢) is consistent with the scenario of Figure 1. As one
approaches the innermost portion of the LLBL, however, the cold
population appears less “D-shaped” (Plate 6b).
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Another kinetic prediction of reconnection is the possible pres-
ence of reflected ions in the layers adjacent to the magnetopause
[e.g., Cowley et al., 1982]. However, the percentage of reflected
particles depends on the magnetopause structure and therefore
canot be uniquely predicted theoretically. For the present event the
ion distributions sampled in the MP/LLBL and in the magneto-
sheath in the immediate vicinity of the magnetopause display no
evidence for reflected magnetospheric or magnetosheath ions.
Thus the percentage of reflected ions must be low in this event, but
in other reconnection events the percentage has been found to be
higher [e.g., Sonnerup et al., 1981; Scholer and Ipavich, 1983;
Fuselier et al., 1991; Gosling et al., 1991].

4.3. Electron Distributions

Plate 7 shows electron distributions in the magnetosphere, the
magnetopause/LLBL, and the magnetosheath. In the magneto-
sphere (Plate 7a) the electron phase space densities parallel (0%
and antiparallel (180°) to B are equal at all energies, indicating that
the region is on closed magnetic field lines. The magnetosheath
distribution (Plate 7d) is colder and denser than the magneto-
spheric distribution (Plate 7a). The parallel (black curve), antipar-
allel (blue curve), and perpendicular (green curve) distributions in
the magnetosheath have similar temperatures although the overall
antiparallel flux is larger than the parallel and perpendicular fluxes.
The enhanced field-aligned fluxes in the magnetosheath indicate
the presence of solar wind “strahl” electrons. In the LLBL and MP
(Plates 7b and 7c) the parallel and antiparallel distributions have
different temperatures. Comparisons with the magnetosheath and
magnetospheric distributions indicate that the LLBL/MP distribu-
tions represent opposite streamings of hot magnetospheric elec-
trons (antiparallel to B) and slightly heated magnetosheath
electrons (parallel to B). This feature of the electron distribution is
detected throughout the enhanced flow region (2030:33-2031:32
UT), indicating that nearly the entire MP/LLBL region is on open
field lines. In other words, the field lines appear open even in
regions where D-shaped ion distributions are no longer detected
and where the Walén test (of the rotational discontinuity) fails. The
senses of the magnetosheath and magnetospheric electron stream-
ings are consistent with an inward directed normal magnetic field,
By < 0, at the magnetopause (Figure 1).

A previously reported kinetic signature of reconnection is the
presence of an offset between the ion and electron edges at the
inner boundary of the LLBL [Gosling et al., 1990b]. This offset is
a time-of-flight effect resulting from the fact that entering magne-
tosheath electrons have much higher parallel speeds than ions
while their transverse motions are the same. However, for the
present event we found no evidence for an electron edge earthward
of the ion edge. Earthward of the LLBL, all detected electron dis-
tributions are magnetospheric distributions similar to Plate 7a.
This absence of a separation between the electron and ion edges
may indicate that the reconnection site is not far from the observa-
tion point, a conclusion that is supported by our analysis in section
4.7.

Finally, it should be noted that the electron signatures detected
at this high-magnetic shear MP/LLBL are in sharp contrast to the
low-shear MP/LLBL, where the electrons typically display well-
balanced field-aligned and anti-field-aligned fluxes at all energies
(similar to Plate 7a) throughout the LLBL [e.g., Phan et al., 1997],
a feature that has been interpreted as evidence for closed field lines
in the boundary layer [see also Mitchell et al., 1987; Traver et al.,
1991; Fujimoto et al., 1996].
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Table 1. Summary of Normal Vectors, Normal Magnetic Field By, Boundary Speed Vyr*n, Normal Reconnection Flow vy e,

and Reconnection Rate

Method NyGSE nyGSE n,GSE By, nT Vyren VN recs van, IB\I/IBI Wy recva E,,

‘ kms’! km, 5! kms! mV m’!
MVAB 0.197 -0.689 -0.697 -49+1.0  -25.349.6 -33.1 -34.8 0.20 0.19 0.80
MFR® 0.203 -0.797 -0.569 -2.5%15  -7.8%16.0 -16.4 -17.7 0.10 0.08 0.40
MVAE® 0.201 -0.798 -0.569 -2.540.8  -7.3%87 -16.0 -17.4 0.10 0.08 0.40
MVAE! 0.193 -0.865 -0.463 -0.5+1.1 7.849.1 -2.1 -35 0.02 0.01 0.05

4 MVAB, minimum variance of B; MFR, minimization of Faraday residue; MVAE, maximum variance of E.

> MFR analysis produces a boundary speed “{V MFR=-17.7£2.4 km s 1

¢ MVAE, assuming uy= uy vpr=-17.7 km s
4 MVAE, assuming uy= 0 km s’ -1

4.4. Determination of Normal Magnetic Field By
and Plasma Flow vy .. Across the MP

All fluid and particle signatures presented so far imply the pres-
ence of a finite and negative By and vy .. across the local magne-
topause. To confirm the existence of such a flow and field we
perform variance analyses to determine the magnetopause normal
(which needs to be more accurate than Fairfield’s [1971] average
magnetopause normal), and subsequently By and vy .. We
employ two independent methods and evaluate their findings: (1)
minimum variance analysis of the magnetic field [Sonnerup and
Cahill, 1967; Sonnerup and Scheible, 1998] and (2) minimization
of the Faraday residue [Terasawa et al., 1996; Khrabrov and Son-
nerup, 1998b]. The results of the magnetopause normal determina-
tion are subject to the following consistency tests: (1) Is the
magnetopause motion along its normal inward; that is, is Vypen <
0 (see, for example, Figure 9.2 of Khrabrov and Sonnerup
[1998c¢]) consistent with the outbound crossing by Wind? (2) Is the
normal flow velocity across the magnetopause vy o= <ven> -
Vyr*n consistent with the expected inward plasma flow across the
magnetopause at the predicted Alfvén speed v4en= (1- a)”zB /
(uop) 22

As in the Walén analysis (section 4.1), we first perform the
variance analyses on the optimal data segment, 2031:10-2031:45
UT, and then discuss the consequences of varying the data interval.

96-01-13 203110-203142 UT <By>=-4.94nT
30 T T " T 30 . T
20F E 20
10f 10
o~ —~
= =
g o g o
A of K oA ot
-20F ! -20F
-30 . . . -30 . . . .
3 20 10 0 10 20 30 30 20 -10 0 10 20 30
B; (nT) By (nT)
: Eigenvalues
i j k
165.0 10.9 0.72
Eigenvectors
i 09589 02836  -0.0096
i 02044  -0.6669 0.7165
k -0.1968  0.6890  0.6975

Figure 2. Magnetic structure during MP crossing at 2031:10-
2031:42 UT, shown in hodogram form. B;, B;, and By are field
components along the maximum, intermediate, and minimum vari-
ance eigenvectors i, j, and k, respectively. Also given are the eigen-
values and eigenvectors.

The summary of the variance analyses on the fixed 2031:10-
2031:42 UT data interval is given in Table 1. In the analysis where
the data interval is varied, we fix the outer (magnetosheath) edge
of the interval (at 2031:42 UT) and vary its inner (LLBL) edge. As
discussed in section 4.1, to avoid the boundary motion reversal
which occurs before 2030:42 UT and to ensure that a sufficient
number of measurements (say, more than four measurements) are
contained in the analysis, we vary the inner edge of the interval
between 2030:42 and 2031:30 UT.

4.4.1. Minimum variance of B (MVAB). The minimum vari-
ance analysis on the fixed 2031:10-2031:42 UT data interval gives
the normal vector myyap= (0.197x, -0.689y, -0.697z)gsg and the
corresponding Bypmyap= -4.9 = 1.1 nT. The uncertainty in
Bymvap Was estimated using a method by Khrabrov and Son-
nerup [1998a]. The eigenvalues corresponding to the maximum,
intermediate, and minimum variances are e;= 165, e= 10.9, and
e;= 0.72, respectively. The ratio of intermediate to minimum
eigenvalue is ejfe;=15, indicating that the minimum variance direc-
tion, and hence the normal vector, is rather well determined. The
magnetic hodograms are shown in Figure 2. The negative value of
By MvAB is consistent with the scenario of Figure 1. The finding of
a negative By is robust because it is not sensitive to the data inter-
val chosen. As we vary the inner edge of the data interval, Plate 8b
shows that Byyvyap remains negative. The magnitude of
By mvap, however, varies by about a factor of 2 (-8 to -4 nT) as the
data interval is varied.

In order to check the quality of the MP normal determination,
we first examine whether the computed magnetopause motion
along its normal, Vyren, is consistent with the sense of spacecraft
crossing of the magnetopause. Using data in the 2031:10-2031:42
UT interval, one obtains Vyr*nyyap= -25.3 = 9.6 km s The
negative value of the normal velocity indicates inward motion of
the MP, consistent with the outbound MP crossing by Wind. As we
vary the inner edge of the data interval, Plate 8c shows that
Vhur*nyvap remains negative. Similar to By pyap, the boundary
velocity varies by about a factor of 2 (-40 to -20 km s™!) depending
on the data interval chosen.

The next, more quantitative consistency test consists of examin-
ing whether the reconnection flow across the magnetopause, vy rec,
and the normal magnetic field By are related through the rotational
discontinuity condition, namely vy .= +(1-0)2By/(ugp) /2. We
obtain vy . by subtracting the measured normal flow velocity
component ven averaged over the reconnection layer (which we
take to be the interval marked by green bars in Plate 3) from the
normal boundary velocity component Vyren. For the 2031:10-
2031:42 UT interval, <vemyyap>= -58.4 km 'L, Vironyvap= -
25.3 km 57!, thus VN,rec MVAB= -33.1 km 571, The negative sign of
VNrec 1S consistent with inward magnetosheath flows from the
magnetosheath, and the agreement of its sign with that of By is
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consistent with the scenario of Figure 1. The normal Alfven speed
is computed with a magnetosheath density of 8.5 cm” 3 (see the
blue bar interval i m Plate 3) and By pyap value of -4.9 nT, giving
vson=-34.8 km s™\. Thus VN rec MVAB 18 94% of the normal Alfvén
speed. As we vary the inner edge of the data interval from 2030:42
to 2031:30 UT, Plate 9b shows that the agreement between
VNree MVAB and V4°n remains good (better than 80%) for this
entire range of data interval.

4.4.2. Minimization of Faraday residue (MFR). Terasawa et
al. [1996] proposed a technique in which the constancy of the nor-
mal component of the magnetic field and that of the tangential
electric field are both satisfied in a single optimization that yields
the normal vector as well as the MP boundary speed. Employing
the analytical method of Khrabrov and Sonnerup [1998b] for the
fixed 2031:10-2031:42 UT interval, one obtains a normal vector
nypr= (0.203x, -0.797y, -0.569z)Ggg, which forms an angle of
9.7° with npgyap. The normal magnetic field is By mpr= -2.5 £ 1.5
nT, where the error in By ypr has been estimated in a manner sim-
ilar to the method of Khrabrov and Sonnerup [1998a]. The eigen-
values in this case are e= 1.86x10°6, e= 9.48x1077, and
ek=6.22><10'8. The ratio of intermediate to minimum eigenvalue is
ejle;=15. Similar to MVAB, the finding of a negative By mpr is
robust: It does not depend on the choice of data interval (Plate 8d).
The magnitude of By g Varies by a factor of ~3 when the inner
edge of the data interval is varied between 2030:42 and 2031:30
UT.

The Faraday residue minimization process also yields a MP
boundary. speed [Khrabrov and Sonnerup, 1998b], upmpgr, of
-17.7 £2.4km s'!. This value is different from the boundary speed
obtained from Vyremypg =-7.8 = 16.0 km s”!. The reason for the
disagreement is not understood, but the discrepancy is within
uncertainties. The negative values of both uy vpr and Vyrenyer
are consistent with the sense of magnetopause crossing. Plate 8e
shows that both Vyremypr and uy \pr remain neoatwe for most
of the data intervals, varying between 0 and -20 km st

We now check the quantitative agreement between the plasma
flow velocity across the magnetopause and the normal Alfvén
velocity. For the 2031:10-2031:42 UT interval the measured
plasma flow velocity normal to the magnetopause is <vemypr>= -
242 km s If we first take the boundary velocity to be
Vir*nyer= -7.8 km 71, then the normal flow across the MP due
10 reconnection is vy rec: MFR— -16.4 km s\, On the other hand, we
find v4*ny = -17.7 km s™. Thus VN rec MER 18 92% of the normal
Alfvén speed. Plate 9d shows the result of vy .. Mpr and V4*IyER
comparison as the data interval is varied. Similar to MVAB, the
agreement between these two quantities is excellent for all data
1ntervals If the boundary velocity is taken to be uy ppr=-17.7 km

s! instead, we find VN.ree MER= -6.5 km 57!, a result that is only
37% of v4*mypr. We thus conclude that VHTmMFR is closer to the
true MP velocity than uy ppR-

We have also performed maximum variance analysis (MVAE)
on the convective electric field to determine the MP normal using
the method by Sonnerup et al. [1987]. The result of the analysis
depends on the assumed magnetopause normal speed. If we
assume that uy= uyvpr= -17.7 km s! obtained from the MFR
analysis, the results of MVAE are nearly identical to those of MFR
(see Table 1): a finding which is consistent with the conclusion of
Khrabrov and Sonnerup [1998b] and which indicates that the
MVAE and MFR methods are closely related. If the MP boundary
is assumed to be stationary instead, the MVAE analysis produces a
large discrepancy between vy .. and v4em, and the resulting
boundary motion (Vyren) is outward, inconsistent with the sense
of the MP crossing (see Table 1).
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4.4.3. Summary of variance analyses. We have obtained mag-
netopause normal vectors and By from two separate methods. Both
methods produce negative By values, consistent with the scenario
of Figure 1. The finding of a negative By by both methods is
robust in the sense that it is not sensitive to the data interval cho-
sen. The magnitude of By, however, differs by a factor of 2 or 3 not
only from one method to another but also as the data interval is
varied. The large uncertainty in By, is due to the dominance of the
field component tangential to the magnetopause such that a small
difference in the magnetopause normal direction leads to a large
discrepancy in By, Further tests of the accuracy of the normal vec-
tor have been performed in hope of revealing which method and
what time interval produce the most accurate MP normal vector.
We first tested the consistency between the boundary motion given
by Vyren and the sense of spacecraft crossing of the magneto-
pause. Both MVAB and MFR methods produce a negative Vy°n
consistent with the outbound MP crossing.

We next examined the agreement between the normal flow
velocity (in the frame of the moving magnetopause) and the nor-
mal Alfvén velocity. The agreement is found to be excellent for
both methods and for all data segments even though the normal
flow velocity and magnetic field themselves vary from one method
to the next and when the data interval is varied. This good agree-
ment indicates that the Walén relation is well satisfied for all three
components of the flow and field in any coordinate systems. How-
ever, it does not allow the identification of the optimal method or
the optimal data interval.

To get an indication of the optimal data interval, we examine
the uncertainties in By as we vary the data interval. For both the
MVAB and MFR methods the uncertainty in By is a minimum
when the earthward edge of the data interval is set at 2031:10 UT,
suggesting that the 2031:10-2031:42 UT data interval gives the
most accurate magnetopause normal. On the basis of this interval,
we obtained By pyap= -4.9 £ 1.1 nT and By ppr=-2.5 £ 1.5 nT.
Thus the difference in the By values from the two methods is
within uncertainties: The true By pyap is likely to be between -2.5
and -4.9 nT.

4.5. Reconnection Rate

We now estimate the reconnection rate based on the normal
magnetic field and plasma flow across the MP obtained from the
MVAB and MFR methods. The dimensionless reconnection rate is
given by

My N= 1V recl/va= IBAIBI, 2)
where the Alfvén speed v, and the field strength Bl are measured
in the (inflow) magnetosheath region. With a magnetosheath den-
sity of ~8.5 cm™ (Plate 3a) and a magnetic field strength of ~25 nT
(Plate 3g), the dimensionless reconnection rate M,y for the
2031:10-2031:42 UT data interval based on MVAB is .19 from
Vn recl/v4 and 0.20 from |ByV/IBI. Using the MP normal from MFR,
one gets instead vy r.l/v4= 0.08 and IB\l/BI= 0.10. Plate 9 shows
the results of this analysis as we vary the earthward edge of the
data interval. For MVAB the reconnection rate is in the 0.15-0.3
range, whereas MFR gives a rate of 0.06-0.3.
The reconnection rate expressed in terms of the tangential elec-
tric field (E= vy recBy) is ~0.8 mV m! for MVAB and ~0.4 mV
m'! for MFR when the 2031:10-2031:42 UT interval is used.
These values are not significantly different from the average
reconnection rate of 0.4 mV m™! reported for the subsolar magne-
topause from a large statistical study [Lindqvist and Mozer, 1990].
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Plate 1. Trajectories of the Wind and IMP 8 spacecraft on January
13, 1996, from 1830 to 2230 UT. Wind crossed the dawn tail flank

while IMP 8 remained in the dusk magnetosheath. MP, magneto-
pause; BS, bow shock.
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Plate 2. Overview of Wind crossings of the dawn tail magneto-
pause on January 13, 1996. (a) The ion number density Np; (b) the
ion temperature Tp; (c) the ion bulk speed Iv,; (d-f) the three com-
ponents of the ion bulk velocity in the LK/IN boundary normal
coordinate system (see section 2 for definition); (g) the magnetic
field strength IBI; (h-j) the L, M, and N components of the magnetic
field; (k) the clock angle of the magnetic field; and (1) the energetic
ion and electron distribution functions. IMP 8 provided shocked
solar wind information at the dusk tail flank (red curves in Plates
2a, 2¢, and 2k). The IMP 8 data have been shifted by -260 s.
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Plate 3. (a-j) Zoom-in of Plate 2 to show one magnetopause crossing (corresponding to the short blue bar
interval in Plate 2) in more detail. High time (3 s) resolution particle distributions are available for the entire
interval. The subinterval indicated by the green bars, corresponding to the outer MP/low-latitude boundary
layer (LLBL), is used in the Walén and minimum and maximum variance analyses. The blue bars indicate the
magnetosheath reference interval.
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Plate 5. (a-d) Results of the Walén analysis as a function of the “location” of the inner edge of the data inter-
val. The outer edge is fixed at 2031:42 UT. The Walén slope (Plate 5b) is within 10% of the prediction when
the inner edge of the interval is between 2030:36 and 2031:30 UT. The Walén slope and the correlation coeffi-
cient R deviate substantially from unity as more inner LLBL samples (earthward of 2030:36 UT) are included.

The bad Walén slope beyond 2031:30 UT is due to the small number of measurements in the interval (Plate
5d).
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Plate 8. (a-f) Results of the variance analyses as a function of the
“location” of the inner edge of the data interval. The outer edge is
fixed at 2031:42 UT. When the inner edge of the interval is
between 2030:42 and 2031:30 UT, both minimum variance of B
(MVAB) and minimization of Faraday residue (MFR) methods
(Plates 8b and 8d) produce a negative By. The minimum error in
By occurs at 2031:10 UT for both methods. Both methods give the
‘correct (negative) sign for the magnetopause boundary normal
velocity (Plates 8c and 8e). In Plate 8e, the boundary velocity
deduced directly from the MFR method [Khrabrov and Sonnerup,

1998b], uy MER, is also plotted for comparison with Vyrenygr-
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4.6. Thicknesses of MP and LLBL

Here we deduce the MP and the combined LLBL/MP widths
from the normal boundary speed (Vygr*n) and the durations of
crossing of these regions. The MP is defined as the layer across
which the complete field rotation (from magnetosheath to mag-
netospheric orientations) occurs. In this case the MP crossing
lasted 20 s (2031:20-2031:40 UT). The combined LLBL/MP dura-
tion is ~ 60 s (2030:42-2030:40 UT), where we have excluded the
period of boundary motion reversal before 2030:42 UT. Using the
boundary speeds based on the analysis of the 2031:10-2031:42 UT
interval, one obtains a MP thickness of 510 km based on MVAB
and 160 km based on MFR. The combined LLBL/MP thickness is
1520 km based on MVAB and 470 km based on MFR. These
thicknesses can also be expressed in terms of the gyroradius,
T sheath= 70 km, of the thermal magnetosheath ions (7= 300 eV),
in the magnetospheric field (IBl= 25 nT). The MP thickness trans-
lates to 77; sheath AN 27 ghearh» TESPECtively, for MVAB and MFR.
The corresponding combined LLBL/MP thickness is 22r; sheary
and 77; gheath> TESPECtively.

4.7. Distance to the Reconnection Site

Once By is known, the distance AL from the observation point
to a stationary reconnection site can be crudely estimated [Son-
nerup et al., 1981] as AL= (IBI/By)As, where As is the distance
between the MP and the inner separatrix, for which distance we
use the combined LLBL/MP thickness. If the 2031:10-2031:42 UT
interval is considered, the estimated reconnection site is located
1.2 Rg from the observation point based on MVAB and 0.7 Rg
based on MFR. The close proximity of the X-line to the observa-
tion point is consistent with the absence of an electron edge, sepa-
rated from the ion edge, discussed earlier (section 4.3).
Furthermore, since the observation point was located in the South-
ern Hemisphere, at zggm= -6.6 Rg, and the accelerated flow is
directed northward, our analysis indicates that the reconnection
line at the tail flank magnetopause (xgsg= -10 Rg) must have been
~ 7 R below the magnetic equator.

5. Discussion

5.1. Possible reasons for previously reported sub-Alfvénic
flows in the MP

Although reconnection events exist in which key fluid and
kinetic signatures are present and are in quantitative agreement
with prediction, such events are rather rare. Bauer et al. [1998]
found that more often than not, fluid signatures (Alfvénic flows)
are observed without particle signatures (such as “D-shaped” ion
distributions), and vice versa. While the present analysis does not
provide an explanation for the absence of D-shaped distributions in
previous accelerated flow events, it may shed light on the possible
causes for the often reported sub-Alfvénic flows [e.g., Paschmann
et al., 1986; Gosling et al., 1990a; Phan et al., 1996].

We now investigate whether inadequate measurements or anal-
ysis methods could result in sub-Alfvénic flows. Previously, the
flow deficiency has been attributed to a number of factors includ-
ing (1) instrumental effects associated with the presence of heavy
ions not resolved by the plasma instruments resulting in underesti-
mations of the flow velocity [e.g., Paschmann et al., 1986; Gosling
et al., 1990c; Puhl-Quinn and Scudder, 2000], (2) the fact that the
Walén relation is derived from idealized 1-D system whereas, in
reality, the system could be 2-D or 3-D [Sonnerup et al., 1995]. In
the event presented here the agreement between ion observations
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and predictions is excellent even without ion composition mea-
surements and without taking into account additional dimensions,
although such effects may be important in other events.

The present analysis suggests a possible explanation in terms of
measurement resolution and analysis methods. While open field
signatures (based on electron information), “D-shaped” ion distri-
butions, and accelerated flows are detected across nearly the entire
magnetopause/LLBL, the shear stress balance test of a rotational
discontinuity (the Walén relation) only works for samples in the
magnetopause and outer LLBL. This finding may not be surpris-
ing, since according to MHD models of dayside reconnection [e.g.,
Levy et al., 1964], the reconnection layer consists of an outer rota-
tional discontinuity (RD) followed by a region of uniform flow and
field and then an inner slow-mode expansion fan. Thus it should be
expected that while the entire reconnection layer is on open field
lines, the Walén relation only applies to the magnetopause and
outer LLBL regions where the rotational discontinuity controls the
flow. Samples in the slow expansion fan (i.e., the inner LLBL) are
not appropriate for the Walén test. Thus a fair comparison with the-
ory is only possible if the magnetopause is well resolved by the
measurements such that the RD can be identified. A previous find-
ing that the Walén relation is better satisfied for cases with a large
number of measurements within the MP/LLBL [Phan et al., 1996]
is consistent with this idea.

We have so far attributed flow deficits to an improper choice of
data interval or too slow sampling rate. There may, however, be
true physical situations where such flow deficit is expected. For
example, in situations where the field lines threading the magneto-
pause are locally open due to prior reconnection but the reconnec-
tion process is no longer active [Hau and Sonnerup, 1999], open
field and finite By signatures would be detected while the Walén
test would fail. In this situation the reconnecting magnetopause is
not one-dimensional but contains multiple magnetic islands and X-
lines [e.g., Shi et al., 1988; Hau and Sonnerup, 1999]. In such
small-scale 2-D (or 3-D) reconnection geometries the tangential
stress balance, which in 1-D geometry requires Alfvénic flows in
the HT frame, can be fulfilled by variations of the total transverse
pressure along the magnetopause, so that accelerated flows origi-
nated from the X-lines could be sub-Alfvénic [Hu and Sonnerup,
2000]. These real physical effects need to be distinguished from
experimental ones in future reconnection investigations.

5.2. Occurrence of Reconnection at the Dawn Flank MP

The event presented here occurred on the dawn tail flank mag-
netopause. In a flank magnetopause survey by Gosling et al.
[1986] it was found that most of the reconnection cases were
detected on the duskside with few clear cases detected on the
dawnside. The authors suggested that this dawn-dusk asymmetry
could be due to orbital biases in the ISEE 2 data set, but it could
also be a real effect caused by the way the IMF is draped around
the dusk magnetosphere. However, in light of this event and a large
number of cases detected by Equator-S and Geotail on the dawn-
side [Phan et al., 2000], reconnection at the dawn tail magneto-
pause does not seem to be rare. Orbital biases in the ISEE 2 data
set are the more likely explanation for the previously found dawn-
dusk asymmetry.

The present event, as well as those reported by Gosling et al.
[1986, 1991, 1996] and by Phan et al. [2000], indicates that recon-
nection remains active at the tail flank and high-latitude magneto-
pause and that its signatures are nearly identical to those observed
in the subsolar region, despite the presence of high-speed shear
flow in the magnetosheath. Theoretically, it has been proposed that
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reconnection can occur only if the magnetosheath flow speed in
the frame of the X-line is below the magnetosheath Alfvén speed
[La Belle-Hamer et al., 1995]. For the present event the magneto-
sheath flow speed (~230 km s™!) in the spacecraft frame is twice
the magnetosheath Alfvén speed (~120 km s™}). The occurrence of
reconnection in this case would not violate the theoretical predic-
tion of La Belle-Hamer et al. [1995] as long as the X-line, which is
estimated to be tilted ~60° relative to the equator, slides tailward
along the magnetopause at a high speed (> 95 km s™!). However, it
is noted that at 95 km s™!, our estimated distance to the X-line (0.7-
1.2 Rp) would be traversed in 47-80 s. Since the vy, and v,
enhancements remain positive for more than 10 min (Plates 2d and
2e), indicating that the spacecraft stays on the same side of the X-
line throughout these times, it is unlikely that such rapid motion of
the X line was taking place.

6. Summary and Conclusion

We have reported a dawn tail magnetopause crossing in which
key fluid and particle predictions of reconnection are verified. The
measured flow acceleration, ion “D-shaped” distribution, the elec-
tron heat flux, and the presence of a finite and negative By all
agree with predictions and are consistent with the spacecraft cross-
ing the magnetopause in the Southern Hemisphere and tailward of
the reconnection site. The combined particle and fluid signatures
and their mutual consistencies provide a comprehensive set of evi-
dence for reconnection. The quantitative agreement is remarkable,
considering that the predictions (the Walén relation and the D-
shaped ion distributions) are based on idealized 1-D models. On
the other hand, some predicted kinetic signatures, namely reflected
ions and separate ion and electron edges at the inner LLBL, were
not observed in this event. The absence of the latter is consistent
with our finding of close proximity (0.7-1.2 Rp) of the X-line to
the observation point. The apparent absence of reflected ions
implies that the percentage of these ions, which cannot be uniquely
predicted theoretically, is low in some reconnection events.
Despite the availability of high-resolution data and the abundant
evidence for reconnection, the reconnection rate remains a difficult
parameter to determine accurately: Our best estimates have an
associated uncertainty of at least a factor of 2, depending on which
method one employs and which data interval one picks.

The analysis of this event also reveals that while high-speed
plasma jets and open field signatures are detected throughout the
magnetopause and the LLBL, the rotational discontinuity condi-
tion is only satisfied in the MP and the outer part of the LLBL.
This finding has implications for the analysis of reconnection
events and emphasizes the need for high time sampling of the
reconnection layer for accurate comparisons with theory.
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