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1. Introduction

Since the advent of in situ satellite observations of the
earth's magnetopause, investigators have searched diligently
for high-speed ion jets, an expected signature of the reconnec-
tion process (Vasyliunas, 1975)., Significant indirect evidence
for the reconnection process has been presented, especially for
processes in the magnetotail (Hones et al,, 1976; Frank et al.,
1976). However, extensive analyses of HEOS 2 (Haerendel et
al., 1978) and IMP 6 data (Fastman and Hones, 1979) have failed
to reveal any significant high speed ion flow near the magneto-
pause. These studies demonstrated that the dominant process in
the solar wind-magnetosphere interaction results in plasma de-
energization as magnetosheath plasma crosses the magnetopause
to supply the magnetospheric boundary layer.

ISEE observations have recently provided some potential
direct evidence for reconnection via direct measurements of the
tangential electric field (Mozer et al., 1979) and high-speed
ion flows near the magnetopause (Paschmann et al,, 1979). Al-
though the electric field measurements are subject to interpre-
tive problems that are not yet fully resolved, the high-speed
plasma flow observations could represent significant evidence

for reconnection in the framework of an apparent lack of alter-

native hypotheses for high-speed flows near[fﬁé*mqgnetgpgggg;‘
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In this paper, we present ISEE plasma observations using
the University of Iowa quadrispherical electrostatic analyzers
({LEPEDEAs). These observations supplement those of Paschmann
et al. (1979) for the B8 September 1978 (day 251) magnetopause
crossing which are based on measurements by the LANL/MPE plasma
analyzers. We will present results that relate to the follow-
ing critical questions for the reconnection hypothesis:

(1) Are the observed flows consistent with those required

by the MHD rotational discontinuity conditions?

(2) Are energetic ion and electron signatures ohserved
near the magnetopause consistent with a reconnection
geometry?

The presence of a MHD rotational discontinuity is a neces-
sary, although not sufficient, condition for the reconnection
mechanism, A further necessary condition is that high-soeed
plasma flow, produced by the "slingshot" acceleration process
of reconnection, must he on open field lines. The enerqgetic
electron and ion observation indicate that at least vart of the
high-speed plasma flow, observed during the 8 September 1978
ISFEE magnetopause crossing, is on closed field lines. This
magnetopause crossing thus provides an excellent case study in
which an observation of high-speed ion flow near the magneto-

pause does not constitute adequate evidence for the presence of

reconnection.




2. 1Instrumentation

The LEPEDEA instruments sample ion and electron velocity
distributions over all except ~ 2% of the unit sphere for parti-
cle velocity vectors. These instruments have an eneray resolu-
tion of AE/E = 0.16 and cover an enerqy randge of 1 eV to 45 keV
for positive ions and electrons. Depending on instrument mode,
32 or 64 enerqgy passbands are sampled which either span the full
energy range or the highest 32 levels which cover enerqies above
215 eV (e.q., Plates 1 and 2). Polar angles 6 measured from the
spacecraft spin axis to the individual fields-of-view of the
seven detector pairs are illustrated in Fiqure 1. The spacecraft
spin period is approximately 3 sec; 16 azimuthal sectors are
sampled at low spacecraft telemetry rate and approximately 12
azimuthal sectors are sampled at high rate, FRach instrument cv-
cle used for the full velocity distribution calculation requires
128 sec in the basic high-bit-rate mode (32 energy levels X 4 sec
per enerqy level) and approximately 8 min in the low-hit-rate
mode. TInstruments were in high-bit-rate mode during the 8 Sen-
tember 1978 magnetopause crossing. With 12 azimuthal sectors and
seven polar angles, 12 X 7 X 32 = 2688 samples of velocity space
are obtained every 128 sec; at a given enerqy, seven polar ang’

are sampled simultaneously each 0.25 sec in successive azimuthal

sectors which are separated hy approximately 30°. Starting at
the lowest enerqgy, each detector (numhered 1-7 as shown in Fiaqure

1) sweeps through all azimuthal {¢) angles before stepping up to




the next higher enerqy level. Corresponding FE-¢ plots are
constructed for the seven detector pairs and several examples
are presented in Plates 1 and 2. The data frames are laheled
1P-7P in the color plates for detectors 1-7 where "P" denotes
protons and "E" denotes electrons. The ions are assumed to bhe
primarily protons for most of the present analysis although a
helium ion component is observed and discussed in this paper.
More detailed descriptions of the TISEE LEPENDEA instruments
are provided by Frank et al. (1978a, 1978b). Althouagh the LFP-
EDEA has a complete cycle time of 128 sec, it covers the full
solid angle range during each 3-sec spin period at each enerqy.
The full three-dimensional capability of the LEPEDEA is espec-
ially important for the present study in which cool ion distri-
butions with large polar bulk flow components are found. 1In
addition, angular variations of such flows can he detected on a
time scale of only a few spin periods. Simultaneous samples
with a Geiger-Mueller (GM) tube, which has a collimated 40°
field-of-view, provide measurements of the angular distribu-
tions of » 45 keV electrons at the midplane of the spacecraft,.
In this paper, we employ these capabilities of the quadri-
spherical LFPEDEA to supplement the information reported pre-
viously for the 8 September 1978 ISEE magnetopause crossing.
We find that our three-dimensional observations lead to the
hest available estimatesg of the flow vector during the high-

speed flow interval for this crossing.




3. Observations

a. Energy-Time (E-t) Spectrograms

A color-coded energy-time (F-t) spectrogram is shown in
Plate la which covers the first six hours of ISEE-1 measurements
on 8 September 1978 (day 251). The E-t spectrograms disnlay
detector responses coded according to a color scale shown on the
right-hand side of the color plates. Values of logypn (responses)
are shown next to the color bar. The responses are proportional
to the energy, E, multiplied by directional differential enerqy
filux, 43/d4E, and are proportional to B2 multiplied by phase space
density, f(c). The four panels of the spectrograms display, from
top to bottom, averages of responses sampled by the equatorial
plane detector (detector 4) for the sunward-looking quadrant (v),
the duskward-looking quadrant (>), the antisunward-looking quad-
rant (A) and the dawnward-looking quadrant (<), respectively,
These standard spectrograms also display azimuthally averaqed
electron spectra. Values of logjg of the energy in units of ev
are given along the ordinate with time in hours (UT) marked along
the abscissa. Spacecraft coordinates are given in solar ecliptic
coordinates,

As shown in Plate la, hot (> 10 keV), isotropic ion and
electron distributions are encountered in the outer magnetosphere
antil ~ 0040 UT, ISEF-1 plasma parameters from Paschmann et al,
f1979) are reproduced in Fiqure 2 and include ion nambeyr denait

specd and the solar ecliptic z-component of the magoetic ficld,




B,. The first magnetopause crossing at 0043:56-59 UT is well

defined in B, and the high-speed flow region is earthward of ?
the magnetopause and thus is identified as a magnetospheric ;
boundary layer. This boundary layer interval is very brief on Lol
the six-hour time scale shown in the E-t spectrogram. The sub-

solar region magnetosheath in this case is highly variable in

density and flow direction based on moments analysis. Larqge

spectral variations are present in both the sectored ion plots

as well in the azimuthally averaged electron responses shown in

the bottom panel of the E-t spectrogram. Bow shock crossings

are observed at 0327, 0335, 0340, 0405 and 0538 UT.

b. Energy-Phase Angle (E-¢) Spectrograms

Three~dimensional response arrays oOr energy-phase angle
(E-¢) plots presented in Plates 1 and 2 cover several instru-
ment cycles for this crossing of the magnetospheric boundary
layer and magnetopause. The time given at the top of each E-¢
plot set is the start time for each 128 sec instrument cycle,
Figure 3 illustrates the E-¢ plot format based on the 6P frame
from Plate 2a. Values of loqyg of the proton enerqy in units
of eV are given along the ordinate. FRach frame shows 16 az-
imuthal sector marks on the abscissa. Since the spin axis is
nearly perpendicular to the ecliptic plane, the abscissa may b
interpreted as solar ecliptic longitude of flow direction from
n° (sunward direction) to 360°., Detector responses are dis-
played according to a color-coded scale shown at the right-hand

side of the color plates with appropriate values of loqgyn of




the responses marked next to the color bar. The 6P frame illus-~
trated in Figure 3 shows detector 6 ion responses from the start
time of 0041:41.7 UT to 0043:49.6 UT. Detector A views a 21°
polar angle range centered 62° below the ecliptic plane as shown
in Figure 1. These ions are thus flowing upward and tailwarAd.

All frames within the F-¢ plots, including the GM frame for
> 45 keV electrons, display responses scquentially from bottom
to top. Thus, energy and time values are isomorphic for 1pP-7P
and 1E~7E as shown in Figure 3. FEnerqgy channels are logarith-
mically spaced so that the vertical axis is nearly linear in
time. For example, the sharp lower edge for 6P responses occurs
near 0,23 of the full vertical scale which corresponds to a time
of 0.23 X 128 sec after the start time, or 0041:41.7 UT + 29,1
sec = 0042:11 UT. Because detectors 4P-7P all show a rapid
change at this time, the ion distribution changed substantially
in less than one spin period or 3 sec. After that time the dis-
tribution appears relatively stable for at least 30 sec. How-
ever, at later times within this same instrument cycle the T,FRp-
EDEA is sampling energetic ions above 10 keV until the beginning
of the next instrument cycle at 0043:49.6 UT (Plate 2b). The
regponse enhancement present in each of the 5F frames is caused
by secondary electrons and photoelectrons that resuit from the
instrument-satellite configuration,

There are numerous features of the ion and electron velo-
city distributions which can be inferred from the three-

dimensional response arrays. These F-y spectroqrams effoectively
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provide a direct look at three-dimensional velocity distribu-
tions. 1In the remainder of this section, we will Ademonstrate
this capability with a detailed description of the response
arrays shown in Plates 1 and 2.

The nearby outer magnetosphere is dominated by hot (> 10
keV), isotropic ion and electron distribhutions as shown in Plate
1b after 0038:49 UT (upper third of each frame)., In contrast,
low response levels are observed at energies of < 1 keV., From
0038:04 UT to 0038:49 UT, a brief segment of boundary layer plas-
ma is observed which corresponds to results from the TLANL/MPE in-
strument at this same time as shown in Figure 2. This boundary
layer segment near 0038:30 UT differs from the later interval
adjacent to the magnetopause near 0044 UT, Later boundary layer
seqments do not include a downward flowing component at low ener-
gies whereas this interval shows a significant downward as well
as an upward flowing ion component as shown in Plate 1b, esneci-
ally in the 2P, 3P, 6P and 7P frames,

At 0040:35 UT, the E-¢ spectrogram of Plate lc shows a rapid
transition from magnetospheric to upward flowing boundary layer
plasma. A simultaneous decrease in energetic electron (> 45 keV)
intensity occurs as shown in the GM frame although pancake-shaped
pitch-angle distributions remain (also see section 3e below).
Nownward-flowing ions are no longer present as they were near
N038:30 UT. The moments analysis parameters shown in Figqure ?
demonstrate that the boundary layer is present from 0040:35 1T up

tn the magnetopause. This is the interval of high-speed jon flow
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described by Paschmann et al., (1979); plasma parameters for this
time interval will be described in detail in the next section.
After the LEPEDEA starts to sample enerqetic ions ahove ~ 10
keV, the primary ion population that contributes to the density
and velocity moments is not sampled until the next instrument
cycle begins at 0041:42 UT. FEnerqgetic ions sampled durinag this
high-speed flow event Adisplay primarily a pancake-shaned
pitch-angle distribution (see section 3e).

Some low-elevation ion flow is shown in Plate 2a between
0041:42 and 0042:12 UT which corresponds to a large drop in flow
speed as shown in Figure 2. The flow vector, G, at this time 1is
directed towards $gp = 250° and 8gp = 25° which is at ~ 76° with
respect to the maagnetic field in the spacecraft reference frame.
Solar ecliptic longitude is denoted by ¢gr and 8gr denotes solar
ecliptic latitude with 8ggp = 0° in the ecliptic plane and ¢gg = 0
directed sunward along the earth-sun line or Xgg axis. After
0042:12 UT the flow becomes more field-aligned and the angle be-
tween V and B decreases to 34° for 0042:12 to 0043:08 UT. Al-
though the LEPEDEA can quickly determine the flow direction, the
spectra and flow speed from 0041:42 to 0042:12 UT are uncertain.
The flow speed estimate obtained by the LANL/MPF instrument drops
to ~ 210 km/s at this time which is probably a good estimate due
to the low flow elevation angle which brings the flow direction
within the + 55° polar anqgle acceptance aperture of that instru-
ment (see section 3c). For the one-minute period after 0042:17

UT, the LEPEDEA samples a fairly stable, high-speed flow which

.
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is most apnarent in the 6P and 7P frames. From Figure 1, we
see that detectors 6 and 7 sample 8gp values of less than -51°,
Detailed plasma parameters for this interval are nrovided in
the next section. The energetic ion measurements nresented in
Plate 2a for the high-speed flow interval show an aniualar
distribution similar to the previous instrument cvcle excent
that detector 7 now has higher response values (see sectinn
3e).

The magnetopause at 0043:56-59 UT (see Plate 2b and Figure
2) is accompanied by termination of the high-speed ion flow and
by a sharp drop in ion and electron responses as eneraies of
~ 400 eV are being sampled. This rapid change is evident in
detectors 4 through 7 and occurs in less than one snin nerinAd,
Most of Plate 2b then shows the F-¢ spectroaranm for the adia-
cent magnetosheath, An additional F-y spectrogram for the
nearby magnetosheath is given in Plate 24 which, similar o
Plate 2b, shows a broad magnetosheath ion distribution. High-
speed ion flow is present in the intervening time interval of
1046:17-0051:40 UT which includes boundary layer plasma accom-
panied by frequent, large magnetic field chanqges.

The simultaneous presence of He*? and Het* ions in the
boundary layer during the 8 September 1978 maqnetopnause cross-
ing has recently been reported by Peterson et al, (1981), The
et and Hett gignatures appear in Plate 2 s dawnward-direct ol

teatures at enerdgies of 2 to 6 ey o the 4070 4 poaaney, Thesoe

signatures are cleavly sevarable in the LEDEDEA 1=y spect rograms
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from 0042 to 0056 UT as, for example, in the 4P frame of Plate
2¢ near 4 keV, 1In the magnetopause and boundary layer near
0049 UT there are two distinct 1Y signatures centered at < 300
eV and ~ 2 keV, respectively. The lower eneray HY bulk flow in
the spacecraft frame is directed toward ¢gp = 110° and Sgp =
50°, close to the flow direction ohserved for low-eneray H*
lons in the nearby magnetosheath., 1Tn comparison, the more en-
ergetic H* ions near 2 keV are directed toward égg = 201° and
bgg = 56° with a speed of ~ 440 km/s. 1In the combined bulk
plasma frame which includes both the low-energy and hiqh-enerqgy
H* ions, the low-energy ions are flowing about 80° with resnect
to the magnetic field near 0049 UT. This flow pitch-anale is

~ 50° for the more enerqgetic H*, He** and Het ions sampled near
2 keVv, 2.6 keV and 4.3 keV, respectively. 1In the combined bhulk
plasma frame, the velocity components (V) along the magnetic
field are 69 km/s, 88 km/s and 64 km/s for the high-energy H*',
He** and Het components, respectively,

Plate 24 shows the E-¢ specircgram for the LEPENEA instru-
ment cycle starting at 0052:21 UT in the magnetosheath, The
ion velocity distribution sampled here is similar to that sam-
pled in the first magnetosheath interval shown in Plate 2b, 1In
both cases, a higher enerqgy component is present which is suner-
imposed on the main H* distribution. These higher enerqy ions
are directed towards ¢$gg = 230° and O6gr = 38”7 in the spacecraft
frame. Three distinct peaks in ion responses are shown on the

right side of the 6P frame in Plate 2d at enerqy values of




anproximately 1.5, 3.1 and 1.6 keV, These enerav valnes
corresvond ta the three E/q states of 1%, Hett and Het wish o
1:2:4 ratio assuming the same flow velocity for ecach snocieq,
an assumption which is supnorted by the above results near Nnaa
UT.  When evaluated in the combined bulk »lasma frame, fbheoan
nt, ettt and Het comnonents have v valurs of =342 km/s, -352
km/s and —-3133 km/s, resnecectively, with flow nitch-anales near
164°, In this same combined bulk nlasma frame, the low-enerqy
4* component has a flow pitch-anqle of 18° and Yy o= 109 km/s,

If the acceleration process corresnonds onlv to a fixed
notential dArop so that each svecies is accelerated to roughly
the same kinetic enerqy, then the speeds for "', ettt and ne*
should be in the ratio 2:/2:1. However, the observed sveeds
are more nearly equal than can he expected from a process
invnlving a fixed potential Aron,

Since the Het/H' number density ratio in the solar wind is

typically much less than that for He**/n*, this Het is nrobahle
nof magnetospheric oriqgin. TIn fact, Peterson et al. (1981) mea-

* number density of < 0.003 cm~3 for the later maa-

sure a He
netosheath interval of 0055-0155 T, An inspection of Plates
2a-2d indicates that the Het and He*t comnmonents are nresent
throughout the maagnetopause and bhoundarv laver. A relatively

+

weab signature of Hem is also ohserved in the magnetosheath hgt

only Aduring the first two instrament cveles after 0057
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c. lon Flow Analysis

Moments analysis parameters for positive ions for the R
September 1978 ISER magnetonause crossing have heen given by
Paschmann et al, (1979) and LANL/MPE results for number densi-~
ty, temverature and flow speed are reproduced in Fiqure ? for
comparison with the complementary LEPEDFEA measurements, For
several sample instrument cycles, horizontal bars on the three
nlots shown in Fiqure 2 present simultaneous TEPRNDFA measure-
ments,  Although the temperatures derived from the two instru-
ments are similar, the TFRPENFA density values are svstematical-
ly low. This dAifference is due to the generally cold ion spec-
tra and the 70-eV low-enerqy cutoff for the TANL/MPE instrument
whereas the LEPEDEA at this time was operating in a high-enerqgy
mode which covers 215 eV to 45 keV,

The most significant difference in moments analysis re-
sults for this crossing is that for velocity. Peak ion swneeds
measured by the LANL/MPE instrument are lower by more than ~ 90
km/s relative to the peak speed of 582 km/s sampled by the IL,EP-
FEDFEA. The cause of this difference is illustrated in Fiqure 4.
Polar angle coverage of the seven LREPENFA detectors is marked
by solid lines emanating from the center of the diagram. nNe-
tector 4 is roughly centered on the ecliptic plane since the
spin axis is directed towards ¢gqp = 161.4° and 0Ogp = 86.6°,
contaurs of the ion velocity distribution arce drawn about onr

observed ion flow vector which is directed 58 + 1° ahove the

eclintic plane. Whereas the peak ion response levels are
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present in frames 6P and 7P of Plate 2a, the LANL/MPF instrument
has a sharp response cutoff at 55° away from the spin plane (Rame
et al,, 1978) and its 3-ND mode effectively cnvers the range of
the LEPENEA detectors 3 through 5, The effect of this limited
angular coverage is to truncate the ion distribution ahove 353°
resulting in a velocity vector centered 45° above the eclintic
olane. Although the LANL/MPFE instrument provides reasonable
estimates for Vy and Vg the V, value is substantially
underestimated.

The LEPEDEA obtains approximately seven times more samples
of velocity space at this time whereas the TANL/MPE instrument
samples the three-dimensional Adistributions ten times faster. At
a given enerqy, the LEPEDFEA has the unique capability of sampling
seven pitch angles simultaneously and changes in flow direction
can be identified on a time scale of only a few spin periods, As
noted in the last section within the descrintion of Plate 2a, a
rapid direction change occurs at NN42:12 UT; thereafter, the ion
velocity distribution is fairly stable so that the LEPEDEA oh-
tains an adequate sampling of the full three-dimensional velocitv
distribution., Table 1 below summarizes pnlasma and field para-
meters for three time intervals near the magnetopause based on
the TLREPEDEA and LANL/MPFE (Paschmann et al., 1979) vlasma instru-
ments and the UCLA flux-gate magnetometer.

Frror estimates are obtained for the LEPEDEA valuns by eval-
nating hoth statistical errors and systematic errors associatoed

particularly with in-fliqght calibration coefficients, 0Our error




Y
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analysis procedure results in approximate rms errors of AV = 8§
km/s for speed and AKT = 10 eV for thermal enerqy. The boundary
layer flow vector is directed 58 + 3° ahove the ecliptic plane

(compared to ~45° based on the LANL/MPFE instrument) and is

oriented 34 + 2° away from the average magnetic field vector.

Table 1., Plasma and Field Parameters for the
8 September 1978 (day 251) ISEE-1 Magnetopause "rossing

(Solar Ecliptic Coordinates)

Time (Vo Vys Vz) kn/s 1V1 (Bys By, Bg) ot 10D yer oy
0042:12-0043:08 UT (-298,-86,493) 582 (-25,20,43) 5 782
(-290,-82,302) 427 9 560
~0043:30 UT (Not Available) (-11,24,24) 18 430
~0044:30 UT (-65,24,62) 93 (28,34,-33) 9 193
0048:05-0050:13 T (-207,-81,280) 358 (-9,25,25) 15 472

0052:21-0054:29 yT (-126,-53,133)

—

1 (15,45,-17) 12 215

Note: Underlined values are bhased on LEPEDFA results (see text).
The tangential stress balance condition for a rotational
discontinuity is qiven by

A en Py

G (S <ﬁ - ,"1) (1)

where p, ¥V and B denote the mass density, bulk flow velocity and
magnetic field, respectively, on cach side of the discontinuitv,
The pressure anisotropy is defined by a = 4n(Pu—PL)/n7 where 'y and
P, are the parallel and perpendicular plasma pressures, respective-

ly, (Hudson, 1970), This is a necessary, althouagh not sufficient,
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condition for a rotational discontinuity. The application of
the MHD discontinuity analysis assumes stationarity and other
conditions that cannot be easily checked, if at all. 1Using the
first and third time period given in Table 1, the right-hand
side of equation 1 becomes (l—al)l/2 (386, 102, -553) km/s.
This derived aV is aligned to within 8° of the observed Av.
However, using the observed pressure anisotropy in the magneto-
sheath (side 1 of the discontinuity) of -0.14 (Sonnerup et al.,
1981), the predicted IA§I = 682 km/s (G. Paschmann, private
communication, 1981) is considerably larger than the chserved
value of 574 km/s.

A necessary condition for both a tangential and rotational

discontinuity is that of pressure balance so that
Pr2 = Pyl + (B22-B12)/8n = 0 (2)

where P} = nkT denotes the perpendicular plasma pressure.

Total plasma and field pressure is 10.5 + 0.5 kev/cm3 in the
boundary layer and 9.3 + 0.4 kevV/cm3 in the nearby maaneto-
sheath. Error estimates arise primarily from the plasma mea-
surements. This pressure imbalance should correspond to a net
outward movement of the magnetopause; however, Paschmann et al.
(1979) report a net inward magnetopause motion based on timing
of maqnetic field signatures. This difference sugqgests that
assumptions of the MHD discontinuity analysis are no longer
applicable, such as stationarity or the neqlect of qgradients or
finite ion gyroradius effects, A further necessary condition

for an MHD rotational discontinuity is
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Vp = Bp ((1-aj)/e)1/2

with vV, and B, designating the normal outward components of bulk

flow velocity and magnetic field, respectively, in the minimum

L N S RSN SR YN PE Sr S A S

variance coordinate system. Paschmann et al, (1979) report a val-
ue for Bp of -5.4 + 2.9 nT. With an average density of 12 cm~3
based on Fiqure 2 and Table 1, this results in a nredicted value
for V,, in the magnetopause frame, of -20 + 11 km/s, Our deter-
mination of the angle between the minimum variance normal, n, and
the bulk flow vector for 0042:12 to ~ 0043:08 UT is R8.2 + 1.5°
which corresponds to an observed outward normal flow velocity in
the spacecraft frame of +18.3 + 15 km/s. Because of the 10 km/s
inward motion of the magnetopause relative to the satellite the
predicted normal plasma velocity, in the spacecraft frame, is -30

km/s (Paschmann et al., 1979). The total angular separation of

the predicted and observed velocity vectors is then approximately
4.8° which is nearly three times our estimated error for nroject-
ing the bulk flow vector along the minimum variance normal direc-
tion. Paschmann et al. (1979) obtained a neaqative value for vp

|
}
due to their 55°-truncation of the velocity distribution which re- }

duced the measured V, component as shown in Figure 4. Recently,
Sonnerup et al. (198l1) report a slightly modified normal direction
which leads to an observed bulk flow component of v, = 8,7 km/s in
the spacecraft frame and vp > 17 km/s in the magnetopause frame

using a revised magnetopause speed of -8.5 + 1.5 km/s5,  An esti-

mate of the averaqge B, value (-7.2 nT) by Sonnerup et al. (1981)

IS ae————————r— N —————— R TS e
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leads to a predicted v = =55 km/s, in the magnetopause frame,
which corresponds to an even larger anqular separation (7°)

between observed and predicted normal speed components.

Although the Vv, value is difficult to estimate directly, we ,
have found that the value for cos~! (%-ﬁ) is relatively insensi-
L tive to several potential systematic errors or to an extension of
the integration time interval to periods prior to 0042:12 0T,
This result indicates that the flow vector, even with the flow
direction shift near 0042:12 UT, remains closely tanqgent to the
magnetopause surface with vy > 0. 1If the local magnetonause were
a tangential discontinuity, then the predicted value for V, is l
zero which could be consistent with our results. This situation
would also be easier to reconcile with the sharp plasma discon-
tinuity observed coincident with the 2-3 second magnetopause in-
terval, measured by both the LEPEDEA (see Plate 2b) and the TANIL/
MPE instruments (see Fiqure 2)., Any significant V, component

should be expected to rapidly diffuse away such a sharp olasma !

gradient.

The total convective electric field, B o= -V X ﬁ, for the

0042:12-0043:08 UT time interval, has a magnitude of 31 mV/m and

is oriented 22° with respect to the magnetopause normal. As
ISEE-1 approaches the magnetopause, expecially after 004131:30 uT,
there is a change in magnetic field orientation that causes P oto
approach the normal direction so that the tangential eleoctric

L4 . .
field component, Fi, is substantially veduced,  In the magneto-

pause frame, the tangential electric field can be written as
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> > > > +
Et = =(Vp X Bg) =(Vg X Rp)

If we take Vv = 0, Vy = 582 km/s and By = -5.4 nT, then Fy = 3,1
mV/m (only 10% of the total magnitude) and is nearly parallel to
the current vector given in Figure 3 of Paschmann et al, (1979),
For Vp = 20 km/s, the ‘§n X ﬁt term contributes only 1 mv/m so
that the Et calculation depends primarily on the B, value which,
in turn, depends on the minimum variance calculation, The mini-
mum variance technique cannot account for changes in magneto-
pause orientation during the intervals used to compute B,; for B8
September 1978, Paschmann et al. (1979) used a six minute inter-
val ending at ~ 0045 UT which is about 300 ion gyroperiods.
Consequently, the magnetic field observations are consistent
with ﬁt = 0 at the time of the magnetopause crossing if there
are moderate temporal variations in magnetopause orientation.

d. Characteristics of the Three-Dimensional Ion Velocity

Distributions

A perspective plot of the three-dimensional ion velocity
distribution is shown in Figure 5 based on the 128-sec instrument
cycle beginning at 0041:42 UT. This plot covers enerqy levels
from 820 eV to 45 keV; the main peak corresponding to the hiqh-
speed plasma flow is based on observations from 0042:12 UT to
approximately 0043:08 UT. Fnerqgy scans from 215 to 820 eV have
been deleted hecause of a directional shift in the ion distribu-
tion near 0N42:12 UT. Plasma spectra simultaneously sampled hy

the LANL/MPE 1nstrument from 0042:12 OT to after 0043 U1 show
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low-enerqgy component below 820 eV that has a magnetosheath-like
spectrum which is highly variable and reduced in intensity.
This magnetosheath-like component is distinct from the high-
speed flow component as shown by the three-dimensional response
array presented in Plate 2a. If this low-enerqy component is
directly supplied from the magnetosheath, then the plasma in-
jection Dprocess filters out ions with small pitch-angles since
the nearby magnetosheath ions in this enerqy range have a much
broader angular distribution,

A perspective plot is shown in Fiqure 6 which is based on
observations during the later magnetopause and boundary layer
interval. This plasma distribution is very similar to that oh-
served during the earlier high-speed flow period. The nearby
magnetosheath distribution is presented as a perspective plot
in Figure 7. A peak of high-speed ions directed alonq -7, is
well separated from the low velocity ion component, TIsodensi*ty
contours of the ion velocity distributions are presented in
Figure 8 for the same three time periods covered by the per-
spective plots in Fiqgures 5 through 7. These contours show
projections of f(v) onto the V,-V, plane; in each case, the
high-speed flow components are well separated from the low-
energy ion components. 1In Fiqure 8a, an energetic ion peak
of moderate intensity is observed near vV, = +2200 km/s at low
pitch-angles. A comparable high-energy component is also
present along +vy in Fiqures 5, 7 and 8h; enerqgetic particles

will he described further in the next section,

. -
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e, Energetic Ion (10-45 keV) and Fnergetic Flectron (» 45 keV)

Anqular Distributions

The three dimensional response arrays for the houndarv lav-

s . u.—l‘.., & i

er as presented in Plates 1lc, 2a and 2c¢c show enerqgetic ions

- é'-'

above 10 keV. A velocity moments computation was done for 10 to
45 keV ions sampled by the ISEE-1 LEPENDEA. Althouagh the vitch-
angle distributions of energetic ions are peaked at ~ 90° in the
outer magnetosnhere, this peak shifts to 109° pitch anale (with
an 84° look azimuth for peak resmonse) and 101° pitch anale
(with a 72° look azimuth for peak response) near 0041:20 1T and
0043:30 UT, respvectively, in the houndary laver. Scholer et al.
(1981) present energetic ion data sampled simultaneously hv the
NOAA/MPA medium energy particle instrument. Their observations
indicate that an ion anisotrooy occurs at these times due to the
loss of ions near an absorbing boundary (Williams, 1979) which
results in siqgnificantly Adecreased energetic ion resnonses in
the dawnward-looking sectors. FEnerqgetic ions with 0-9n° nitch-
angles are nearly absent in the 55-65% keV enerqgy ranae whereas
significant responses are ohserved in the 45-55 keV eneray ranae
(T. Fritz, private communication, 1981). This trend is consist-

ent with LEPEDFA ion observations near 25 keV which show siani-

ficant responses for pitch-angles < 22° without anv comparable

ions directed along -Vy (see plates 2a and 2c¢ and Fiaqures 5, 7, 87
and 8b). An enerqy-dependent process is thus involved which
selectively removes 0-90° pitch angle iona ot of an othorwice

vancake-shaped pitch-angle distribntion; this process alao af et




higher enerqy ions (> 45 keV) more than ions in the 10-45 keV
enerqy range. o

Angular distributions of energetic electrons (» 45 keV) are
sampled with a GM tube in the LEPEDEA instrument. This detector

has a 40° conical field-of-view and is Aescribed further in

S SV

Frank et al. (1978a, 1978b). Azimuthally averaged energetic
electron intensities from ISFE~1 are plotted in Figure 9,
Pancake-shaped pitch~angle distributions are present throuahout
the boundary layer and outer magnetosphere, as shown by pitch-

angle plots presented in the upper right-hand portion of Figure

9 for selected times marked on the azimuthally averaaed
intensity-vs-time plot. Even during the local intensity de-
creases near 0038 and 0042 UT, this pitch-angle signature is
retained.

Since the energetic electrons have larage quiding center
speeds (~ 10 Rg/s at 50 keV for a« = 60°) their angular distri-
butuions and intensities quickly reflect changes in large-scale
field topology. In comparison, the ion flow speed and the
Alfven speed are lower by factors of > 100, 1If the boundary
layer were on open field lines as required in a reconnection

model, then energetic electrons within the hiagh-speed flow re-~

gion should rapidly develop asymmetric, field-aliqgned Adistribu-
tions such as that observed in the magnetosheath near N044:130

UT. Two observations in particular indicate that the boundary

layer observed during this crossing is on closed field lines:
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(1) Pancake-shaped energetic electron nitch-anale Ais-~
tributions are observed for the entire boundary layer
interval,

(2) A rapid intensity decrease occurs at the maaqneto-
pause.

The latter observation is not consistent with a sianificant
local R comvonent which would provide for rapid leakaqe of
enerqgetic electrons across the maqgnetopause. T1f an intense and
unusually prolonged energetic electron source was present
equatorward of the ISEFE satellites, then the observed svmmetric
angular distributions could possibly be produced. However, if
this source occurs on open field lines, as would be the case in
a diffusion region for merging, then there should be siqnifi-
cant intensity levels of enerqgetic electrons in the adjacent
magnetosheath. Near 0045:20 UT, the energetic electrons in the
magnetosheath have a pitch-angle distribution peaked near 9n°,
However this condition is only very briefly observed, occurs
close to the magnetopause intensity aradient and occurs with
low responses so that this anisotropy is compatible with a
brief excursion into the adjacent magnetosheath. For examnle,
there could be a compression of magnetosheath flux tubes
against the frontside magnetopause resultina in bhrief intervals
of pseudo-trapping of energetic particles between high field
regions, However, such pseudo-trapping will he weak due to the

large loss cone.
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The energetic particle observations onravide a valuable sun-~
plement to the analysis of a magnetopause crossini., For the
high-speed flow interval observed Auring the R/ September 1978
ISER crossing we note that (1) the enerqgetic ions have a aener-
ally pancake-shaped pitch-angle distribution which shows an
azimuthal anisotropy due to the loss of ions from finite ion-
gyroradius effects near an absorbhing houndary, (2) some enerqet-
ic ions are present at low pitch-angles (< 25°), and (3
vancake-shaped energetic electron distributions are vresent
throughout the boundary layer. These observations indicate that

the boundary layer is situated primarily, if not entirely, on

closed field lines,
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4, Conclusions

In this paper we have endecavored to confirm the evidence for
reconnection reported by Paschmann et al. (1979) based on an ISEF
satellite traversal of the sunward magnetorause near local noon
on 8 September 1978, We have made a detailed analysis of three-
dimensional nlasma velocity distributions obtained with the Uni-
versity of Towa LEPEDEA instruments. The observations described
include ions and electrons from 215 eV to 45 keV as well as ener-
qetic electrons » 45 keV,.

The reconnection geometry suagested for this crossing by
Paschmann et al. (1979) is shown in Figure 10. Since the oh-
served nlasma flow and boundary layer location are asymmetric
with respect to the magnetopause, an asymmetric reconnection
model, such as that used by Paschmann et al. (1979), is a reason-~
able hyoothesis., However, there are significant Aifferences be-
tween observed and predicted plasma parameters - e.q., compnare
Figqure 2 in this paper with Figure 3 in Yanag and Sonneruo (1977).
The reconnection geometry requires the high-speed boundary layer
flow to occur on open field lines. Fnergetic electron (> 45 keV)
nitch-angle distributions sampled by the LEPEDEA, however, show a
nancake-shaped distribution with intensities peaked near 90°
vitch angle. As we approach the diffusion region or x-line with-
in a reconnecticn geometry, the field magnitude decreases whereas
a maqnetic mirror for energetic electrons requires a substantial
field increase. 1If the high-speed plasma flow is on open field

lines, then the enerqetic electrons will he very rapidly lost
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with a time scale on the order of their bounce time (~ 1.5 sec)
and no electrons should he observed returning from the Aiffusion
region. On the contrary, significant enerqgetic electron inten-
sity levels are present during the high-speed flow interval as
shown in Fiqgure 9. Furthermore, their intensity rapidly de-
creases near the magnetopause as expected for a transition from
closed to open field lines. 1If we introduce varticle mirrors in
the magnetosheath or strong and steady sources of enerqetic par-
ticles in the diffusion region or along the magnetopause, then
the steep intensity gradient at the magnetopause cannot be ac-
counted for. If sufficient and thus strong pitch-angle scatter-
ing is introduced to maintain pancake-shaped enerqetic narticle
distributions on open field lines, the low magnetosheath inten-
sity level is still a problem since energetic electrons will he
scattered into the 90-180° pitch~angle range and subsequently
lost due to large loss-cone angles even in the presence of flux
tube compression against the frontside magnetopause.

At the magnetopause near 0044 UT, within one spin period (3
sec), the ISEE~1 LEPEDEA instrument observes a sharp decrease in
ion intensity concurrent with the primary change in B,. In add-
ition to the correspondingly steep qgradient in > 45 keV enerqget-
ic electron intensity based on the LEPEDEA GM data, the TANI/MPF
ion and electron responses and the NOAA/MPA measurements of 30-
60 keV electrons also show a simultaneous sharp decrease at the
magnetopause. Based on a 10 km/s inward magnetopause motion,

the ~ 3 sec magnetopause transition corresponds to a nominal
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30 km magnetopause thickness, If the predicted v, values of
-20 km/s (Paschmann et al,, 1979) or -55 km/s (Sonnerup et al.,
1981) apply to this magnetopause transition, then the narticle
gradient at the magnetopause should be spread out to a thick-
ness of 3 sec X 20 km/s = 60 km or 3 sec X 55 km/s = 165 km,
respectively, even if the finite normal flow was initiated at
the same time as the magnetopause crossing. Noting also that
the gyroradius is 85 km for 2 keV ions with a 1.2 sec qyro-
period, this magnetopause does not appear to be further broad-
ened by a finite v, value. We note that Paschmann et al.
(1979) identified a magnetopause interval of 90 sec and used a
six-minute interval of magnetic field data to complete the min-
imum variance analysis. However, based on the 1/16 sec resolu-
tion field data, the primary change in field magnitude and
especially B, is limited to 0043:56-59 UT which we take as the
primary current layer, or magnetopause layer. Paschmann et al.
(1979) obtained v, values that were predominantly negative due
to their 55°-truncation of the velocity distribution. With a
full sampling of the ion velocity distributions over the
0042:12-0043:08 UT time intervals, we found V, to be +17 or +27
km/s, in the magnetopause frame, depending on the normal direc-
tion used. 1If we assume that V, was actually zero at this
time, then it could have become neqative by the time that TSFE-
1 crossed the magnetopause near 0044 UT. This condition, how-
ever, is difficult to reconcile with the steep particle and

field gradients ohserved at the maqnetopause.
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Since helium ions are accelerated to a speed comparable to
that of the high-speed H* component instead of gaining a compar-
able enerqy, a process which nredicts a uniform velocity in-
creasce should be preferred to a process which involves a uniform
enerqy transfer. For acceleration from a magnetic slingshot with
E o= -V X ﬁ, different ions will he accelerated by the same velo-
city increments whereas, for acceleration clnse to the diffusion
region where v X B can be small compared to the reconnection
electric field, ion acceleration will occur at the same energy
increments.

Regarding the uniqueness of the reconnection hypothesis for
the 8 September 1978 ISEE observations, D'Angelo (1979) has pro-
posed an alternative model., His Laval nozzle model nredicts a
uniform velocity increase comparable to the observed values and
also considers the high speed flow to be on closed field lines,
For an ion sound speed of Vg = 188 km/s and a typical range of
values for M = V/Vg of 3 to 3.3 (D'Angelo, 1979), where M is the
flow Mach number, the predicted flow speeds that result from the
Laval nozzle model are 560-620 km/s. Consequently, the observed
high flow speeds observed in the houndary layer cannot he con-
sidered as uniquely predicted by the reconnection model. At this
stage of development, however, it is not clear how applicable the
Laval nozzle model is to the ISEE observations discussed in this
paper.

Our analysis has led to the following results which could

be taken as supportive of the reconnection hypothesis:
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1) High~speed ion flow occurs within the boundary layer and
reaches a speed of 582 km/s which is close to the Alfvén
speed bhased on the difference magnetic field (Paschmann et
al., 1979).

2) The tangentlal stress halance condition (equation 1, nre-
vious section) is roughly met. This condition is one of
the necessary conditions for a MHD rotational discontinuity
which, in turn, is a necessary condition for the reconnec-
tion geometry. Since this condition is derived directly
from Maxwell's equations and the enerqgy momentum tensor,
any process such as nonlinear plasma turbulence which re-
sults in a locally finite average B, value will satisfy
the tangential stress halance condition,

At this juncture, we can only conclude that some of the condi-

tions for a MHD rotational discontinuity are met based on local

satellite observations. Since reconnection is a process which
involves global topological conditions (Vasyliunas, 1975), our
results cannot be considered as meeting sufficient conditions
for the prescnce of reconnection., A further difficulty con-
cerns the qgeneral apolicability of a MHUD "fluid" description to
the magnetopause interaction reqion with its large spatial and
temporal variations involving a medium-g plasma where kinetic

instabilities are probahly imnortant (Gary and Fastman, 1979).
Wee find that available observational results for the R Sep-

tembhor 1978 magnetopanse crosging lead to several difficalties

for the reconnect ion interpretat fons:
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3)

4)

5)

6)
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Observed hiah-speed flow events are at least partly on
closed field lines and, perhaps, partly on open field
lines (Scholer et al., 1981).

Energetic ions and electrons, sampled during the high-
sneed plasma flow interval, show no large decrease in in-
tensity upon crossing into the region of reconnected field
lines.

The reconnected "flux tuhe" is not emptied of eneraetic
particles for > 160 sec although the hounce time for 60°
pitch-angle particles is ~ 80 sec and ~ 1.5 sec, respec-
tively, for these ions and electrons,

If energetic particles are supplied by a source in a dif-
fusion region for reconnection, this source suoplies low
enerqy plasma sporadically althouah it continuously and
uniformly supplies energetic particles.

Observed enerqgetic particles and low encragy nlasmas have a
steep gradient at the magnetonause which is difficult to
reconcile with a finite B, value,

The observed value for v, is not consistent with the
predicted value without introducing rapid temporal
variations in maqgnetopause orientation. However, such

magnetopause variations would tend to invalidate the

minimum variance analysis,
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The combined results of this naper nlace a number of con-
straints on any model used to exnlain siagnatures of the 8 Sen-
tember 1978 ISEFR magnetonause crossina. Althouah this crosasing
J shows high-speed ion flow in the boundary laver, the eneraetic
pitch~angle Adistributions indicate that this hiah-sneed ©1nue
occurs partly or entirely on closed field lines. For a recon-

nection model, the high-speed flow should occur onlv on open

field lines; this prediction applies as well to "patchy" recon-
nection models. Thus, to consistentlyv apply the reconnection
interoretation, a second mechanism must bhe introduced to exnlain
the hiagh-speed flow ohserved on closed field lines unless rawniA
diffusion occurs onto the closed field line reqion. Such raniAi

diffusion, however, is not entirely consistent with the obhserved

density and flow speed profiles and could equally well be used
to suoply the boundary layer without reconnection.

Given the AdAifficulties in nlacina all, or even part of,
the high speed plasma flow on open field lines, we will now

consider whether the observations are consistent with a bound-

ary laver located entirely on closed field lines., Fiqure 11
illustrates a possible boundary aeometry for the 8 Septemher

1978 ISEF magnetopause crossing., The intersections of houndarvy

lines with the ISER-1 and =2 trajectories fit the availahle
plasma obhservations. The distance from the magnetopause to the
satellites at other times is drawn to be consistent with the
energetic ion observations based on the soundina techniqgque ot

~williams (1979), ITn addition tn exnlainina the tranped-like
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energetic particle signatures observed earthward of the maqgnet-
opause, this picture can account for obhserved asymmetries of
the ion pitch-angle distributions. Fnergetic ions with qyro-
diameters that intersect the magnetopause will be lost from the
ion distribution for dawnward-looking azimuths, The loss of
60-90° pitch angles from the energetic ion distributions (Scho-
ler et al, 1981l) is enhanced at higher enerqgies due to larqger
ion gyroradii; an enerqy-dependent process that also results in
the absence of upward-flowing, low pitch-angle > 45-keV ions.
At lower energies, the low pitch-angle component comprises ions
which have mirrored without being subsequently lost at the abh-
sorbing boundary. The enhanced loss of ions at 60-90° pitch-
angles is likely due to the increased path length for these
ions close to an absorbing boundary whereas ions returnina from
the northern hemisphere are less likely to be lost at the mag-
netopause due to their reduced path length close to an ahsorh-
ing bhoundary. This process provides a simple explanation for
the energetic ion distributions that start out peaked from 60-
120° in the inner bhoundary layer and then lose the < 90° por-
tion close to the magnetopause (Scholer et al,, 1981). Inten-
sity variations of energetic particles in the boundary layer
can be accounted for by variable magnetopause positions and
geometry.

Based on these various considerations, we conclude that

the high-speed flow observed in the boundary laver during this
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crossing may be the result of impulsive injection of magneto-
sheath plasma across the magnetopause (Lemaire, 1977). The
conditions for such impulsive entry were enhanced by the highly
variable magnetosheath flow and a strong southward field com-
ponent (Lemaire et al., 1978). Since there is a significant
cross—-field flow component for the plasma jet which is located
on closed field lines, this plasma will soon lose its momentum
via local dissipation and closure currents through non-local
dissipative regions such as the cusp ionosphere. The cross-
field ion flow will thus contribute to the MHND dynamo process
that drives the dayside high-latitude current system (Eastman
et al., 1976). Our results still leave the entry orocess un-
specified; however, MHD and plasma kinetic instabilities are
probably very important and should be a principal focus for
theoretical efforts directed toward the magnetopause inter-

action problem,
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Fiqure Captions

Figure 1. Instrument fields-of-view for the auadri-
spherical electrostatic analyzers or

LEPEDREAs (from Frank et al., 1978a).

rare—_re 1

Fiqure 2. Plasma and magnetic field Aata for the
ISEE~1 magnetopause crossing of 8 September
1978. Satellite coordinates are given in
the geocentric solar magnetospheric, GSM,
system, Plasma data presented as solid

lines are from the LANL/MPFE instrument

(Paschmann et al., 1979). Simultaneous LFP-
EDFA measurements are marked bv a "—" svm-
bol. The first magnetonause crossing is
shown by a dashed vertical line near 0044
ur.

Fiqgure 3. Illustration of the F-¢ rnlot format. All

seven detector pairs sample from low-to-hiqgh

enerqy values over the instrument cycle time

which is 128 sec in high-hit-rate mode.
Both enerqy and time are marked along the

ordinate. The abscissa shows the solar

ecliptic longitude of flow direction. 1

pp PTIS



Fiqure 4.

Fiqure 5.

Figure 6.

40

Viewing qeometry for the ISEF nlasma instru-
ments for the R September 1978 maanetonause
crossina. Polar angle ranges-of-view for
the seven LEPEDEA detector wairs are shown.
Approximate phase-snace densitv contours are
shown for the hiagh-speed bhoundary laver
plasma flow. The + 55° elevation anale cut-
off for the LANL/MPE instruments is shown
along with the flow vector that results from
this truncated sampling of the ion velocity
dAistribution.

Perspective plot of the three-dimensional
ion velocity distribhution in the boundarvy
layer sampled by the ISEFR-1 ILEPEDFA on 8
September 1978 from 0041:42 to N043:50 1T,
The high-speed flow peak is lncated at a
pitch-angle of 34° and has a hulk flow sveed
of 482 km/s.

Perspective plot of the three-dimensional
ion velocity distribution in the maagneto-

sheath sampled by the ISEF-1 LEPEDFEA on 8

September 1978 from 0ON%2:21 to 0054:29 nm,



Figure 7.

Figure 8,

Figure 9,
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Perspective plot of the three-dimensional
ion velocitv distribution in the magneto-
pause and boundary laver interval samnled hy
the ISEE-1 LEPEDEA on 8 Sentember 1978 from
0048:05 to 005N0:13 UT.

Isodensity contours of three rest-frame ion
distribution functions based on obhservations
by the ISEE-1 LEPEDEA on 8 Sentember 1978,
These three plots correspond to Fiqures &5, 7
and 6, respectively, for distributions sam-
pled in (a) the boundary layer, (b) the
later magnetopause and boundary laver inter-
val and (c) the magnetosheath. \
Energetic electron (> 45 keV) averaqge inten-
sities and pitch-angle Adistributions sampled
with the ISEE-1 LEPEDFA's Geiger-Mueller
tubes. These measurements span the period
0037 to 0057 UT on 8 Sentember 1978, Pitch-

angle distributions are given at unner right

for each numbered period,




Fiqure 10,

Figure 11.

lintnsinie,
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Roundary and field ageometry for the recon-
nection hypothesis as apnlied to the 8 Sen-
tember 1978 magnetopause crossing (from
Paschmann et al., 1979), The shaded area
denotes the boundarv layer, considered to bhe
on open field lines, and the Adashed line
identifies the magnetopause.

Boundary layer and magnetonause geometry for
the 8 September 1978 ISEE crossing based on
all available nlasma and field data. Brief
intervals of reduced enerqgetic electron
intensity near 0038 and 0042 UT (see Fiqure
9) could possibly be on onen field lines;
however, this diagram illustrates a simple
hypothesis for which the boundary laver is

placed entirely on closed field lines (sec

text).
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VIEWING GEOMETRY
FOR ISEE PLASMA INSTRUMENTS
MAGNETOPAUSE CROSSING, 251/78 4

SPIN
T AXIS

s~ LANL/MPE CUT-OFF
(2D AND 3D)

LEPEDEA .
DETECTORS n, MAGNE TOPAUSE

NORMAL DIRECTION

BULK FLOW FROM
TRUNCATED
RESPONSE ARRAY
/((LANL/MPE)

\
\\\_LANL/MPE CUT-OFF

BULK FLOW FOR —v—
0042:i12-0043:10 UT
(LEPEDEA)

Figure 4
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