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ABSTRACT

Satellite-borne electric field measurements using the double
probe technique have now provided a comprehensive survey of convection
electric fields at low altitudes in the magnetosphere. The most
prominent features of the convection electric fields are reversals
located at high magnetic latitudes, with generally anti-sunward con-
vection poleward and sunward convection equatorward of the electric
field reversal location. The electric field reversal is usually coinci-
dent with the "trapping boundary" for electrons with energies E > 45 keV
and is interpreted as the boundary between open and closed magnetic field
lines. On the day side of the magnetosphere the electric field reversal
is observed to coincide with the equatorward boundary of the polar cusp.
In the local afternoon and evening régions "inverted V"' electron preci-
pitation bands occur at or near the electric field reversal and in regions
usually characterized by large fluctuations in the electric field. 1In
the local midnight region strong convection elecfric fields have also been
observed deep within the magnetosphere, near the equatorward boundary
of the plasma sheet. Recent measurements of electric fields near
the "inverted V"' electron precipitation bands suggests that these
events are associated with large electrostatic potential gradients

along the geomagnetic field.



I. INTRODUCTION

The importance of electric field measurements for studying the con-
vective motions of plasma in the magnetosphere has been recognized for a
number of years [Dungey, 1961; Axford and Hines, 1961; Piddington, 1962;
Axford, 1969]. Only recently, however, have adequate techniques been de-
veloped to provide a comprehensive survey of electric fields in the magneto-
sphere. Electric field measurements with satellites [Cauffman and Gurnett,
1971; Heppner, 1972a] and ionized Barium cloud releases [Haerendel and
Lust, 1970; Wescott et al., 1969] have now established the primary
features of magnetospheric plasma convection at low altitudes over the
auroral zones and polar caps. Since electric fields must ultimately be
responsible for the acceleration and energization of charged particles in
the magnetosphere, it is of gfeat interest to determine the relationships
between the electric fields and plasmas in the magnetosphere. Although
extensive measurements of low-energy charged particles have been obtained
[see the review by Hultquist, 1969, and the spatial survey by Frank and
Ackerson, 1972] until recently the relationship between electric fields
and charged particle intensities has been largely unexplored. In this
paper we review the primary features of the electric field distribution
over the auroral zones and polar caps as revealed by low-altitude polar

~orbiting satellites and discuss the relationship of these electric
fields to the various plasma regiems of the magnetosphere as revealed

by our current investigations.



IT. SURVEY OF AURORAL ZONE AND POLAR CAP ELECTRIC FIELDS

Although numerous techniques, including Barium cloud releases
and balloon-borne electric field measurements [Mozer and Serlin, 1969],
have been employed in the measurement of auroral zone and polar cap
electric fields, it is the recent advent of satellite measurements
using the double-probe technique which has produced a comprehensive
picture of these high-latitude electric fields. The first global sur-
vey of convection electric fields was obtained from the double-probe
electric field experiment on the low-altitude (677 to 2528 km) polar
orbiting satellite Injun 5 launched in August, 1968. Figure 1 from
Cauffman and Gurnett [1971] shows a series of dawn-dusk passes over
the northern polar region selected to illustrate the primary features
of the high-latitude convection electric fields observed by Injun 5.
The arrows in Figure 1 give the direction and magnitude of the convec-

tion velocity component measured, as computed from

- -
E xB

where i% is the measured electric field (after subtractiﬁg thelviﬁ field
due to the spacecraft motion throﬁgh the ionosphere) and'ﬁ is the local
geomagnetic field vector. Since only one component of the electric field
was measured by Injun 5, only the components of the convection velocity

indicated by the arrows could be determined on any single pass.



The most prominent and persistent feature of the Injun 5
electric field data is the occurrence of an abrupt reversal in the
convection velocity and electric field at about 70° to 80° invariant
latitude. These re&ersals are particularly evident in Figure 1 at about
1724:20, 1925:30 and 2123:30 UT in the dawn local time region and at
1734%:00 and 2132:00 UT in the dusk local time region. In all cases,
the reversals are consistent with a generally sunward flow on the equator-
ward side of the feversal and an anti-sunward flow on the poleward side
of the reversal. The largest convection velocities are usually found
within about 5° to 10° inveriant latitude of the electric field reversal
location. The convection velocities often exhibit a pronounced dawn-dusk
asymmetry (evident in orbits 6910 and 6911 of Figure 1) with small, or
near zero, convection velocities over a significant portion of the polar
cap region. However, in some cases (such as orbit 6909 of Figure 1)
the anti-sunward flow is nearly uniform along the entire satellite
trajectory over the polar cap region. Only about 14% of the Injun 5
polar passes can be characterized as having uniform anti-sunward flow over
the polar-cap region comparable to orbit 6909.

The 0G0-6 satellite, launched in June 1969 into a low-altitude
near polar orbit, also carried a double-probe electric field experiment
[Heppner, 1972a] which shows many of the same features of the high-
latitude convection revealed by Injun 5. The electric field for a series
of dawn-dusk passes of 0GO-6 over the northern hemisphere is shown in
Figure 2 [these data were kindly provided by J. Heppner and T. Aggson].

The electric antenna axis during this series of passes is oriented



approximately perpendicular to the spacecraft-sun line so the electric
field directly indicates the sunward (positive) and anti-sunward (negative)
component of the plasma convection velocity. Electric field reversals are
evident in both the dawn and dusk regions, separating the region of gen-
erally anti-sunward flow over the polar cap from the sunward flow at
lower latitudes. These data clearly illustrate the large variability in
the anti-sunward plasma flow over the polar region, ranging from nearly
uniform flow (as in orbits 64, 83, and 121) to very asymmetrical flow
patterns with large convection velocities near one of the reversals and
near zero convection velocities on the opposite side of the polar region
(as in orbits 130, 155, 184, 208, 222, 226, and 236).

Figures 1 and 2 illustrate the close similarity between the
Injun 5 and 0GO-6 convection electric field observations in the dawn-
dusk meridional plane. Qualitatively both sets of data show (1) the
persistent occurrence of electric field reversals at about 70° to 80°
invariant latitude, (2) the occurrence of generally anti-sunward
convection poleward of the electric field reversal and sunward convection
equatorward of the electric field reversal, (3) the large variability
in the profile of the anti-sunward plasma flow over the polar region,
ranging from nearly uniform profiles in some cases to very asymmetrical
profiles, with large differences between the dawn and dusk, in other
cases. The only quantitative disagreement between these two sets of
data appears to be in the relative occurrence and emphasis of the
different types of anti-sunward convection profiles. Whereas the

Injun 5 data show that cases of relatively uniform anti-sunward



convection over the polar region, such as orbit 6909 in Figure 1, are
relatively uncommon (~ 14%) the examples shown by Heppner [1972a]
give the impression that nearly uniform anti-sunward flow is the most
common form of plasma flow over the polar region. Heppner [1972b] has
recently emphasized that asymmetric convection profiles are also
frequently observed in the 0GO-6 data, as evident from Figure 2, and
has established a relationship of these convection profiles with the
direction of the interplanetary magnetic field.

The general features of the high-latitude electric fields at
other local times have been obtained by Cauffman and Gurnett [1972]
from a survey of all of the Injun 5 electric field data. The electric
field reversals evident in the dawn-dusk passes of Figures 1 and 2 are
a consistent feature of the high-latitude electric field data at all
local times except in the local evéhing and local midnight regions.
In these regions electric field reversals are also observed, however the
electric field variations are usually more complex and variable, often
consisting of multiple reversals and large fluctuations which cannot be
simply identified as a single electric field reversal. The main features
of the high-latitude convection pattern deduced from these data are
summarized in Figure 3. The two diagrams of Figure 3 are intended to
emphasize the vaeriability of the convection pattern, from distinctly
non-uniform anti-sunward flow over the polar cap region, as in (a),
to nearly uniform anti-sunward flow over the polar cap region, as in

(b). The dashed line in Figure 3, separating the regions of sunward
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and anti-sunward flow, is the average location of the electric field
reversal obtained from the Injun 5 data by Cauffman and Gurnett [1972].
It must be emphasized that these convection diagrams represent a gross
average and the actual convection pattern may differ markedly from
these "average" patterns. Major departures include:

(1) dawn-dusk asymmetries in the convection, usually con-
sisting of marked differences in the size and intensity
of the dawn and dusk convection cells,

(2) multiple reversals and irregular fluctuations, particularly
in the local evening, possibly indicative of a turbulent
eddy-like convection pattern in these regions,

(3) wvariations in the location of the "stagnation point" for
the east-west plasma flow near local noon, and

(4) temporal variations in the latitude of the electric
field reversal.

The anti-sunward convection over the polar region and the
associated two-cell convection pattern inferred from these measurements
ﬁrovide strong evidence of the merging of the géomagnetic field lines
with the interplanetary magnetic field as suggested by Dungey [1961].
Frank and Gurnett [1972] have shown that the electric field reversal
corresponds to the boundary between "open" magnetic field lines, which
connect into the solar wind, on the poleward side of the reversal and
"closed" field lines, which connect to the opposite hemisphere without
crossing the magnetopause, on the equatorwerd side of the reversal.

An observational model which accounts for the nonuniform anti-sunward
convection of magnetic field lines over the polar regions has been pre-

sented by Frank [197la, b] and Frank and Gurnett [1971].



III. ELECTRIC FIELD REVERSALS AND THE ELECTRON E > U5 keV
TRAPPING BOUNDARY

In an initial investigation of electric fields and their associa-
tion with charged particle intensities Frank and Gurnett [1971] found
that the "trapping boundary" for electrons with energies E > 45 keV
is located essentially coincident with the electric field reversal.
This relationship is illustrated in Figure U4, which shows the electric
field and charged particle intensities for a dawn-dusk pass over the
northern polar region. The electron E > 45 keV trapping boundary,
which is observationally identified with the high-latitude termination
of measurable E > 45 keV electron intensities, is shown by the
vertical dashed lines at 1h43 and 1453 UT. The electric field measure-
ments obtained during this pass display a clearly defined electric
field reversal, separating regions of sunward and anti-sunward con-
vection, at about 1443 UT in the local dawn region and a less distinct
reversal at 1453 UT in the local dusk region. The electric field
reversal in the local dawn is seen to be located essentially coincident
with the electron E > 45 keV trapping boundary. Examination of
numerous other passes at other local times has shown that when an
electric field reversal can be clearly identified, the electron E > U45
keV trapping boundary is almost always located essentially coincident
with the electric field reversal. Since open magnetic field lines

cannot sustain trapped energetic electron intensities, the observed
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correspondence between the electron E > U5 keV trapping boundary and
the electric field reversal provides further evidence that the electric
field reversal corresponds with the boundary between open and closed
magnetic field lines.

An unusual case in which the trapping boundary does not correspond
with the location of the electric field reversal is shown in Figure 5.
This pass occurred just preceding the expansion phase of a substorm
[Gurnett and Frank, 1972b]. In the local evening region of this pass
the electron E > 45 keV trapping boundary is located at about 1516:00 UT,
several degrees equatorward of the electric field reversal at 1519:00
UT and in the zone of sunward convection. In this case we attribute
the poleward movement of the electric field reversal, relative to its
usual position near the trapping boundary, as being due to the rapid
reconnection and creation of "new'" closed field lines in the distant
plasma sheet which are not yet populated by energetic (E> L5 keV)
electrons. The region of sunward plasma flow in the local evening
sector is also associated with the enhanced low-energy electrbn and
proton intensities shown by the shaded band in Figure 12. From the
relatively soft energy spectrums and overall intensities of these
particles and their location on closed megnetic field lines, this region
of low-energy electron and proton intensities has been identified with
the plasma sheet along the evening flanks of the magnetosphere
[Gurnett and Frank, 1972b]. This identification of plasma-sheet
electrons and protons poleward of the trapping boundary and in the

region of sunward convection (the shaded part of Figure 5) provides
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substantial evidence of the increased reéonnection rate and creation
of new closed field lines in the plasma sheet during the initial phase
of the substorm. One hour later, during the decay phase of the sub-
storm, the electric field reversal is observed to have relaxed back

to its usual position near the electron E > 45 keV trapping boundary.



IV. ELECTRIC FIELDS AND AURORAL PARTICLE PRECIPITATION

From the observations of Frank [1971a]l, it is known that plasma
from the dayside magnetosheath has direct access into the high-latitude
magnetosphere through a region called the polar cusp. Figure 6
illustrates a meridional pass by Injun 5 [Gurnett and Frank, 1972b]
through the polar cusp region in the early-afternoon local time
sector. The polar cusp region, encountered on this pass from about
0850:10 to 0852:10 UT, is easily identified by the enhanced intensities
of low-energy electrons (105 < E< 185 eV) and protons (290 < E< 455 eV)
shown shaded in Figure 6. The polar cusp region is located adjacent
to and poleward of the electron E > 45 keV trapping boundary
indicated by the vertical dashed line at about 0850:10 UT. The en-
hanced low-energy electron intensities occur in a narrow latitudinal
band located essentially coincident with the electron E > L5 keV
trapping boundary. The polar cusp proton fluxes occur in a somewhat
broader zone extending several degrees invariant latitude poleward of
the trapping boundary. The intense broad-band VLF hiss shown in the
top panel of Figure 6 is believed to be generated by the low-energy
(~ 100 eV) polar cusp electrons [Gurnett and Frank, 1972a]. The
electric field measurements for this pass, in the second panei from
the top in Figure 6, show a clearly defined electric field reversal

at about 0850:10 UT, coincident with the electron E > U5 keV
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trapping boundary and at the equatorward boundary ofrthe polar cusp
region. A polar diagram showing the convection velocity components
associated with these electric field measurements is shown in Figure 7.
The plasma convection in the polar cusp region is eastward and in a
generally anti-sunward direction indicating that the polar cusp plasma
is on "open" field lines which connect with the solar wind magnetic
field through the dayside magnetosheath. The westward plasma flow
equatorward of the electric field reversal, within the region of
measurable electron E > 45 keV intensities, constitutes the return
flow of plasma on closed field lines toward the dayside magnetopause.

Frank and Ackerson [1972] have shown that when the low-energy
electron precipitation band in the polar cusp is followed around into
the local evening, the average energy of the precipitated electrons
increases to several keV or more. These electron precipitation bands
have a characteristic "inverted V" energy-time signature in which the
average electron energy increases to a maximum and subsequently de-
creases as the spacecraft passes through the precipitation region [Frank
and Ackeréon, 1971]. These "inverted V" electron ﬁrecipitation bands
have been directly associated with visible auroral arcs [Agkérson
- and Frank, 1972].

The precipitated electron energy flux associated with a series
of "inverted V" events observed in the earl& local evening sector
is shown in Figure 8. The most intense "inverted V' event on this
pass was encountered from about 0027:45 to 0028:05 UT, as indicated

by the large increase in the electron energy flux during this»interval;
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'up to ~ 10 ergs (cma-sec-sr)'l; Color enérgy-time spectrograms which
clearly show the "inverted V" characteristic of this event are being
published sepsrately [Gurnett and Frank, 1972bl. As is typical of
these events [Frank and Ackerson, 1971], the "inverted V" electron
precipitation band is located poleward of the electron E > 45 keV
trapping boundary.

Frank and Gurnett [1971] have shown that "inverted V" electron
Precipitation events are closely associated with electric field re-
versals. This relationship is evident from the electric field data in
Figure 8 whiéh shows a highly structured discontinuity in the electric
field, indicative of an electric field reversal, from about 0027:L45
to 0028:05 UT. The location of this electric field reversal is seen
to be essentially coincident with the location of the "inverted V"
event observed on this pass. Other similar data showing the occurrence
of "inverted V" events coincident with the electric field reversal
have been presented by Frank and Gurnett [1971].

In the late evening and midnight local time regions, where
electric field reversalé are often not clearly distinguishable, the
"inverted V" electron precipitation events still have a distinctive
signature in the electric field data. An example of an:"inverted "
event on a pass through the local midnight region is shown in Figure 9.
A very distinct "inverted V" event with a maximum electron energy |
flﬁx of about 20 ergs '(cmz-sec-sr)-l occurred from about 0622:55 to
0623:25 UT and several less distinct "inverted V" events of lower

energy flux occurred from 0623:25 to 0624:45 UT. The electron energy-
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time spectrogram for this pass is shown in Figure 7 of Ffank's f1972]
paper for this symposium. |
As can be seen from the top panel of Figure 9 the electric field
in the neighborhood of the "inveited V" events is characterized by
large, ~ 50 mV (m)_l irregular fluctuations on a time scale of a few
seconds. The most striking feature of these electric field variations
is the ~ 125 mV (m)_l south-eastward spike in the electric field at
0622:55 UT and the Similar, but oppositely directed (north-westward)
spike at 0623:50 UT. As indicated by the vertical guide lines in
Figure 9, these spikes correspond very closely with the boundaries
of the most intense "inverted V' event observed during this pass.
Note that the energy flux of the "inverted V" event is not located
symmetrically relative to the spatial configuration of these oppositely .
directed fields. Irregular fluctuation in the electric field, often
consisting of distinct pairs of oppositely directed spikes as in Figure
9, are a persistent feature of all "inverted V" events observed with
Injun 5. In mdny cases these irregular fluctuations provide such a
distinctive "signature" that the location of the "inverted V"' events
could be determined with good reliability from the electric field
measuremeht alone without prior reference to the plasms observations.
The broad region of somewhat lower electron energy flux from
about 062L4:45 to 0627:30 UT in Figure 9 has been identified as the
plasma sheet by Gurnett and Frank [1972b] from electron energy
. spectrums end intensities éharacteristic of this region. Within

the plasma sheet region the large irregular electric field fluctuations
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associated with the "inverted V" event have disappeared and the elec-
tric field variations are relatively smooth. Near the equatorward
boundary of the plasma sheet the electric field increases to about
65 mV (m)_l and abruptly decreases to near zero at the equatorward
boundary of the plasma sheet, which also corresponds closely with
the plasmapause location on this pass. Similar large convection
electric fields have been observed deep within the magnetosphere on
other passes in the local midnight region [Gurnett and Frank, 1972b]
indicating that electric fields may be more important than
previously thought for the transport, loss, and de-energization of
plasma sheet particles penetrating into this region of the magneto-

sphere [see discussions by Vasylinunas, 1968; and Kennel, 1969].
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V. ELECTRIC FIELDS AND VISUAL AURORA

Since electric field measurements are readily obtained from
Barium cloud releases under conditions when auroral light emissions
can be observed [Wescott et al., 1969; Haerendel and Lust, 1970], it
is important to relate the charged particle/electric field measurements
obtained via satellites to ground observations of visual aurora.
Because of the difficulty in obtaining suitable simultaneous satellite
and ground data, no direct comparison of satellite electric field
megsurements with auroral light emissions have yet been reported.

In attempting to relate auroral light emissions to the electric
field and plasma observations obtained by Injun 5, it is important
to recognize the distinction, made by Frank and Aqkerson (1971, 1972],
between the "inverted V" electron precipitation bands and the asdjacent
but equatorward precipitation from the plasma sheet. During magnetically
quiescent periods the precipiﬁated energy flux in the local evening
is usually dominated by the "inverted V" bands (see Figures 8 and 9,
for example). Ackerson and Frank [1972] clearly show that the
"inverted V" bands produce visible auroral arcs. Although the pre-
cipitated energy flux from the "inverted V" bands is usually greater,
the plasma sheet electron precipitation is also sufficiently intense
to produce auroral light emission equatorward of the "inverted V"

precipitation. During the expansion phase of a substorm the precipitated -
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energy flux from the plasma sheet increases considerably [Ackerson,
1972] and for theée periods the dominant auroral light emission is
probably from the plasma sheet region. Since the "inverted V"

electron precipitation band is usually located near or slightly poleward
of the electric field reversal and the plasma sheet precipitation occurs -
equatorward of the electric field reversal, it is clearly important to
distinguish these two precipitation regions when analyzing associations
with auroral light observatiohs. At this time, it is not clear how,

or whether, these precipitation regions can be identified from visual

auroral observations alone.
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VI. EVIDENCE OF PARALLEL ELECTRIC FIELDS

For several years [Alfven, 1958; Carlgvist and Bostrom, 1970]
it has been believed that electric fields parallel to the geomagnetic
field may be responsible for auroral charged particle acceleration.
Although direct measurements of parallel electric fields have been
reported [Mozer and Fahleson, 1970] the existence of these fields
and their relationship to the auroral charged particle acceleration
has been quite uncertain and speculative. The identification of
"inverted V" electron energy-time spectra and the discovery of
oppositely directed, spike-like electric fields at the boundaries of
the "inverted V" events, as in Figure 9, provides us with convinecing
new evidence that parallel electric fields are responsible for the
electron acceleration in these events. As commented by Frank and
Gurnett [1971] the unique energy spectrum of the "inverted V"' events
and their anisotropic distribution of electron intensities downward
along the magnetic field is in itself strongly suggestive of accelera-
tion by an electrostatic potential gradient along the geomsgnetic field.
The "inverted V" energy-time variation is easily accounted for by a
potential difference along the magnetic field which varies from near
zero at the boundaries of the "inverted V' to a maximum at the peak
of the "inverted V'. Qualitatively, the resulting electrostatic

potential contours within the "inverted V" region must be as shown in
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Figure 10. The electrons in the "inverted V" events are believed to
6riginate from the magnetosheath [Frank and Ackerson, 1971] with
energies on the order of 100 eV. The spread in electron energies
commonly observed for the "inverted V' events, indicated by the cross-
hatching in Figure 10, is thought to be due to heating or scattering
from plasma instabilities in the precipitated electron beam, and is
possibly related to the intense VIF hiss emissions associated with
these events [Gurnett and Frank, 1972a].

The oppositely-directed spikes in the electric field at the
boundaries Qf the "inverted V", as in Figure 9, are readily explained
by the electric fields which develop near the boundaries of the "in-
verted V' as shown in Figure 10. If the electric field is zero outside
of the "inverted V' the potential from the spacecraft to the base of
the acceleration region, Qs, can be obtained by integrating the %i
electric field component along the satellite trajectory. A rough
estimate of this integral for the case shown in Figure é gives a |
meximum value for @ of ~ 6 kV. Since the maximum electron energy of
the "inverted V" is about 15 keV, it is evident that a significant
portion of the electron acceleratidn must take plaée below the satellite,
which was at an altitude of about 2400 km in this case. Because the
"inverted V" electron precipitation events involve a significant cutrent
parallel to the geomagnetic field [Frank and Ackerson, 1971] it seems
most likely that this field-aligned "Birkeland" current is an important
factor in producing these potential gradients along the geomagnetic

field. Whether the mechanism responsible for these field-aligned
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potential gradients is a space-charge region of the type discussed
by Carlqvist and Bostrom [1970] or an anomslous resistivity produced
by a plasma instability, as discussed by Kindel and Kennel [1971],

remains to be determined.
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FIGURE CAPTIONS

Figure 1 The convection velocity components determined for a
series of dawn-dusk orbits of Injun 5 over the northern
hemisphére. Note the persistent occurrence of electric
field reversals at about 70° to 80° invariant latitude
separating the anti-sunward plasms flow poleward of the

~revergal from the sunward flow at lower latitudes.

Figure 2 The dawn-dusk electric field observed for a sequence of
dawn-dusk orbits of 0G0-6 over the northern hemisphere.
Note the occurrence of both uniform and asymmetrical

anti-sunward convection profile over the polar region.

Figure 3 Schematic diagram showing "average' convection patterns
observed by Injun 5 and 0GO-6, ranging from (a) distinctly
non-uniform and often asymmetrical anti-sunward flow over
the polar region to (b) essentially uniform anti-sunward

flow over the éntire polar cap.

Figure 4 Simultaneous electric field and charged particle measure-
ments showing the correspondence between the electric field
reversals at 1443 and 1453 UT and the electron E > 45 keV

trapping boundary (vertical dashed lines).
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An unusual case during the initial phase of a substorm
in which the electric field reversal at 1519 UT is located
several degrees poleward of the electron E > L5 keV

trapping boundary at 1516 UT.

Simultaneous observations of VLF hiss, convection electric
fields, and charged particle intensities for a noon-midnight
meridional pass over the southern polar cap and auroral
zone. Note that the polar cusp is located in the zone

of eastward convection just poleward of the electric

field reversal and the electron (E> 45 keV) trapping

boundary (see Figure 7).

A polar diagram showing the direction and magnitude of
the convection velocity components associated with the

electric field observations in Figure 6.

An early-evening pass showing a series of "inverted V"
electron precipitation events located coincident with

the electric field reversal at about 0027:45 to 0028:05 UT.

A pass near local midnight showing oppositely directed
"spikes" in the electric field at the boundaries of the
"inverted V' event from 0622:55 to 0623:50 UT and a large
zone of plasma convection near the equatorward boundary

of the plasms sheet.
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Figure 10 Qualitative form of the electrostatic potential contours
associated with an "inverted V" electron precipitation
event. Note the oppositely d.iro:acted“f:_L electric field
at the boundaries of the "inverted V", similar to the

case shown in Figure 9.
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