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Abstract. We first briefly describe the wave-assisted
cusp model according to which a standing compressional
structure at the outermost portion of the high-altitude
cusp produces the cusp precipitating particles from in-
flowing magnetosheath plasma. The model requires
two realistic assumptions: (1) A direct inflow occurs in
the high-altitude cusp from the magnetosheath to the
plasma mantle, experiencing a change of the cross sec-
tion (“Laval nozzle effect”). (2) A substantial amount
of magnetospheric/ionospheric plasma is supplied to the
plasma mantle (“mixture effect”). We next examine
the model’s predictions against the low-altitude obser-
vations. More than twenty observational cusp charac-
teristics are well predicted by the model.

1 Introduction

The wave-assisted cusp model (or the Laval-nozzle cusp
model), an alternative cusp model which is originally
proposed to explain the dayside large-scale field-aligned
currents (Yamauchi et al., 1993b; Yamauchi, 1994) and
the multiple ion injection in the cusp (Norberg et al.,
1994; Yamauchi and Lundin, 1994; Yamauchi et al.,
1995), invokes a large-amplitude standing compressional
wave near the high-altitude cusp as shown in Figure 1.
This standing wave may be a shock. The model is still
preliminary, and it requires observational as well as the-
oretical tests. In this paper we examine the theoretical
pre-requirements for the proposed “cusp-wave,” and test
model predictions against low-altitude observations.
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Fig. 1. Proposed standing compressional wave-like structure right
above the cusp at 8-10 Re (after Yamauchi and Lundin, 1994).
As an intrinsic nature of a standing wave, the “nose” part is more
stable than the “wing” part. The deflection of the flow causes
a strong vortex and hence isolated space charges, which help to
violate the frozen-in conditions. The generation of the cusp part
region 1 field-aligned currents and the “traditional” cusp currents
are well explained by such a wave (Yamauchi et al., 1993a). One-
two minutes’ Alfvén wave transit time causes detachment of new
transients every few minutes, especially when the standing struc-
ture is moving equatorward.
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Fig. 2. Diagrams illustrating of cross-section areas of a “stream-
tube” of a plasma flow from the magnetosheath to the plasma
mantle. The cross-section area near the cusp is smaller than
the area within the magnetosheath and that in the plasma man-
tle for the same fluid element. This provides the “Laval-nozzle
effect.” The magnetospheric/ionospheric plasma supply to the
plasma mantle (“mixture effect”) is shown by arrows. There are
two successive de-Laval nozzles, one from region R; to region R3,
and the other from region R3 to region R4. We consider only
the first “nozzle” where we neglect the loss of the inflow particle
into the cusp in region Rs. The second nozzle may function to
accelerate the mantle flow, but this is beyond the purpose of this
paper. We expect the flow is subsonic in regions Ry and Rs, and
is supersonic in regions Ro and Ry4.

2 Model

Both gasdynamics and magnetohydrodynamics (MHD)
predict that the magnetosheath flow will become su-
personic before reaching the cusp. To have a wave or
a shock in such a flow, we need a substantial obsta-
cle downstream. It needs not to be a solid one as was
imposed by Walters (1966), but could simply be a pres-
sure increase due to, for example, the escaping magneto-
spheric plasma into the plasma mantle (mixture effect),
while narrowing a local flow passage (or “stream tube”
in fluid dynamic terminology) must be also taken into
account under the cusp’s special geometry as shown in
Figure 2 (Laval nozzle effect).

The entire flow is analogous to a flow inside a de-Laval
nozzle with finite pressure at the exit. Its flow pat-
terns under realistic boundary conditions must be ob-
tained only by the conservation laws of physics (mass-,
momentum-, and energy-conservation) because the flow
may contain a discontinuity (shock). The solutions for
a neutral gas flow inside a de-Laval nozzle without mag-
netic fields are found in textbooks (e.g., Courant and
Friedrichs, 1948, Chapter 5). Then we consider a mag-
netized plasma (e.g., MHD) instead of a neutral gas.
This difference is small if the magnetic field does not
drastically alter the conservation laws (this condition
will be mentioned again later in section 3), which is the
case near the magnetic cusp. Therefore, one may safely
employ the regular textbook gasdynamics results to the
cusp flow which experiences the de-Laval nozzle-like ge-
ometry. The effect of the magnetic field is only to add
a magnetic pressure to the plasma pressure.

Figure 3 illustrates the fluid property in the de-Laval

nozzle and its possible application to the high-altitude
cusp. The velocity is normalized by the local charac-
teristic speed a (we use magnetosonic speed instead of
sound speed) which depends both on the temperature
and on the magnetic field. We take the entrance point at
the subsonic flow region inside R; in Figure 2 and the
exit at the near-Earth plasma mantle inside R3. The
total pressure profile and the velocity profile are taken
from a textbook on fluid dynamics (e.g., Courant and
Friedrichs, 1948, p385). The solution depends on the
exit condition. There are three classes of the solutions
for the pressure and velocity profiles when the flow ex-
ists. Note that a deceleration of the solar wind does
not necessarily mean a decreasing profile of the normal-
ized velocity because the magnetic field (and hence a)
decreases toward downstream.

(a) The ordinary de-Laval nozzle is designed to gen-
erate a supersonic flow. This is achieved by setting the
exit pressure very low for a given cross section there
(must be sufficiently large) such that the flow reaches
the sound speed at the throat. The second nozzle from
region R3 to region R4 probably obeys this solution.

(b) If the downstream pressure is sufficiently high,
the flow is always subsonic (cf. the Venturi tube which
uses the Bernoulli’s theory to measure the flow quan-
tities). The total pressure downstream the throat in-
creases while decelerating the flow. Such a compres-
sional transition is achieved without forming a shock.

(c) For certain conditions (downstream pressure is be-
tween case (a) and case (b)), the flow may first become
supersonic, then form a shock, and subsequently return
to subsonic again.

Generally a rarefaction case (a) is conceivable down-
stream the subsolar region, but with sufficient escaping
ionospheric plasma into the plasma mantle the compres-
sional solution (b) or (c) is also conceivable. We predict
a discontinuity (shock) in the flow in case (c) whereas
the compression is always smooth (we call “wave”) in
case (b). Both (b) and (c) predict a deceleration of the
magnetosheath flow in the high-altitude cusp, and pre-
dict the large-amplitude wave as is illustrated in Figure
1. While the flow loses its kinetic energy, plasma heating
and MHD dynamo processes take place there. The selec-
tion of the appropriate solution depends strongly on the
boundary conditions (“exit” and “entrance” pressures
and the shape of the “stream tube”). We thus predict
a high variability of the flow. One significant boundary
condition is the pressure ratio (both total and dynamic
pressures) between the entrance (magnetosheath) and
the exit (plasma mantle). Since the total pressure is
less fluctuating in the plasma mantle than in the mag-
netosheath, the morphology of the high-altitude cusp
must be heavily affected by the magnetosheath dynamic
pressure.

The predicted compressional structure (shock or
wave) is located most likely inside the high-altitude cusp
because the magnetic field lines are directly connected to
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the ionosphere. The ionospheric dissipation (Joule heat-
ing) may introduce additional dissipation to the com-
pressional structure, and it may also contribute partly
to the shock formation.

3 Conditions

To have solution (b) or (¢), we need (1) Narrowing of
the smooth flow passage (Laval nozzle effect); and (2)
Sufficient supply of magnetospheric/ionospheric plasma
into the plasma mantle (mixture effect). The plasma
supply is essential for the mantle formation too. In ad-
dition, the substitution of MHD fluid by neutral gas is
possible only when the smooth flow exists. Thus, the
model requires the following qualitative conditions:

1. The tailward plasma flow in the high-altitude
cusp directly continues from the magnetosheath to the
plasma mantle via high-altitude cusp.

2. A substantial amount of the magnetospheric
plasma (e.g., escaped ionospheric oxygen) is supplied
to the plasma mantle.

3. The magnetic tension force does not drastically
alter the mass-, momentum-, and energy-conservation
laws inside this direct flow.

The last condition favors to use the plasma man-
tle (high-latitude boundary layer) for southward IMF
and the mid-latitude boundary layer for northward
IMF as the downstream, because the geomagnetic field
points southward in the near-cusp mantle and north-
ward in the sub-cusp boundary layer. In fact the high-
latitude boundary layer (plasma mantle) exists only dur-
ing southward IMF (Sckopke et al., 1976). Therefore,
we expect a drastic IMF B, polarity dependence of the
entire cusp morphology, and we limit our discussion to
only the southward IMF conditions.

4 Predictions

We next test the anticipated cusp-wave against the low-
altitude observations. As the consequences of such a
magnetosonic compressional wave, we predicted the fol-
lowing features at low- and mid-altitudes

(a) Particle heating and flow deceleration must take
place inside the compressional structure, especially at
its front side. Mapping to the low-altitude, we expect
higher temperature in the boundary cusp than the cusp
proper, while the cusp proper is yet hotter than the mag-
netosheath at the topside magnetosphere. The compres-
sional structure also naturally accompany strong waves
and turbulence, and produce the precipitating particles
there. The profile of the wave amplitude (or degree of
heating and turbulence) may reflect the large-scale ion
structure such as the energy-latitude dispersion (Burch
et al., 1982; Yamauchi and Lundin, 1994), although this
can also be attributed to the velocity filter effect.

www.irf.se/%7Eyamau/papers/yamauchil997figures

Fig. 3. Diagram illustrating the cross-section area of the flow
from the magnetosheath to the high-altitude cusp. The corre-
sponding magnetospheric locations are attached in lower part.
The cross section change resembles that for a de-Laval nozzle.
The upper two diagrams gives the pressure and velocity profiles
for a neutral gas in such a de-Laval nozzle-like configuration. The
solutions for an MHD fluid are essentially the same under con-
dition (3): we must simply replace pressure by the total of hy-
drostatic pressure Pp and magnetic pressure Pg. The region 1
field-aligned current (JH) flows inside the cusp proper, a part with
decreasing velocities in the poleward direction (cases (b) and (c)).
The solution is highly dependent on the boundary conditions.
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(b) The solar wind dynamic pressure influences the
wave amplitude and hence influences heavily (non-
linearly) the average cusp particle influx and its mor-
phology. Since the magnetosonic wave is expected to
form quickly, the response of the cusp morphology to
changes in the solar wind conditions must be instanta-
neous.

(¢) Numerical simulations (Yamauchi, 1994) and an-
alytical studies (Yamauchi et al., 1993b) show that
such a compressional structure simultaneously generates
two pairs of oppositely-directed field-aligned currents
(FACs) flowing in the same directions as the region 1
and region 0 FACs. Accordingly, we expect very quick
response of the FAC system (and hence the ionospheric
convection) to the solar wind variations. The predicted
region 1 FAC is much more intense and confined than
the region 0 FAC (Yamauchi et al., 1993b). Since intense
FACs generate field-aligned potential drops (Knight,
1973), we also expect keV ion beams equatorward of
the cusp.

(d) The predicted bow-shaped wave (Figure 1) is di-
vided into a “nose” (center part where FACs are min-
imized) and two “wings” (dawn and dusk sides where
FACs are generated). While the “nose” is rather sta-
ble, non-linear effects make the “wings” more active and
variable with wake structures (Yamauchi, 1994). The
quiet “nose” may correspond to the midday gap of au-
rora in the rather stable cusp proper. The wake may
correspond to the multiple auroral arcs or the poleward
moving transient aurorae which detach from the “cusp
aurora” in the boundary cusp or the low-latitude bound-
ary layer (LLBL).

(e) The breathing motion of the wave back and forth
causes temporal changes of precipitation region, which
result in multiple injections. The wake structure also
produces multiple injections. Each injection is charac-
terized by an energy-time dispersion under the velocity
filter effect. If this motion is continuous, it causes a
“slip” of the cusp boundary and may produce overlap-
ping injections (Yamauchi et al., 1995, Figure 4). The
wave may also jump upstream, especially for the “wing”
part. This may result in discontinuous injections which
gives the same low-altitude signatures as an FTE does.
All these injections are smaller in scale size than the
large-scale overall structure (cf. (a)), and these “meso-
scale” structures are super-imposed on the large-scale
quasi-steady cusp structure.

(f) In case the wave is standing, it produces only a
single injection.

(g) The model requires a direct magnetosheath flow
into the high-altitude cusp. Such a direct flow is ex-
pected to form in the magnetic cusp where the magnetic
barrier is small, i.e., where 8 > 1 instead of rigid B =0
(condition 3). The location of the magnetic cusp obey
the IMF By control as is predicted by the anti-parallel
merging models (Crooker, 1979; Stasiewicz, 1991). Such
a shift of the cusp position drastically changes the FAC

distribution (Yamauchi and Lundin, 1992, Figure 4].

(h) Since the cusp particles originate at high-latitude
but not at the equatorial region, the seasonal effect must
be very strong because of the geometrical difference be-
tween winter- and summer-hemispheres with respect to
the sun.

(i) Both the cusp-wave and the ionosphere may reflect
the Alfvén waves travelling in between along the geo-
magnetic field (upward and downward dashed arrows
in Figure 1). The upward Alfvén waves may trigger
another detachment of the wake in Figure 1. The re-
currence time of this magnetosphere-ionosphere (M-I)
coupling process is a few minutes. The repeatedly re-
flected Alfvén wave forms a standing Alfvén wave at
the place where the reflection is strongest, i.e., at the
equatorward part of the cusp.

(j) The density of the cusp proper predicted in this
model must be a little higher (but not by an order of
magnitude) than that predicted by the cusp indentation
model (Spreiter and Summers, 1967).

5 Comparison to Observations

We now compare these predictions with the low- and
mid-altitude cusp observations during southward IMF.
First, the ionospheric projection of Figure 1 agrees with
the statistical overall morphology of the cusp-cleft re-
gion obtained by low-altitude and mid-altitude satellites
(Kremser and Lundin, 1990; Newell and Meng, 1992;
and references therein). The other observations are also
consistent with the predictions:

1. The solar wind dynamic pressure radically affects
the cusp morphology (Newell and Meng, 1994; Ya-
mauchi et al., 1996) (cf. (b)).

2. The ion data displays large-scale energy-time
(enregy-latitude) dispersion (Burch et al., 1982; Ya-
mauchi and Lundin, 1994) (cf. (a)).

3. The ion energy-time (enregy-latitude?) dispersion
is sometimes characterized by a single entry (Reiff et al.,
1977), and more often by a multiple entry (Norberg et
al., 1994) (cf. (e) and (f)).

4. The multiple ion entry shows sometimes a “wash
board” signature, sometimes an “overlapping injection”
signature, and sometimes but rarely a “staircase” sig-
nature (Escoubet et al., 1992; Norberg et al., 1994) (cf.
())-

5. The multiple ion entry is, if observed by mid-
altitude satellites, often seen as small-scale temporal ion
injections embedded into the large-scale spatial struc-
ture (Yamauchi and Lundin, 1994). The former is char-
acterized by ion energy-time dispersion while the lat-
ter by ion energy-latitude dispersion (Yamauchi and
Lundin, 1994) (cf. (e)), although the “wash board” cases
observed at low altitudes do not easily fit this interpre-
tation (Norberg et al., 1994).
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6. The overlapping injections are observed by both
low- and mid-altitude satellites (Yamauchi and Lundin,
1994; Norberg et al., 1994) (cf. (e)).

7. The large-scale cusp morphology is very stable de-
spite the intrusion of many smaller-scale structures (Ya-
mauchi and Lundin, 1994) (cf. (a), (d) and (e)).

8. The latitudinal width of the cusp is sometimes
extended and sometimes narrow. The IMF direction
and plasma pressure apparently control this (Newell and
Meng, 1987, 1994) (cf. (b)); however, a variety of cusp
sizes can be found for similar solar wind conditions (Ya-
mauchi and Lundin, 1994) (cf. (d)).

9. The region of the most intense particle precipitation
moves continuously (“slipping”) rather than by a jump
(Nilsson et al., 1996) (cf. (d) and (e)).

10. Co-populated with cusp particles, large-scale
FACs (cusp-part region 1 FAC and mantle FAC) are
found near local noon forming paired FACs in both the
prenoon and postnoon sides (McDiarmid et al., 1979;
Erlandson et al., 1988; Yamauchi et al., 1993a) (cf. (c)).

11. The cusp location and the large-scale FAC dis-
tribution are strongly correlated to the IMF By com-
ponent [e.g., Friis-Christensen et al., 1985; Erlandson
et al., 1988; Newell et al., 1989) (cf. (g)). The present
model also predicts a correlation between the cusp po-
sition and the azimuthal deflection of the solar wind if
IMF By is negligible (a dawnward deflection shifts the
cusp location duskward) although this is not well stud-
ied.

12. The large-scale FAC distribution, the ionospheric
convection, and the large-scale cusp morphology instan-
taneously respond to changes in the solar wind condi-
tions (Clauer and Banks, 1986; Yamauchi et al., 1995)
(cf. (b) and (c)).

13. There are strong seasonal effects in both the parti-
cle precipitation (Newell and Meng, 1988) and the FAC
intensity (Yamauchi and Araki, 1989) exclusively in the
cusp. They cannot be explained by a difference in the
ionospheric conductivity only (cf. (h)).

14. The cusp aurora normally has a midday gap (Dan-
dekar and Pike, 1978; Murphree et al., 1980; Meng and
Lundin, 1986) (cf. (d)).

15. Poleward moving auroral transients are observed
detaching from cusp/cleft aurora especially when the
cusp is moving southward (Sandholt et al., 1994, and
references therein). They are observed east or west of
the cusp proper (Minow et al., 1994) (cf. (d)).

16. The repetition time of the transient auroral forms,
originally interpreted to be about 10 minutes, is now
found to be normally about a few minutes (Fasel et al.,
1994) (cf. (i)).

17. Waves and turbulence are more intensified in the
boundary cusp than in the cusp proper (Marklund et
al., 1990; Pottelette et al., 1990) (cf. (a)).

18. Standing Alfvén waves are observed in the same
region (Maynard et al., 1991) (cf. (i)).

19. Substantial heating of ions to several hundred eV
is observed in the boundary cusp compared to the cusp
proper (Woch and Lundin, 1992) (cf. (a)).

20. Local field-aligned acceleration up to about 1 keV
is observed at the equatorward-most boundary of the
cusp (Woch and Lundin, 1992) (cf. (¢)). The electrons
are also simultaneously accelerated there, but this is
probably due to wave turbulence (e.g., André et al.,
1990) (cf. (a) and (c)) because electron spikes are often
attained only at low altitudes but not at mid altitudes
according to DE-1 and DE-2 comparison (Naito, 1988).

21. Hill and Reiff (1977) derived the field-aligned com-
ponent of the source ion bulk velocity to be about 500
km/s. A more careful analysis using a better resolution
data showed a much lower value (100 km/s) (Woch and
Lundin, 1992). The result cannot be used in support of
or against any cusp models.

22. Tonospheric convection (e.g., Heppner and May-
nard, 1987; Woch and Lundin, 1992) is a result of an
electrostatic potential (or space charge) distribution.
So, an appropriate distribution of FACs automatically
provides appropriate ionospheric convection in general
(cf. (c), (d) and (g)). On the other hand, it is not easy
to quantitatively predict the convection velocity at the
all altitude because the convection velocity is not nec-
essarily conserved inside the same flux tube (Yamauchi
and Blomberg, 1997). For example, the “overlapping
injection” events (point 6) imply that there must be at
least two different convection velocities for plasma on
the same field lines. Furthermore, if we have open and
closed patches at the magnetopause boundary (Sanchez
and Siscoe, 1990), space charges accumulated on the
scattered closed patches may significantly modify the
global potential distribution.

6 Conclusion

The wave-assisted cusp model (or Laval-nozzle cusp
model) depicted in Figure 1 (a standing compressional
structure is formed at the foremost part of the high-
altitude cusp) is consistent with many low- and mid-
altitude cusp observations during southward IMF. The
model is theoretically feasible under the following ma-
jor assumptions: 1. A direct plasma flow exists from
the magnetosheath to the plasma mantle through the
high-altitude cusp, and there is a sufficient plasma sup-
ply from the ionosphere to the plasma mantle. 2.
The magnetic tension force in this flow does not break
down significantly the mass-, momentum-, and energy-
conservation laws. Two physical mechanisms, namely
the narrowing of the “stream tube” due to the special
geometry (Laval nozzle effect) and the seeding of magne-
tospheric/ionospheric plasma downstream (mixture ef-
fect) reinforce each other to form a local compressional
region in the high-altitude cusp.
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