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The formation of a hot flow anomaly (HFA) observed near the Earth’s bow shock appears to
be due to the interaction between the bow shock and an impinging discontinuity in the upstream
plasma. Recent single-particle and two-dimensional hybrid numerical studies have suggested that
such an interaction will produce an HFA only if the motional electric field in the ambient plasma
points toward the discontinuity, thereby focusing shock-reflected ions into it. We perform a test
of this electric field orientation for a set of nine HFA events observed by the ISEE spacecraft and
described previously in the literature. The principal difficulty with the test is the determination of
the normals to the discontinuities. Application of a minimum variance analysis produces discon-
tinuity normals which suggest that the majority of the discontinuities were probably tangential,
even though it is doubtful that the conditions for validity are very well satisfied for these events.
Under the assumption that the discontinuities were tangential, the predicted electric field orien-
tation is found on at least one side of all nine observed HFAs (on the trailing edge of seven and
the leading edge of five, and on both sides of three events). Further, there is evidence that asym-
metries in the observed magnetic field signatures are related to the orientation of the motional
electric field: The events in which the electric field points toward the discontinuity on both sides
tend to be those with fairly symmetric flanking magnetic field enhancements. Two-dimensional
hybrid simulations appear to confirm the association between the magnetic field signature and
the electric field orientations, and they show further that rotational discontinuities appear to be

less effective at producing distinct HFA-like signatures than tangential discontinuities.

1. INTRODUCTION

Hot flow anomalies (HFAs) are a class of events that
have been observed at and near the Earth’s bow shock by
plasma and magnetic field instrumentation on the ISEE and
AMPTE spacecraft [Schwartz et al., 1985, 1988; Thomsen
et al., 1986, 1988; Woolliscroft et al., 1986; Fuselier et al.,
1987; Paschmann et al., 1988]. Observationally, they are
characterized by a brief (up to a few minutes) interval of hot,
relatively low density plasma, with temperatures typically
above those of the nearby magnetosheath, but with densities
at or below the value in the ambient solar wind. Within the
hot plasma regions, the bulk flow is strongly slowed relative
to the solar wind velocity and is strongly deflected from the
antisolar direction, in some cases by more than 90 degrees,
in which case the flow has a sunward component. Like the
density, the magnetic field magnitude within the hot plasma
is at or below its value in the ambient solar wind, and there
are typically large fluctuations in the field direction. The
hot central region of HFAs is flanked on one or both sides
by regions of compressed solar wind, with densities and field
strengths higher than the ambient solar wind, temperatures
slightly higher than ambient (but substantially cooler than
the hot central region), and flow velocities only slightly dif-
ferent from the solar wind.
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Several other important features of HFAs have been iden-
tified as well. First, the direction of the flow deflection
within the events is correlated with the position of the
observing spacecraft relative to the Sun-Earth line, with
dawnward deflections observed on the dawnside of the Sun-
Farth line and duskward deflections on the duskside [Thom-
sen et al., 1986; Paschmann et al., 1988]. This correlation
strongly implicates the magnetosphere or bow shock as an
element in the formation of HFAs. Second, the events are
in all cases associated with rotations in the ambient inter-
planetary magnetic field [Schwartz et al., 1985; Thomsen
et al., 1986; Paschmann et al., 1988]. And third, an unusu-
ally dense population of cool, near-specularly reflected solar
wind ions is sometimes observed in close association with the
HFAs, with backstreaming velocities such that a momentum
coupling to the incident solar wind would produiice the flow
deflections oeserved within the HFA [Thomsen et al., 1988].

The observed association of HFAs with macroscopic ro-
tations of the interplanetary magnetic field has led to sug-
gestions that the events are the result of the interaction of
an interplanetary discontinuity with the bow shock. For ex-
ample, Paschmann et al. {1988] proposed that such events
might be produced by shock compression of an incident ro-
tational discontinuity or by modification of the bow shock
shape through an interaction between the shock and a con-
vected tangential discontinuity.

In a different approach, Thomsen et al. [1988] suggested
that the arrival of an interplanetary field discontinuity tem-
porarily disrupts the normal shock dynamics in such a man-
ner that a larger than usual fraction of the incident ion pop-
ulation is reflected for a brief time. The dense reflected
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ions would subsequently couple strongly to the incident so-
lar wind ions through an electromagnetic ion beam instabil-
ity, with the consequent conversion of the relative streaming
energy to ion thermal energy. Two-dimensional hybrid sim-
ulations [Thomas and Brecht, 1988] showed that such an
interaction between a beam and a background plasma can
produce many features similar to those observed in HFAs.
Several aspects of this beam-coupling approach have been
explored recently [Onsager et al., 1990a, b, 1991]. These
studies have shown that, while beam coupling can indeed
produce HFA-like signatures under certain circumstances,
there are significant shortcomings to this as the explanation
for the observed HFAs.

A somewhat different approach was taken by Burgess and
Schwartz [1988], who noted that under some circumstances
shock-energized ions might be able to escape upstream along
an incident field discontinuity and that a current sheet pop-
ulated by such energized ions might account for some of the
observed properties of HFAs. Following up on this sugges-
tion, Burgess [1989] performed a test-particle calculation to
show that for certain magnetic field orientations and dis-
continuity geometries, ions reflected specularly at the shock
gyrate into the discontinuity and are channeled away from
the shock, while for other geometries specularly reflected
ions gyrate the other way and never interact with the dis-
continuity. Burgess [1989] suggested that the former type of
interaction might be related to HFA formation.

Recently, Thomas et al. [1991] performed self-consistent,
two-dimensional hybrid simulations of a tangential discon-
tinuity intersecting a fast mode shock. They found that
HFA-like events were indeed produced for certain current
sheet, orientations but not for others. The key to whether or
not an HFA formed in the simulations was whether or not
the motional electric field in the incident flow (as measured
in the shock frame) focused shock-reflected ions toward the
current sheet, as suggested by Burgess [1989]. Reflected
ions that were driven into the discontinuity became essen-
tially unmagnetized there, and their directed energy of re-
flection became thermalized, leading to high temperatures
in an expanding bubble of the current sheet, with proper-
ties strikingly similar to those of observed HFAs. The HFA
formation in these simulations did not involve an instability.

The finding that HFA-like structures can be formed by
the interaction between a shock and a current sheet if the
motional electric field points toward the discontinuity sug-
gests a ready observational test of this formation mechanism
for HFAs. It is the purpose of this paper to test whether the
solar wind V x B electric field adjacent to observed HFAs is
as predicted by the simulations. For this test we use the set
of nine hot flow anomaly events reported by Thomsen et al.
[1986] and Fuselier et al. [1987).

For these events we make a preliminary estimate of the
normals to the discontinuities using the minimum variance
technique. Although the presence of the HFAs themselves
makes application of the minimum variance analysis suspect,
the minimum variance normals do suggest that the majority
of the discontinuities were probably tangential. Using nor-
mals derived under this assumption, we find that at all of
the nine HFAs the condition enunciated by Burgess [1989)
and by Thomas et al. [1991] is satisfied on at least one side of
the event. We also find a possible association between the
direction of the electric field relative to the discontinuity
and the presence or absence of the leading field compres-
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sion; the leading field compression tends to be absent when
the electric field does not point toward the discontinuity on
the leading side. Finally, we present some additional two-
dimensional hybrid simulations of current sheet/shock inter-
actions in which the motional electric field is not symmetric
across the discontinuity. These simulations confirm the as-
sociation between the presence or absence of the flanking
compressions and the direction of the electric field. We also
show that rotational discontinuities are not nearly as effec-
tive as tangential discontinuities in generating HFAs through
this interaction.

2. ANALYSIS

Figure la shows profiles of the magnetic field magnitude
across the nine ISEE 2 HFA events [Thomsen et al., 1986;
Fuselier et al., 1987]. These events have all been described
in considerable detail in our previous publications. Char-
acteristics of the ISEE 1 and 2 magnetometers have been
described by Russell [1978].

Figures 1b-1d are similar in format to Figure la. They
show profiles of the GSE components of the magnetic field
across each of the events in order to illustrate the macro-
scopic field rotations. The disordered magnetic field within
the hot central region of each event is also evident.

The principal challenge in this test is the determination of
the normals to the discontinuities associated with the HFAs.
It is customary to determine the normals to interplanetary
discontinuities using a minimum variance analysis [Sonnerup
and Cahill, 1967]. However, the presence of the HFAs within
the discontinuities probably violates the conditions of one-
dimensionality and temporal stability on which the mini-
mum variance technique is based. We have nonetheless ap-
plied a minimum variance analysis to the nine events, but
we view the resulting normals with some skepticism. For
comparison, we have also derived discontinuity normals for
the nine events under the assumption that the discontinu-
ities were tangential. These normals are obtained from the
magnetic field vectors on either side of the discontinuities
by the following expression:

. . BixB
nrp ::t‘—_l B1 % B2 I (1)

where B; and B; are the field vectors on the leading and
trailing sides of the event, respectively. We define the lead-
ing side to be the earliest in the time series. If the disconti-
nuities were rotational rather than tangential, equation (1)
could produce essentially any direction (except the correct
one!) for thegrormal.

The horizontal lines indicated on Figures 16-1d show the
values we have adopted for the pre- and post-HFA magnetic
field vectors. It is evident from Figures 1b-1d that in a few
of these events there is considerable uncertainty as to what
values are appropriate for the average field orientation on
one side or the other of the discontinuities. These uncer-
tainties lead to uncertainties in the determination of both
the discontinuity normals and the motional electric field for
individual events. However, such uncertainties would lead to
random errors in the analysis and would not produce the sys-
tematic trend we describe below. Moreover, because these
determinations depend only on the pre-event and postevent
field orientations and exclude the HFAs themselves, we be-
lieve that if the discontinuities were in fact tangential, they
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Fig. 1. Universal time profiles of the magnetic field («) magnitude, (3) GSE x component, (c) GSE y component,
and (d) GSE z component across nine hot flow anomaly events observed by the ISEE spacecraft and previously
described in the literature. Minor tick marks on the horizontal axis are separated by 30 s. The HFA events are
bounded by the vertical lines in each panel, and the horizontal lines in §igures 1-1d show the component values

adopted for the calculations of the discontinuity normals.

represent a more accurate estimate of the normals than can
be obtained from the minimum variance analysis.

Table 1 presents a listing of the parameters relevant to
this study for each of the nine HFAs. In addition to the
date and time for each event, we list the GSE components
of the pre-event interplanetary magnetic field vector, the
postevent interplanetary magnetic field vector, and the nor-
mal to the discontinuity derived from the minimum variance
analysis and under the assumnption that it was a tangential
discontinuity (TD) using equation (1) above. The row la-
beled « gives the angle between the normals determined by

the two techniques. In six of the nine cases, this angle is
less than 30°, and in three of those a is 10° or less. As
noted above, application of equation (1) to a rotational dis-
continuity would produce a vector with no particular rela-
tionship to the discontinuity normal. The probability that
such purely randomly oriented vectors would have the close
alignment indicated in Table 1 is extremely small, so these
results suggest that (1) the minimum variance analyses may
give a reasonable approximation to the normal direction for
at least sorme of the events, and (2) the majority of the dis-
continuities associated with these events were probably tan-
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Fig. 1. (Continued)
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gential or nearly tangential (i.e., with a very small normal
field component, so that equation (1) gives a close approxi-
mation to the normal direction). It is not clear whether the
three relatively large values of o in Table 1 indicate that
those discontinuities were rotational or that the minimum
variance analysis was less successful. However, for the sake
of argument, we continue our test under the assumption
that all of the discontinuities were tangential, using the TD
normals derived on the basis of equation (1) and listed in
Table 1. When we discuss the simulation results below, we
will present additional evidence supporting this course.
The sign in equation (1) is chosen such that the x-
component of the normal is always negative, i.e., the normals
are taken to point away from the sun under the assumption

that the discontinuities are convected antisunward across the
spacecraft. Hence, on the leading side of the discontinuity,
the motional electric field will point toward the discontinu-
ity if Ey - ip < 0, whereas the electric field on the trailing
side points toward the discontinuity if E, - 2ip > 0, where
we again use the subscripts 1 and 2 to refer to leading and
trailing regions, respectively. Thus, for a motional electric
field given by E = ~Vsw x B/c, where Vsw ~ —Vswi is
the solar wind velocity, we have the condition

_1 [ Bjynp: — B;.np
GEnjEcosl(’y 2z j 2Dy

VI B )2"" @
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Fig. 1. (Continued)

which will be satisfied if the electric field points toward the
discontinuity. Use of equation (2) involves the implicit as-
sumption that the spacecraft reference frame is the same
as the shock reference frame, i.e., that the shock motion
is negligible compared to the solar wind flow velocity. To
lowest order this is typically the case; the principal effect
of a correction for shock motion would be a change in the
magnitude of E, but not much change in its direction. In
equation (2), the upper inequality corresponds to the leading
edge region (j = 1), and the lower inequality corresponds to
the trailing edge region (j = 2). The final two rows of Ta-
ble 1 show the results of evaluating gn; in the leading and
trailing regions adjoining the nine observed HFAs under the
assumption that the discontinuities were TDs. To facilitate

comparison w‘i'th the Burgess/Thomas condition, we have
underlined the values of #g,; in Table 1 which correspond
to an electric field which points toward the discontinuity.
An examination of Table 1 shows that if the disconti-
nuities were indeed tangential, then for all nine events the
motional electric field pointed toward the discontinuity on
at least one side or the other, in seven cases on the trailing
side and in five cases on the leading edge. In three cases it
pointed toward the discontinuity on both sides, and in two
cases it pointed toward the discontinuity on one side and
nearly parallel to the discontinuity surface (fgn; ~ 90°)
on the other. While the number of events included in this
sample is small, the trend seen here is certainly suggestive:
If the discontinuities were TDs, the condition predicted by
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Fig. 1. (Continued)

Burgess [1989] and Thomas et al. [1991] for HFA formation
appears to be satisfied on at least one side of each of the
discontinuities, particularly the trailing side. For a random
orientation of the motional electric field, the probability that
the field would point toward any one of the discontinuities
on one or both sides is 0.75, but the probability that this
would be the case at all nine events is only 8%.

Previous work has pointed out that' the magnetic field
signatures of HFAs vary from event to event. In particular,
while the events all typically show field enhancerents on the
trailing edge, only some of them show such enhancements
on the leading edge as well. Several events with asymmetric
signatures can be seen in Figure la. In Figure 2 we show ev-
idence that these asymmetric magnetic field signatures may

| J
be related to the orientation of the motional electric field.
There we have plotted the angles 6 gn1 and 8gn2 derived for
the nine events under the assumption of tangential discon-
tinuities (last two rows of Table 1). In Figure 2 the events
without significant leading field compressions are indicated
by open circles, whereas the events with more symmetric
flanking compressions are indicated by filled circles. Events
in which the motional electric field points toward the discon-
tinuity on both sides lie in the lower right quadrant in this
display. Events meeting this condition tend to be those with
fairly symmetric field enhancements, while the events with
asymmetric field enhancements tend to be those where the
electric field points away from the discontinuity on one side
or the other. A more detailed comparison of the association






