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Electron heating and phase space signatures
at supercritical, fast mode shocks

A.J. Hull,' J. D. Scudder,? D. E. Larson,' and R. Lin!

Abstract. We investigate the effect of the nonmonotonic features of the macro-
scopic magnetic field B(z) and the deHoffmann-Teller frame electrostatic potential
®HT (2) on the electron distribution functions within collisionless, fast mode shocks.
The signatures of electron distribution functions are explored by using Liouville’s
theorem in the adiabatic approximation to map model upstream and downstream
boundary electron velocity distribution functions to regions inside model shocks
with monotonic and nonmonotonic magnetic fields under the empirically motivated
approximation that &"T & §B. In the case of shocks with monotonically increasing
magnetic fields, we show that there are no “exclusion” regions and that the electron
distribution function at all pitch angles and hence the electron temperature increase
can be explained by the reversible behavior of magnetized electrons in the shock
macroscopic electric and magnetic fields. However, at shocks with nonmonotonic
magnetic fields, there exist regions of inaccessibility which are outside the domain of
the one-Dimensional (1-D), steady state Vlasov-Liouville (V-L) approach as defined
by the upstream and downstream boundaries. Such regions, if occupied, may be
filled by electrons scattered into these regions by waves, or perhaps by reversible
processes such as the adiabatic convection of electrons into these regions of a curved
bow shock, or by coherent nonadiabatic access. As a further test, the V-L method
is employed to study, for the first time, the detailed signatures of full 3-D electron
velocity distribution functions observed by the Wind spacecraft through the resolved
layer of a supercritical, fast mode Earth bow shock crossing. We demonstrate that
much of the complex structure of the observed electron distribution function within

the shock layer can be explained by the motion of adiabatic electrons in the non-

monotonic shock macroscopic magnetic and electric fields. However, a significant

portion of electron phase space appears to be the remnants of electron phase space
holes. The mechanisms responsible for allowing electrons to gain access to the

- exclusion regions are not well understood and may have important implications on
the thermodynamic properties of collisionless shocks.

1. Introduction

Early measurements of the electrons by the VELA
and ISEE satellites in the vicinity of the Earth’s bow
shock have shown that the electron distribution func-
tion has a considerable amount of structure [e.g., Mont-
gomery et al., 1970; Feldman et al., 1982, 1983; Scud-
der et al., 1986a]. Electron velocity distribution func-
tions on the preshocked (upstream) side near the shock
magnetic ramp typically have an enhanced tail of
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high-energy electrons traveling away from the shock.
With increasing penetration within the shock magnetic
ramp into the postshocked (downstream) side of the
shock, the electron distribution becomes increasingly
flat-topped with a power law tail. A downstream di-
rected, field-aligned beam is often found at the outer
edge of the flat-top within the ramp that increases in
mean energy and decreases in amplitude as one tra-
verses the shock ramp from the upstream edge toward
the downstream side of the shock. The electron beam
subsequently merges into the nearly flat-topped part
of the downstream distribution. The extreme defor-
mation of the electron distribution occurs in the very
thin region of the shock magnetic ramp giving rise to
rather prompt changes in electron temperature which
are roughly 2-4 times smaller than the ion temperature
change AT; [Feldman, 1985; Schwartz et al., 1988].
Motivated by the apparent acceleration of the elec-
tron beams, Feldman et al. [1982] proposed a two-step
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process initiated by an acceleration by a field-aligned
electric field followed by some beam-driven instabil-
ity to explain the electron heating at the Earth’s bow
shock. Balikhin et al. [1993] and Balikhin and Gedalin
[1994] invoked diverging electron trajectories as a mech-
anism responsible for the energization and heating of
electrons, though this mechanism requires the shock
to be sufficiently thin (~ c/wpe) so that the guiding
center ordered premise is no longer valid, a condition
that may be realizable near 90° [Tidman and Krall,
1971]. Other studies [Goodrich and Scudder, 1984;
Scudder et al., 1986¢; Scudder, 1995; Hull et al., 1998;
Hull, 1998] suggest that electron energization and hence
the fluid electron temperature increase at both strong
and weak collisionless shocks can be explained by the
reversible guiding center ordered behavior of magne-
tized electrons in the smooth shock electric and mag-
netic forces. Scudder et al. [1986c] used v = 0 cuts
of electron distribution function measured at the up-
stream and downstream boundaries of the shock to
infer the reversible expectation to regions within the
resolved layer of a supercritical, fast mode shock us-
ing a Vlasov-Liouville (V-L) mapping approach. Scud-
der et al. [1986¢c] demonstrated that the effect of the
shock electrostatic potential on deforming the field-
aligned electron distribution function is significant and
could possibly explain the electron heating morphology
at these shocks. More recent complementary studies
[Scudder, 1995; Hull et al., 1998] demonstrated using
model upstream electron distribution functions that the
combined effects of the cross-shock macroscopic electric
potential and magnetic field jump significantly broaden
the electron distribution function at all pitch angles,
providing support for the notion that the dc fields act-
ing on magnetized electrons are responsible for the elec-
tron temperature changes at both strong and weak col-
lisionless shocks. The preferential perpendicular en-
hancements to the electron distribution function typ-
ically observed to occur across weak shocks and the
nearly isotropic enhancements to the electron distribu-
tion function observed across strong shocks are quali-
tatively recovered by the Vlasov model [Scudder, 1995;
Hull et al., 1998] without invoking wave particle effects.

Central to the V-L mapping approach is the deter-
mination of electron accessibility to regions within the
shock and at the shock boundaries, which is very sensi-
tive to the electrostatic potential and its functional re-
lation to the magnetic field profile. Observations [Hull
et al., 2000] suggest that depending on 8., the poten-
tial profile in the deHoffmann-Teller frame of reference
(HTF) is approximately linearly related to the mag-
netic field profile, implying a functional relationship of
the form §®"T = kdB, where « is a fixed constant for a
given shock crossing. The HTF is defined as that special
frame of reference in which the motional electric field
vanishes in either side of the shock. In addition, Scud-
der [1987] demonstrated that the electron bulk velocity
is approximately field aligned inside the shock layer,
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provided electron inertia, electron anisotropy, and re-
sistivity can be neglected as higher-order corrections.
Consequently, electron energetics and electron temper-
ature change is much simpler in HTF, with the typical
electron being energized only by the parallel electric
field as they traverse the shock [Goodrich and Scud-
der, 1984]. Although weak (subcritical) shocks tend to
be characterized by monotonically increasing magnetic
field profiles, strong (supercritical) shocks tend to have
an overshoot-undershoot structure. In the theoretical
studies by Scudder [1995] and Hull et al. [1998] the in-
ternal structure of the shock was ignored for simplicity
to illustrate the effects of the cross-shock potential and
magnetic field jump on the electron distribution func-
tion.

In this paper we explore the impact of both mono-
tonic and nonmonotonic electric and magnetic field pro-
files on electron phase space topology and hence the im-
pact on the electron distribution function within the re-
solved layer of collisionless, fast mode shocks. The pur-
pose of this study is to clarify what aspects of the elec-
tron distribution and hence the temperature increase
can and cannot be explained by the adiabatic motion
of electrons in the shock macroscopic electromagnetic
fields. This paper is an extension of previous studies on
the signatures of electron distribution functions across
supercritical shocks [e.g., Feldman et al., 1983; Scud-
der et al., 1986¢; Hull et al., 1997; Hull, 1998; Gedalin
and Griv, 1999]. We provide a general framework based
on Liouville’s theorem for understanding electron phase
space signatures at shocks with arbitrary magnetic field
topologies under the empirically motivated hypothesis
6®HT = k6B [Hull, 1998; Hull et al., 2000] in section
2. Our approach is similar to the V-L mapping ap-
proach employed by Scudder et al. [19860], where the
shock layer is described as a two-point boundary value
problem. However, we study the effects of the shock
macroscopic electromagnetic forces on the full three-
Dimensional (3-D) electron distribution function within
the shock layer proper. In this way we gain a more
complete understanding of the properties the electron
distribution function in response to the internal struc-
ture of the shock. Any attempt to explain the prop-
erties of the electron distribution function using only a
piece of the electron distribution function or one-sided
information, although useful, is incomplete. To qual-
itatively determine the types of signatures to expect,
the generic formalism is then applied to model electron
velocity distribution functions at shocks that have both
monotonic and nonmonotonic magnetic fields in section
3 and section 4, respectively. In section 5 the detailed
signatures of observed 3-D electron velocity distribu-
tion functions within the shock layer are studied in the
adiabatic approximation, mapping observed upstream
and downstream boundary electron . velocity distribu-
tion functions to regions inside the shock layer using
observed B(z) and $#7 (z). Conclusions are presented
in section 6.



HULL ET AL.: ELECTRON HEATING AND PHASE SPACE SIGNATURES AT SHOCKS

2. Consequence of §&"T = k§B
on Electron Accessibility

In this paper, unless otherwise noted, we work in the
deHoffmann-Teller frame of reference (HTF) because
the description of electron energetics and hence change
in temperature is much simpler. In solving the steady
state electron Vlasov problem in prescribed fields, the
issue of electron accessibility is important for two rea-
sons: (1) the determination of the regions of phase space
that require specification in order for the problem to be
well posed, and (2) solving the Vlasov equation via the
method of characteristics once the boundaries have been
specified. The boundary conditions once appropriately
specified give rise to a unique solution to the Vlasov
equation via characteristics throughout the shock layer
proper. Whether the solution is consistent with the
shock system under consideration depends critically on
the chosen boundary condition. Electron accessibility
can be determined from the electron energy and mag-
netic moment constraints specialized to the HTF:

EF = %me (vlz(m) + v||2(a:)) - e®HT(z) = const (1)
imev (=
po= 2—-5(—;7£—) = const, (2)

where v) (z) and v)(z) are the local components of
the HTF velocity of the electrons perpendicular and
parallel, respectively, to the magnetic field. In the
unsimplified problem electron accessibility depends on
the functional relationship between the magnetic field
and the electrostatic potential. In this paper, we as-
sume that the incremental changes in the HTF poten-
tial 6®HT are proportional to the incremental changes
in the magnetic field intensity éB through the shock,
which is an approximation motivated by theory [Alfvén
and Fdlthammer, 1963; Whipple, 1977] and observa-
tions [Hull et al., 2000]. The relation between §&HT
and ¢B has a simple physical interpretation, namely,
the tension between electron mirroring and the desire
for the plasma to remain quasi-neutral, with zero cur-
rent along the shock normal required for time stationary
shock layers [Hull et al., 2000]. Zero normal current re-
quires the normal number flux between electrons and
ions to be equal. The spatial scale that characterizes
. the shock magnetic ramp has been observed to be inter-
mediate between the typical electron and ion gyroradii
le.g., Scudder et al., 1986b]. Consequentially, electron
behavior is constrained by the first adiabatic invariant,
and the electrons remain magnetized throughout the
layer. The ions, on the other hand, are demagnetized.
The increasing shock magnetic field has a tendency to
mirror the magnetized electrons, while most of the ions
(a small percentage get specularly reflected), because
of their large gyroradii, tend to stream across the layer.
The net result of the different inertial responses of the
electrons and ions to the shock field structure is an
electric field, which acts as a feedback mechanism that
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counters electron mirroring and accelerates most of the
electrons through the shock so as to maintain a steady
state of equal electron and ion normal number fluxes.
Thus increases in the HTF potential accompany in-
creases in the magnetic field intensity. Otherwise a nor-
mal current would develop, and the shock would not be
stationary. Hull and Scudder [2000] demonstrated the-
oretically and from observations that the proportional-
ity constant k scales as the magnetic moment per unit
charge of a typical thermal electron kTe);/eB;, with
the most probable observed ratio x/(kT..1/eB1) be-
ing 3.0, suggesting that roughly [1 — exp(—3)] ~ .95 of
the thermal electrons must get through in order for the
electron and ion normal number fluxes to be equal.

Under the assumption of §®H7T « §B, the determina-
tion of electron accessibility from the boundaries that
define the system to any point in the shock layer is dras-
tically simplified. For a general shock magnetic field,
electrons that have access from some point z’ to some
other point '’ need to have enough parallel kinetic en-
ergy to circumvent the largest potential barrier between
¢’ and 2" (ie., g(z) = 3mey®(z) > 0 for all ¢ in
[2',2"]). This is tantamount to the condition that the
minimum electron parallel kinetic energy on the inter-
val [z/,z""] be such that g min > 0. Using (1) and (2)
under the assumption that §®HT = x§B, the kinetic en-
ergy of an electron parallel to the magnetic field vector
g)| = 3mev)*(z) can be written

6”(:6) = 6“(1:’) + ueq(:c, m'), (3)

where the u dependent change in the equivalent poten-
tial energy from 2’ to z in [z, "] is given by

Usq(2,2') = u|B(z') - B(z)| — e[@"7(a")
~8"7(z)] = (u—ex)[B(=) - B(z)]. ()

The minimum electron parallel kinetic energy €| mia is
determined from the derivative of (3) with respect to z,
which is given by

d&'” dlUeq dB

— = —=—(u - —_ 5

dz dz (i ex) dz (5)
Thus )| mia coincides with the minimum in Ueq and is
determined from either the maximum or minimum of B
depending on the relative size of p with respect to .
When p > ek the maximum magnetic field amplitude
Bax determines €| min as follows:

€]l min = €))(2") + (1 — ek) [B(:c') - Bmax] >0. (6)

With strict equality (6) defines a modified loss-cone sep-
aratrix
2ek
alvy*(z2') - y)*(2') = —elB(2'),
Me

(7)

where a2 = [Bmax — B(z')]/B(z') > 0. Equation (7)
partitions v)-v, space at &’ into a region which has
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Plate 2. (a)-(f) Level curves of logio(fe) (with f in cgs units) in v — v, space at different
locations of the model shock. Plates 2a—2f are color coded in the same format as Plates la-1f to
indicate the different classes of electron orbits. The model shock magnetic field profile is given
in Plate 2g.
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characteristics that connect to z" and a region with
characteristics that do not. In a manner similar to that
encountered in studies of the auroral region [Knight,
1973; Whipple, 1977], the modified loss-cone type of ac-
cess at collisionless shock layers is controlled by the par-
allel electric field. Fast mode shocks are characterized
by increasing magnetic fields which can reflect electrons
trying to make it across the magnetic bottle. However,
the parallel electric field is of a sense to counter electron
mirroring and accelerates enough electrons through the
layer so that the net current is guaranteed to vanish on
the downstream side of the shock.

Similarly, when g < ex the minimum field strength
Buin determines €| min as follows:

&)l min = & (2') + (1 — ex) [B(:c') - Bmm] >0. (8)

Equation (8) when set to zero results in an ellipsoidal
separatrix boundary given by

W)+ Boit = SRR, (9)

me
where 82 = [B(z') — Bmin|/B(z') > 0. Equations (7)
and (9) are completely general and can be used to deter-
mine the different classes of electron orbits that define
v)|-vL space at any point ' in the shock, including the
boundaries. In the next two sections the interpretation
of the separatrices and consequences on electron phase
space topology are discussed in the context of model
monotonic and nonmonotonic shock magnetic field pro-
files.

3. Electron Phase Space Topology:
Monotonic Magnetic Fields

In this section electron phase space topology at a
shock with a monotonically increasing magnetic field
intensity profile under the assumption that §®HT =
xdB is discussed. The phase space topology as deter-
mined from (7) and (9) is rather simple at shocks with
monotonic magnetic field profiles because there are no
trapped electron orbits, for example, electron orbits in-
side the shock layer map to either the upstream or the
downstream spatial boundary. For illustrative purposes
we employ a simple model monotonic magnetic field
profile generated by

B(z) =By + (B2 —B) [1 + tanh —”-],
1 20

> (10)

where B; and B; represent the upstream and down-
stream magnetic field strength, the values of which were
chosen to be 5 and 15 nT, respectively. The value of &,
which allows the determination of ®HT(z) from (10),
was chosen to be 4 V nT~ 1.

Example equivalent potential energy profiles as seen
by upstream electrons with p = 0, p = po, p = 2u0
and p = 3po (Bo = meV2 /2By = 2.4 eV nT71) at
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the idealized shock layer are depicted in Figure 1. The
dashed line in Figure 1 indicates where p = ex. The
equivalent potential energy profiles are the result of the
competing effects of the accelerating electrostatic field
and electron mirroring associated with the increasing
magnetic field. Depending on their initial speed and
pitch angle, electrons with origins on the upstream side
of the shock either traverse the shock layer or get mir-
rored by the magnetic field during their encounter with
the shock layer. Figure 1 suggests that for p < ex
all upstream electrons with upstream ¢, > 0 will
get accelerated through the monotonic shock potential
barrier. When p > ex only upstream electrons with
g, > —(p—ex) [Bl - Bz] will make it through the
shock potential barrier; the rest get reflected at some
point in the layer by the magnetic mirror force. The
downstream accessibility to the upstream side is simi-
larly determined. Electrons traversing the shock layer
from the downstream side of the shock get slowed down
by the decelerating parallel electric field and accelerated
by the magnetic mirror force. The dashed arrows in Fig-
ure 1 indicate the different possible classes of electron
orbits.

Plates la-1d show the topology of characteristics in
X — )| space expected at stationary, fast mode shocks
with monotonic magnetic field profiles for electrons with
& = 0 (Plate la), u = po (Plate 1b), u = 2uo (Plate 1c),
and p = 3o (Plate 1d). Example characteristics rep-
resenting electron trajectories that have access to both
boundaries are indicated by the dash-dotted curves in
the unshaded regions of X — v)| space in Plates la-1d.
The green regions in Plates 1c and 1d correspond to re-
gions of X —v)| space containing electron orbits with ori-
gins on the upstream boundary that get reflected by the
magnetic mirror force. The dotted curves in the green
regions represent typical electron trajectories that get
reflected back to the upstream boundary. The blue re-

- gions in Plates 1a and 1b are regions of X —v)| space con-

taining electron orbits with origins on the downstream
boundary that get turned back by the decelerating par-
allel electric field. Typical electron trajectories reflected
back to the downstream boundary are indicated by the
dotted curves in Plates la and 1b. '

To qualitatively illustrate the effects of the shock
macroscopic forces on the shape of the electron dis-
tribution function across shocks with monotonic mag-
netic fields, we employed Liouville’s theorem to map,
along electron characteristic curves, model upstream
and downstream boundary distribution functions to re-
gions inside the shock layer. The Vlasov-Liouville map-
ping approach used in this study is similar that em-
ployed in earlier studies [e.g., Scudder et al., 1986c;
Scudder, 1995; Hull et al., 1998; Hull and Scudder,
2000]. Examples of the boundary f. and resulting V-L
mapped electron distribution functions in )| —v1 space
at different spatial locations of the model shock are il-
lustrated in Plates 2a—-2f. The model magnetic field
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Figure 1. Equivalent potential profiles as seen by electrons with g = 0, p = po, ¢ = 2p9, and
1 = 30, at a shock layer with a monotonic magnetic field profile.

profile is depicted in Plate 2g. The location of each dis-
tribution function is indicated by the vertical lines. The
color, identical to that used in Plates la—1d, indicates
the different classes of electron orbits. The separatrices
that partition v — v, space into regions correspond-
ing to different classes of particle orbits indicated in
Plates la-1d are easily determined from (7) and (9).
At the upstream boundary, B(z') = Bj, Bmin = B
and Bmax = B; in (7) and (9). The modified loss-cone
separatrix (see Plate 2a) determined by (7) is given by
the familiar form [e.g., Scudder, 1995; Hull et al., 1998]:

(11)

where @ = Bz — B1/B;. The throat of the separatrix
is obtained by setting v, = 0, which yields

HT HT
_ 2o p (2T 28T

me Bz - Bl)

(12)

*—-
1__

There is no elliptical separatrix in the upstream Y —vL
space since B(z') = Bnin = Bj in (9). Following Hull
et al. [1998], we adopted the following self-consistent
functional form:

fen(vy,v11)  region I
_ J fen(vyp,v11) region II
h(v) = fen(=vy),v11) region III (13)
fen(vy,v11)  region IV

as the upstream boundary distribution function, where
the empirically motivated solar wind distribution used
to construct fi(v1) is the core-halo model given by [Feld-
man et al., 1975]

n(1-4)

fa(v1) = 7a,em exP(

(v —%e)® _ M)
2 2

nd sy
+ GveeoT exp( oy *') -l ) (14)

In (14), 8 controls the halo density fraction and 2 =
Th /T controls the halo-core temperature ratio. The
shape parameters 7, w)|, w1, ¥, and ¥y determine the
total density, core parallel thermal speed, core perpen-
dicular thermal speed, and HTF parallel bulk speeds of
the core and halo populations of fu,, respectively. We
chose values for 7, ||, w1, Y, and ¥n so that the den-
sity, bulk speed, and temperature as defined by the mo-
ments of fi(v1) represent typical upstream solar wind
conditions.

At the downstream v — v, space shown in Plate 2f,
B(z') = Bz in (7) and (9). Only an elliptical separatrix
exists, given by

w2 +Bvi3= B, (15)
where 82 = [B; — B4]/B,. The elhptlcal separatrix dis-
tinguishes those electrons that communicate with the
upstream boundary (unshaded) from those that do not
(blue). The electron distribution function in the region
of downstream electron velocity space that connects to
the upstream boundaries is determined by the upstream
boundary condition via Liouville. However, the blue re-
gion is a boundary condition that requires specification.
The downstream boundary electron velocity distribu-
tion function not detérmined by the upstream distribu-
tion function was chosen to be

fa(va) = A{l + [(”—’"ﬂ+ vay ]q}_.,’ (16)

J.
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which is based on fits to downstream electron distri-
bution functions measured by the electron electrostatic
analyzer-low (EESA-L) of the three-dimensional plasma
(3DP) experiment [Lin et al., 1995] on board Wind.
A similar functional form was used by Feldman et al.
[1983] to fit 1-D cuts of downstream electron distribu-
tion functions measured by ISEE. The parameter g de-
termines the “flatness” of f2(v2) at low energy, whereas
v determines the tails. Typical values for ¢ and v are
3 and 2, respectively. Values were chosen for the shape
parameters A, wﬁ, and w_, to represent typical down-
stream conditions.

Inside the shock layer (Plates 2b—2e) both the modi-
fied loss-cone (given by equation (7) with o2 =
[B2 — B(z')]/B(z')) and the elliptical separatrix (given
by equation (9) with 82 = [B(z') — B1]/B(z')) are
present. Characteristics within the ellipsoid (blue) can
communicate with the downstream boundary but not
the upstream boundary. Characteristics outside the hy-
perboloid of one sheet (green) can communicate with
the upstream boundary but not the downstream bound-
ary. Only characteristics outside the ellipsoid and inside
the hyperboloid of one sheet (unshaded) can communi-
cate with both boundaries.

In going from the upstream to the downstream side,
it is clear from Plates 2a—2f that the macroscopic forces
significantly deform and broaden the electron distribu-
tion function. The nature of the broadening, as caused
by the combined effects of the macroscopic electric and
magnetic fields, can be qualitatively inferred from the
shape of the elliptical separatrix. In Plate 2b the ellip-
tical separatrix is somewhat “flat,” which suggests an
anisotropically inflated distribution function. Compar-
isons between perpendicular and parallel cuts of the dis-
tribution depicted in Plate 3b (figure not shown) show
that the electron distribution function is preferentially
inflated perpendicular to the magnetic field with little
or no inflation in the parallel degree of freedom, a prop-
‘erty reminiscent of the weak shock transition. With in-
creasing penetration into the shock magnetic ramp, the
elliptical separatrix becomes more circular, suggesting
a more nearly isotropically broadened electron distri-
bution function on the downstream side of the shock.
The region near the peak of the ingoing (v, > 0) up-
stream electron distribution function f; in Plate 2a gets
energized by the parallel electric field, forming a beam
in front of the elliptical separatrix in the downstream
distribution in Plate 2f. This provides a simple ex-
planation for the formation of electron beams found in
the shock transition region and immediately behind the
Earth’s bow shock [Feldman et al., 1983]. The juxta-
position of ballistically transported electrons from the
different sources leads to spatially dependent enhance-
ments/discontinuities in the distribution function orga-
nized by the separatrix boundaries. By virtue of the fact
that all phase space coordinates inside the shock layer
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connect to either the upstream, downstream, or both
boundaries means that the electron distribution func- .
tions inside the shock layer are completely determined
by the upstream and downstream boundary distribu-
tion functions. However, in shocks which have non-
monotonic magnetic fields, this is no longer the case, as
is discussed in the next section.

4. Electron Phase Space Topology:
Nonmonotonic Magnetic Fields

In this section we explore the impact on electron
phase space topology of a magnetic field intensity pro-
file with an overshoot magnetic field amplitude Bgyer >
B, > B; under the assumption that §®HT = x§B. For
ease of comparison, the values of By, B;, and k re-
main unchanged from the previous section. The model
nonmonotonic magnetic field profile in this section was
generated by

Bl+§@[l+tanh:—o] < —Zg

B(z) = B; + iB”+Bll [1 + tanh f;]

+ ersin’[ea(z + 20))
x exp(cs|z + zo|) z > —xzg.

(17)
The values c¢1, ¢z, and c3 were chosen to be 30, 1.3,
and -0.6, respectively, to roughly model the overshoot-
undershoot structure of the supercritical shock observed
by ISEE-1 on November 7, 1977, previously discussed
by Scudder et al. [1986a, 1986b, 1986¢].

The resulting equivalent potential energy profiles as
seen by electrons with u = 0, p = po, p = 2po, and
# = 3o at the idealized nonmonotonic shock layer are
illustrated in Figure 2. The special case of p = ex
is indicated by the dashed line in Figure 2. The ef-
fect of the nonmonotonic profile with an overshoot
(Bover > Bz > Bj) is that more electrons will tend
to be reflected by the mirror force than would be in
the monotonic case, if nothing else is changed. In ad-
dition to the classes of particle orbits that are present
at monotonic shock layers, the nonmonotonic features
of the equivalent potential result in regions of phase
space that correspond to electron orbits (if occupied)
that cannot access, by time-independent processes, ei-
ther the upstream or downstream boundary of the sup-
posed 1-D shock system.

In a format similar to that used in the monotonic
case, the characteristic topology in X — v space ex-
pected at the model nonmonotonic shock magnetic field
profile for electrons with p = 0, p = po, g = 2uo
and p = 3up are given in Plates 3a-3d, respectively.
The green regions represent electron orbits with origins
on the upstream side of the shock that get reflected
by the increasing magnetic field; the blue regions rep-
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Figure 2. Equivalent potential profiles as seen by electrons with u = 0, u = po, 1= 2up, and
K = 3o, at a shock layer with a nonmonotonic magnetic field profile.

resent downstream electrons that get reflected by the
electrostatic potential; the unshaded regions represent
solar wind (v > 0) and magnetosheath (v < 0) elec-
trons that eventually traverse the shock layer. Typ-
ical electron trajectories for each of these regions are
shown in Plates 3a—-3d. The regions shaded grey rep-
resent closed (trapped) electron orbits. These regions,
not present in the monotonic example, are outside the
domain of 1-D steady state Vlasov as defined by the up-
stream and downstream boundaries under the assump-
tion §®HT « §B. Scudder et al. [1986¢] discussed the
morphology of trapped electron regions in the g = 0
case. It is clear from Plates 3a-3d that the trapped
electron regions persist at all values of u.

Contour plots of the v — v space boundary electron
distribution functions along with V-L mapped distri-
butions at different spatial locations within the model
shock are illustrated in Plates 4a—4f. The vertical lines
in Plate 4g indicate where in the idealized shock the
electron distribution functions in Plates 4a—4f were sam-
pled. The plots are color-coded in the same manner as
Plates 3a-3d, providing a complementary view of the
electron characteristic topology through the shock layer.
The upstream electron distribution function depicted in
Plate 4a is similar to its monotonic counterpart in Plate
2a, although the modified loss-cone separatrix has been
qualitatively changed by the magnetic overshoot to the
form given by '

22 2 2 _ 265 52
a’s‘vy ] — vy = —a*"By, (18)
Me
where the overshoot quantity ¢? is defined by the ex-
pression
2 Bover - Bl
B, - B;

(19)

S

For fixed x the throat of the separatrix obtained by set-
ting v), = 0 is the samein the monotonic and nonmono-
tonic cases. However, the modified loss-cone cylinder in
the nonmonotonic case is flatter than that of the mono-
tonic case as measured by the hyperbola eccentricity:

— Bover _ BZ
€non = > €monotonic = 4/ 5
Bl Bl

Thus, when Bgyer > Bs a larger volume of the inci-
dent electron phase space gets mirrored by the magnetic
field, all other things being equal. However, it is impor-
tant to note that electron acceleration is also enhanced
by virtue of the §®H"T « ¢B relationship and thus the
modified loss cone throat is enhanced for particle trans-
mission to the high-density side so as to maintain flux
balance along the shock normal.

The downstream boundary electron distribution func-
tion depicted in Plate 4f is somewhat more complicated
than its monotonic counterpart. The same elliptical
separatrix, as determined from (15), is present in the
v — vy space shown in Plate 2f. However, because
of the magnetic overshoot, there exists an additional
(blue) region of downstream v — v, space determined
by (7) with a, = [Bover — B2]/B2 that cannot commu-
nicate with the upstream boundary. Electrons in this
new exclusion region of downstream phase space near
)| = 0 eventually get reflected by the magnetic mirror
force of the magnetic overshoot analogous to the reflec-
tion of electrons incident from the upstream side. The
unshaded region in Plate 2f is determined by the up-
stream condition. A properly posed Vlasov treatment
requires specification of the electron distribution func-
tion in the blue-shaded region. For the purpose of the
Liouville mapping, we used (16) to specify functional
form of f. in this region of downstream phase space.

(20)
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Plate 4. (a)-(f) Level curves of logio(fe) (with f, in cgs units) in v — vy space at different
locations of the model shock. Plates 4a—4f are color coded in the same format as Plates 3a-3f to
indicate the different classes of electron orbits. The model nonmonotonic magnetic field profile .
is given in Plate 4g.
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756.0eV 202.5eV

Plate 8. Three-dimensional plots of normalized f. on a surface of constant energy in the electron
rest frame. The solar wind direction is indicated by the asterisks. These plots have been rotated

so that the —b direction is in the center of each plot (indicated by the diamonds).
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Plate 7. Three-dimensional plots of normalized f. on a surface of constant energy in the electron
rest frame. The solar wind direction is indicated by the asterisks. These plots have been rotated

so that the b direction is in the center of each plot (indicated by the plus signs).
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Plate 8. Comparison of the observed electron energy-pitch angle distribution functions (solid
contours) at different locations within the shock layer with those predicted by Liouville’s theorem
(dashed contours).
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Inside the shock layer the v, — v, space can have
modified loss cones and elliptical separatrices as deter-
mined from (7) and (9) which distinguish transmitted
and reflected electron orbits. In addition, there may be
modified loss cones and elliptical separatrices as deter-
mined from (7) and (9) which distinguish trapped (grey)
from untrapped electron orbits (see Plates 4b—4e). The
resulting V-L mapped distribution functions inside the
shock layer have considerable fine structure depending
on the velocity space extent of the trapped region. The
distribution in Plate 4b is similar to that depicted in
Plate 2b, displaying the preferential perpendicular in-
flation with little or no inflation parallel to the magnetic
field. As in the monotonic example, the peak of the
upstream electron distribution function is accelerated
by the parallel electric field. However, with increas-
ing penetration into the shock ramp, trapped electron
regions at lower energies appear, which occupy a maxi-
mum volume of electron velocity space at the magnetic
overshoot (see Plates 4c and 4d). There exists exclu-
sion regions at high values of v, near v ~ 0 immedi-
ately behind the shock ramp into the undershoot region
(Plate 4e). Consequently, the blue-shaded region of the
downstream distribution maps into the narrow blue re-
gions depicted in Plate 4e. The reversible solution is
discontinuous at the separatrix boundaries, the strength
of which depends on the difference between the phase
space densities of the source distributions. Such dis-
continuities/enhancements, if sufficiently strong, should
be present in observed electron distribution functions
and therefore can provide important clues to the mech-
anism or mechanisms responsible for changing the elec-
tron temperature across collisionless shocks, in addi-
tion to providing clues of the response of the parallel
electric field to changes in the magnetic field topology.
Given that the exclusion regions are inaccessible to the
1-D adiabatic mapping of upstream and downstream
boundary distributions, it is not clear what to expect
for the distribution function in these regions of veloc-
ity space. Though, if these exclusion regions are not
occupied, then the resulting Vlasov predicted electron
distribution functions may be unstable [Coroniti et al.,
1993; Gedalin, 1999], the properties of which will be
dramatically different depending on the spatial loca-
tion within the shock layer proper. It seems unlikely
‘that these changes provide perturbative corrections to
the Vlasov mapping since these trapped regions occupy
a significant portion of electron phase space and hence
may have a significant effect on the electron moments
inside the shock layer. Although the above consider-
ations dealt with prescribed magnetic fields under the
empirically motivated assumption that §®"7T « B, the
results of this section are expected to be topologically
similar to cases with a more general relationship be-
tween the magnetic field and HTF potential profile.
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5. Liouville’s Theorem Applied
to Observed f,

Liouville mapped distributions discussed in the pre-
vious two sections are of only qualitative merit and are
used to illustrate the effects of the shock macroscopic
forces and the types of signatures to be expected in the
electron distribution function within shocks with mono-
tonic and nonmonotonic magnetic field profiles, respec-
tively. As discussed above, the shock macroscopic elec-
tric and magnetic fields impart distinct signatures on
the electron distribution function that should be read-
ily seen in observations. The purpose of this section is
to establish, from data, aspects of the electron distri-
bution function that can and cannot be explained by
the adiabatic motion of electrons across supercritical,
fast mode shocks. In this section we analyze the struc-
ture of high-time resolution electron distribution func-
tions obtained by the electron electroStatic analyzer-
low (EESA-L) of the three-dimensional plasma (3DP)
experiment [Lin et al., 1995] as Wind traversed the
Earth’s bow shock at the GSE (geocentric solar eclip-
tic) location X = (-5.6,27.,-0.2)Rg at ~1818:30 UT on
July 1, 1998. The electrons were sampled over the en-
ergy range from ~10 eV to 1.1 keV in 15 logarithmically
spaced energy steps and full 47 angular coverage in one
spacecraft spin period (3 s). The EESA-L has an en-
ergy resolution dE/E ~ 30% and angular resolution of
roughly 22° x 22°. Spacecraft floating potential cor-
rections to the electron measurements were estimated
using a least squares fit algorithm to the average pho-
toemission spectrum.

Spin period averaged Wind magnetometer data [Lep-
ping et al., 1995] and high-time resolution (3 s) 3DP
moment data measured through the shock are sum-
marized in Figure 3. The data in Figure 3 represent
an inbound pass (from the solar wind to the magne-
tosheath side) of a supercritical, quasi-perpendicular,
fast mode shock (the fast mode Mach number Mp; =
Un1/Cr1 ~ 3.0, where Upy is the upstream relative
bulk speed along the shock normal and Cp; is the up-
stream fast mode speed). In addition to UT, the data
are given as a function of the downstream convecting
ion inertial length CIIL; = Up2/Qz (Uyn2 is the down-
stream normal bulk flow and ;5 is the downstream
ion cyclotron frequency). The plasma moment and
magnetic field profiles in Figure 3 are as follows from
top to bottom. The top two panels display profiles of
the electron (dashed line) and ion (solid line) density
and the electron (dashed line) and ion (solid line) bulk
speeds, respectively. These panels show the compres-
sion (N3 /Ny ~ 2.8) and bulk deceleration of the plasma
in traversing the shock layer from the solar wind side
to the magnetosheath side of the shock.

The electron (dashed curve) and ion (solid curve)
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temperature profiles indicated in the third panel show a
relatively strong increase in ion temperature (AT; ~ 80
eV) with a less pronounced electron temperature in-
crease (AT. ~ 17 eV) across the shock. This rela-
tionship is consistent with the trends in the observed
change in electron and ion temperature featured in ear-
lier studies [e.g., Schwartz et al., 1988]. The electron
temperatures perpendicular (dashed curve) and paral-
lel (solid curve) to the magnetic field vector are given in
the fourth panel, and the corresponding electron tem-
perature anisotropy T¢)|/Tey is given in the fifth panel
of Figure 3. In the solar wind the Tp)|/Tey is greater
than unity. In the pedestal region the electron temper-
ature anisotropy becomes less than unity, a transition
reminiscent of the weak shock limit, with a preferential
increase in T, and little or no change in Ty associated
with a slight increase in the magnetic field. With in-
creasing penetration into the shock ramp, Te)| begins to
increase more rapidly and eventually supersedes T in
the overshoot and undershoot region before relaxing to
the level of T, on the downstream side of the shock.
The trends in Te; and T depicted in Figure 3 are typ-
ical of a large database of quasi-perpendicular, super-
critical Earth bow shock crossings observed by Wind.
The components of the magnetic field vector and
the corresponding magnetic field intensity are given
in the sixth and seventh panels, respectively, of Fig-
ure 3. Typical of a supercritical shock transition, the
magnetic field intensity profile is nonmonotonic with a
pedestal, overshoot and undershoot region. The asymp-
totic downstream-upstream magnetic field ratio is
B;/B; = 2.7. The magnetic field vector is directed
into the shock from the solar wind side and is inclined
at an angle O, = 78° £ 2° with respect to an inward
 pointing shock normal fiys = (—0.674, —0.726, 0.137)
in GSE coordinates, determined via the least squares
method of Virias and Scudder [1986] using electron and
ion moment data and corresponding spin period resolu-
tion magnetic field data. The eighth panel depicts the
deHoffmann-Teller frame potential profile 7T (z) com-
puted using electron moment data from the following
expression [Hull et al., 2000]: :

1 3

LA meUeT
N,UHT 2

o (21)

which is derived from the steady state fluid electron en-
ergy equation. The & represents the change in physical
parameter, A, in going from some point z’ to some other
point z”, namely, 64 = A(z")— A(z'). In (21), g is the
electron heat flux parallel to the magnetic field vector
and UHT = U/ cosfp, is the magnetic field aligned
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electron bulk speed in HTF, with U, being the flow ve-
locity along the shock normal. The cross-shock poten-
tial jump A®HT is estimated to be 35 eV. The potential
increments §®*7T are proportional to the magnetic field
increments 6B, as illustrated in Figure 4. The corre-
lation coefficient is » = 0.87, and the least squares fit
line in Figure 4 has a slope k = 2.4 £ 0.3. The propor-
tionality constant Kasympt that relates the total jump
in the HTF potential A®HT to the total change in the
magnetic field AB is found to be 2.7, which is consistent
with the k determined by the linear fit. Sampling a vari-
ety of shock geometries and strengths, Hull et al. [2000]
found the best correspondence between §®HT and §B at
shocks characterized by electron 8. < 1, with the cor-
respondence being less accurate at shocks with G, 2 1.
The shock event discussed in this paper is characterized
by B ~ 1.5. The strong correlation between §®"T and
0B found in this paper suggests that the equation of
state can be extended to shocks with B, 2 1 and that
the less accurate correlations given by Hull et al. [2000]
may be an artifact of the ISEE 1 vector electron spec-
trometer lower time sampling rates (which at best was 3
second resolution given every 9 seconds). It is not clear
whether or not the §®"T—§B relationship found in this
paper or earlier studies can be extended to extremely
high Mach number shocks, especially in the limit where
the shock ramp becomes thin compared to the typical
electron gyroradius. It is our view that the relation be-
tween §®HT and B is intimately connected with the
adiabatic behavior of electrons in increasing magnetic
fields, as discussed above. The nature of the electric
feedback is expected to change in the thin shock limit,
where most of the electrons and ions are demagetized
across the shock. More work, beyond the scope of this
paper, needs to be done to establish the validity of the
correlation between §®HT and §B and its relation to
characteristic shock parameters, including high values
of B, and very high Mach numbers. A summary of the
shock asymptotic parameters is given in Table 1 as a
reference.

Plates 5a—5h portray samples of the electron distri-
bution function in energy-pitch angle (E-c) space mea-
sured at the spatial locations indicated by the solid lines
in Figure 3. Because high-time-resolution magnetic
field data were not available, we used the 3-s resolution
magnetic field data to sort each electron distribution
measurement into E-a bins, which were then bucket
averaged. The electron distribution functions depicted
in Plates 5a—-5h have been transformed to the HTF.
Transformation to the HTF is achieved by converting

"the coordinate of each distribution measurement to the

plasma rest frame and then shifting by the local HTF
bulk velocity, which is given by UHT = U, / cos 8p,b.
The color code indicates the different classes of electron
orbits. The separatrix boundaries depicted in Plates
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Figure 3. The top two panels depict profiles of the electron (dashed curve) and ion (solid curve
densities and bulk speeds, respectively. The third panel displays the electron (dashed curve

and the ion temperature (solid curve). The electron temperatures perpendicular (dashed curve)
and parallel (solid curve) to the magnetic field vector are given in the fourth panel, and the
corresponding electron temperature anisotropy Te|/TcL is given in the fifth panel. The sixth
and seventh panels depict the components of the magnetic field vector and the corresponding
magnetic field magnitude, respectlvely The eighth panel displays the de Hoffmann-Teller frame
potential profile.

5a—5h are determined from measured B(z) and ®H7T(z), the adiabatic behavior of the electrons in the shock dc
with no assumption on the functional relationship be- electric and magnetic fields as predicted by V-L theory.
tween B(z) and ®%T(z). A correspondence between Plate 5a is the electron distribution function mea-
the separatrix boundaries and the signatures of f. is a sured just upstream of the shock. The electron distri-
necessary, but not sufficient, condition for evidence of bution function at pitch angles ranging from 0° to 90°
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Figure 4. Comparison of the incremental changes in
the magnetic field § B with the incremental changes in
the deHoffmann-Teller reference frame potential §®HT
at the Earth’s bow shock observed by Wind on July 1,
1998, at ~1818:30 UT.

represents the ingoing upstream electron boundary dis-
tribution. The electron distribution in this region of E-
a space have no foreknowledge of the impinging shock
layer and is well modeled as a convecting core-halo dis-
tribution [Feldman et al., 1975]. The unshaded region
represents electrons that have access to the downstream
boundary. The electrons occupying the green region at
pitch angles < 90° get mirrored and eventually com-
pose the electron distribution in the region shaded in
green at pitch angles > 90°. The outgoing loss-cone
electron distribution function (unshaded region at pitch
angles > 90°) represents magnetosheath (MS) electrons
that have leaked into the upstream side of the shock.

Table 1. Asymptotic Shock Parameters
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There exists a remnant of a discontinuity in the elec-
tron distribution function at the junction where the
separatrix boundary separates the reflected from the
MS electrons, as one should expect for adiabatic elec-
tron transport. The magnetosheath electrons are at
a higher/lower phase space density than the reflected
electrons at higher/lower energies. The enhancements
at o ~ 180° may be explained by the free-streaming
magnetosheath electrons, which initially determine the
ingoing solar wind heat flux, that traverse the shock and
then subsequently escape back into the solar wind side
along the magnetic field line that intersects the curved
bow shock at two points.

The distribution function in the shock ramp (Plate
5b) is slightly inflated and shows signs of the formation
of an electron flat-top at lower energies. The blue region
estimates particle trajectories that have access to the
flat region from the downstream boundary. In the shock
magnetic overshoot region (Plate 5¢ and 5d), the distri-
bution function is substantially broadened, with a pref-
erential enhancement near a ~ 90° at higher energies.
The f. is relatively flat at £ ~ 50 eV. In the vicinity
of the magnetic undershoot (Plates 5e-5g), the electron
distribution functions show double peak enhancements
at higher energies, near @ = 60° and a = 120°, respec-
tively. The enhancements are roughly mirror symmet-
ric, although the intensity of the outgoing enhancement
appears to be systematically lower than that of the in-
going enhancement. We compared the ingoing and out-
going enhancements and found that they differ, for the
most part, by less than 25%. The fact that the inten-
sity of the outgoing enhancement is systematically lower
than that of the ingoing enhancement can be explained
by errors in transforming to the HTF. In the case of
Plate 5e, a 10% correction (~ 100 km/s) to the HTF
transformation velocity significantly reduced the slight

R~

‘systematic asymmetry between the ingoing and outgo-

ing enhancements. Whether or not the enhancements

Parameter Upstream Downstream Units
Magnetic field intensity, B 7.4 + 0.3° 20.0 + 1.3* nT
Magnetic field unit vector, GSE, b (0.358, -0.729, -0.583) (0.457, -0.645, -0.613)
Angle between i and b, 85, 78° + 2°P 86° + 2°P
Plasma density, N 17.0 £+ 0.4 48 + 4* cm™3
Normal bulk speed, U, 185+ 8 66 +9 km s™!
Electron temperature, T, 1.44+0.1% 3.44+0.1% 10° K
Ion temperature, T} 0.50 + 0.03* 8.4 4+ 0.5% 10° K
Electron beta, 8. 1.5 1.4
Ion beta, G; ~0.5 ~4.0
Fast mode Mach number, M; 3.0 0.5
Alfvén Mach number, M, 4.7 1.1
HTF potential jump, ASHT —_ 35°¢ \Y

aQObservations.

bEstimated from plasma and field data via the least squares method of Vifias and Scudder [1986].

cEstimated using the steady state electron energy equation.
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are real (e.g., gyrotropic) or the result aliasing is not ob-
vious from Plates be-5g. It is important to note that,
by construction, the EESA-L detector does not sample
counts simultaneously in all directions at once; EESA-L
measures all polar angles § divided into eight bins and
finite azimuthal angle ¢ in a given energy sweep time
interval and thus requires a full spin period to mea-
sure the full 3-D count spectrum. Dramatic changes in
the plasma properties occur at the shock. The changes
can be so drastic that in the 3 s sampling time (which
is much greater than the electron gyroperiod), the re-
sulting measured electron distribution function can be
severely aliased and can have distortions/enhancements
which are not necessarily gyrotropic in the 3-D image
of the distribution function and are therefore not phys-
ical. To show that the double peak enhancements are
real attributes of the electron distribution function (e.g.,
not significantly aliased), Plates 6 and 7 depict com-
plementary views of the full 3-D electron distribution
function, corresponding to the F-o representation of
fe displayed in Plate 5e. Each panel in Plates 6 and
7 depicts normalized f. on a surface of constant en-
ergy in the electron rest frame. The Hammer-Aitoff
equal area projection is used to display 47 sr angular
coverage. The solar wind direction is indicated by the
asterisk in each of the panels in Plates 6 and 7. Each
panel depicted in Plate 6 has been rotated so that the
—b direction is in the center (indicated by the diamond).
Thus the center of each panel provides a view of mag-
netosheath electrons that are propagating toward the
shock, whereas the outer edges of each panel represent
a view of magnetosheath electrons that are moving away
from the shock. The red ring about the center of each
energy panel corresponds to the enhancement near 120°
in Plate 5e. Plate 7 depicts the same full 3-D elec-
tron distribution function in the same format as Plate
6, except that the distribution measurements at con-
stant energy have been rotated so that the b direction
is in the center of each panel (indicated by plus signs).
The green ring about the center of each panel of Plate
7 corresponds to the enhancement near 60° in Plate 5e.
Because the 3 s sampling time corresponds to /1500
electron gyroperiods, it is not possible to tell from the
measurements whether the enhancements in Plate Se
are the result of gyrotropically distributed electrons as
required for the V-L interpretation to be valid or the
restilt of gyrophase bunched electrons. However, the re-
sults of Plate 6 and Plate 7 demonstrate that gyrotropy
is plausible. Moreover, the correspondence between the
enhancements and the separatrix boundaries depicted
in Plate 5e provides a natural interpretation, namely,
the result of gyrotropic, free-streaming magnetosheath
electrons propagating toward the shock and their mag-
netically reflected image in analogy to Plate 4e. On the
basis of arguments given in section 4, the grey regions in
Plate 5 represent trapped electron components. These
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observations suggest that the exclusion regions are oc-
cupied.

The downstream electron distribution function is giv-
en in Plate 5h. The double peak enhancements of Plates
5e-bg have collapsed to the single peak enhancement
about 90° shaded in blue in Plate 5h. The 3-D distri-
bution plots (figure not shown) indicate that this single
peak enhancement is consistent with gyrotropy. The
separatrix that bounds the enhanced region in Plate
5h suggests that this perpendicular enhancement is the
free-streaming source of the enhancements in the elec-
tron distribution function displayed in Plate 5d and
5e. In this shock example, we did not see any distin-
guishable beam signature in the electron distribution in-
side and downstream of the shock layer as predicted by
Vlasov and often found in the observations [e.g., Feld-
man et al., 1983; Scudder et al., 1986¢c]. In the study
by Feldman et al. [1983], the beam signatures, when ob-
served, were most notable in the shock ramp, but the
beam decreased in amplitude with increasing penetra-
tion into the ramp and eventually merged with the flat-
top part of the distribution function on the downstream
side of the shock. It may be the case that the rapid vari-
ations in the magnetic field in the shock ramp, coupled
with the possible rapid erosion of the beam via wave-
particle interactions, which are outside the scope of V-L
theory, preclude EESA-L from detecting the beam, if
it were to initially be present. Comnsiderable variations
in the magnetic field direction will have the effect of
smoothing the electron distribution in pitch angle. This
effect is most drastic within the shock ramp, where the
rapidly changing magnetic field gives rise to uncertain-
ties in pitch angle of ~20°.

A survey of electron distribution function data at sev-
eral shocks with overshoot-undershoot structure showed
that the double peak enhancements are typically ob-
served at those shocks characterized by downstream
electron distribution functions enhanced near a ~ 90°.
When the 90° enhancement was not present in the
downstream distribution function, the distribution func-
tion near the undershoot tended to have a shallow
trough near o ~ 90° at higher energies.

It is not enough to show that the electron phase
space can be organized by the separatrix boundaries de-
termined by the macroscopic electromagnetic fields to
verify the mechanism responsible for the shape of the
electron distribution function within the shock layer.
Self-consistency requires, within reason, that the elec-
tron distribution function should match the free stream-
ing image from the upstream and downstream spatial
boundaries that connect to the point of interest within
the shock layer. As a simple test, we employed the
V-L mapping approach to map observed upstream and
downstream boundary electron distribution functions to
different spatial locations within the shock. Plates 8b—
8g compare, where a correspondence can be made, the
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level curves of the observed energy-pitch angle distri-
bution functions (solid contours) with the V-L predic-
tions (dashed contours) at the different spatial locations
indicated by the vertical lines in Figure 3. The V-
L predictions are determined from the upstream and
downstream boundary electron distribution functions
depicted in Plate 8a and 8h, respectively. The V-L
mapping procedure recovers the lowest order broaden-
ing of the electron distribution function throughout the
shock layer proper in the regions where the steady state
Vlasov theory is valid. Quite remarkable is the fact that
the complex signatures of the electron distribution func-
tion such as the perpendicular enhancement of the elec-
tron distribution function near the overshoot (Plate 8d)
and the double peak enhancements of electron distribu-
tion functions observed behind the magnetic overshoot
(Plates 8e and 8f) are recovered.

Discrepancies between the V-L theory and the obser-
vations are difficult to ascertain and can be explained
by a number of effects. One possibility is that the shock
state may be changing over the time interval (~1.5 min)
the single spacecraft (S/C) took to measure electron
distribution functions from the upstream to the down-
stream side of the shock. In this paper we assumed
that the shock state is stationary over the upstream-
downstream sampling time. However, it is possible for
the electron distribution function in the layer to have
a slightly different history from the boundary electron
distribution functions used to determine the V-L predic-
tions inside the shock layer. Although errors associated
with temporal variations in the shock state were min-
imized by using upstream and downstream boundary
distribution functions measured within a few minutes of
the shock layer, uncertainties associated with a slightly
changing shock state may not be negligible.

Another possibility may be errors introduced in frame
transformations. Each individual S/C frame distribu-
tion function coordinate was transformed to an equiv-
alent E-o coordinate in HTF using 3-s resolution mag-
netic field measurements. As mentioned above, small
errors in the HTF transformation velocity can intro-
duce systematic asymmetries in the distribution func-
tion. Moreover, significant changes in the plasma prop-
erties and the magnetic field direction and magnitude
during the 3 s accumulation time of f, can lead to sig-
nificant uncertainties in the assignment of each distribu-
tion function measurement to an E-a coordinate. This
aliasing effect is most significant in the shock ramp and
probably can explain the significant discrepancies be-
tween the V-L predictions and observations in Plate
8b. As mentioned above, the variation in the magnetic
field in the ramp accounts for an error of roughly ~20°,
leading to an effective angular resolution (detector +
field variations) of roughly ~30°. Systematic variations
in the plasma density and velocity in the ramp are ex-
pected to introduce systematic errors in the electron dis-
tribution function, which are more difficult to quantify.
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Outside of the magnetic ramp, the magnetic field fluc-
tuations were quite small (e.g., dB/B < .1), accounting
for < 6° error in pitch angle.

The discrepancies between the theory and the obser-
vations could also be an artifact of inaccuracies in the
determination of the electron orbit. Generally speaking,
the adjustment in energy required for exact agreement
between the V-L theory and the observations is from
10% to 20%, although in places, as in the transmitted
(unshaded) regions of electron phase space, the discrep-
ancy can be as much as 30%. (It is important to note
that using the difference between the observed f. and
the corresponding V-L prediction as a measure of suc-
cess or failure of the theory can be misleading because
small departures to the orbit in energy can give rise to
significant differences between the theoretical and ex-
perimental f,, especially in the power law tails.) The
effects of magnetic field fluctuations and errors in the
determination of 7T(z) lead to propagated uncertain-
ties in the mapped electron energy ranging from 15% to
25%, which are commensurate with the shift in energy
required to get the theory to agree with the observa-
tions, and therefore can account for the departures be-
tween the theory and observations. However, the depar-
tures in energy appear to be systematic, namely, Vlasov
theory tends to overestimate f. near the edge of the
flat-top region and tends to underestimate f. at higher
energies. A similar tendency was found in comparisons
between the observed parallel cut of the electron distri-
bution and the Vlasov predictions in the earlier study by
Scudder et al. [1986¢]. It may be the case that the sys-
tematic departures at higher energies (2 few hundred
eV) in the transmitted regions (unshaded) of electron
phase space are a manifestation of higher-order terms in
the guiding center ordered asymptotic series of the elec-
tron orbit. The ratio between the electron gyroradius
and the scale that characterizes the magnetic field vari-
ation € = 7, /Lp determines the relative importance
of higher-order corrections to the guiding center orbit.
Measurements of the shock fields from two S/C, as in
ISEE 1 and ISEE 2, are necessary to get accurate es-
timates of the relative shock velocities along the shock
normal and hence to obtain high-precision estimates of
the characteristic shock spatial scales Lp [e.g., Scudder
et al., 1986a; Newbury et al., 1998]. For a 1 keV elec-
tron in the ramp of the shock, a rough estimate for €
is found to be ~0.2, suggesting that the 1 keV electron
should be magnetized across the shock ramp. How-
ever, more reliable estimates of the shock scales (e.g.,
high-resolution measurements of the magnetic field by
multiple S/C) are required to obtain accurate determi-
nations of €, which in our example can be off by a factor
of 2 or more. In order to accurately describe the more
energetic component of the transmitted electrons, the
mapping may need to be revised to include higher-order
corrections to the electron orbit, and potentially nona-
diabatic effects (Liouville should still be valid in the
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nonadiabatic limit, although p conservation no longer
applies). The details of electron orbits in the transition
from the infinitesimal gyroradius regime to the nonadi-
abatic regime are difficult to quantify from the obser-
vations and will not be dealt with further in this paper.
Another possible source of the systematic departures
between theory and observations at high energy is the
1-D planar symmetry assumed in the V-L model. The
3-D nature of the Earth’s bow shock may play a role,
although the relative importance of 3-D effects is not
clear at this point and is left for future work. Finally,
wave-particle effects may not be negligible as has been
assumed in the Vlasov model. Despite all of the pit-
falls of the measurement process, the V-L procedure
does a good job of recovering the salient features of the
electron distribution function, providing a good lowest-
order approximation of f. where comparisons can be
made.

It is important to note that a large portion (indi-
cated in grey in Plate 8) of electron phase space is
outside the 1-D, steady state Vlasov approach as de-
fined by the upstream and downstream boundary con-
ditions. We found that the combined smoothing effects
of the angular and energy resolution of the EESA-L de-
tectors and aliasing associated with variations in the
magnetic field could not explain the filling of these ex-
clusion regions. Unoccupied regions of electron phase
space remain empty after boxcar smoothing the V-L
predictions over the effective angular resolution of the
detector and magnetic field variations. An outstand-
ing question remains: How do the electrons get into the

exclusion regions of electron phase space? At this mo-

ment, we can only conjecture about the origins of the
electrons in this region of phase space. One possibility
is that electrons can get scattered into these regions via
waves. Observations of plasma waves [Gurnett, 1985]
in the shock transition region of quasi-perpendicular
shocks have revealed the presence of a rather abrupt
broadband burst of electrostatic noise extending be-
low the lower hybrid resonance to near the electron
plasma frequency. Broadband bursts of whistler mode
electromagnetic noise at frequencies below the electron
cyclotron frequency have also been observed [Gurnett,
1985]. As an explanation of broadband electrostatic
noise observed in a variety of contexts including the
Earth’s bow shock, Coroniti et al. [1993] proposed the
nonstandard “hole” modes which occur as the result of a
hole at low energies in the electron velocity distribution
function. The hole mode, existing only for a narrow
range of propagation angles about the magnetic field,
has a growth rate that is strongly enhanced if the par-
allel temperature moderately exceeds the perpendicular
temperature, which is the case near the magnetic over-
shoot and into the undershoot region as suggested by
the fifth panel of Figure 3. Recent observations [Mat-
sumoto et al., 1997; Bale et al., 1998] indicate that the
electrostatic turbulence is highly nonlinear and often
composed of bipolar electric spikes. The intensities of
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these bipolar spikes have a strong correlation with the
change in the electron temperature and are anticorre-
lated with the plasma beta (S. Bale, personal communi-
cation, 1999). These bipolar structures are suggestive of
BGK-mode electron phase space holes. Whether these
spikes are the result of phase space “voids” at lower en-
ergy and possible involvement in irreversible changes to
the electron distribution is not well understood. Insta-
bilities in the lower hybrid regime (w ~ §QLg) which
include the modified two-stream instability, the kinetic
cross-field streaming instability, and the lower hybrid
drift instability may play a role [Winske et al., 1985;
Scudder et al., 1986c; Winske et al., 1987; Gedalin,
1999], though it is still not clear how important these
are in heating electrons at collisionless shocks. It is
important to note that significant wave particle mod-
ification of the exclusion regions does not preclude an
adiabatic description for f, elsewhere in velocity space.
The regions at the edges of the exclusion regions are
where the velocity space gradients are steepest. Wave
particle interactions could act in a quasi-linear sense to
fill these exclusion regions without affecting f, much ev-
erywhere else. The detailed analysis of Wind wave data
for this event and their association with properties of
the electron distribution is left for future work. Par-
tial filling/trapping associated with adiabatic access in
connection to the 3-D nature of the Earth’s bow shock
cannot be ruled out.

6. Conclusions

The properties of electron phase space were explored
in the context of collisionless shocks with monotonic
and nonmonotonic magnetic field profiles under the em-
pirically motivated approximation that §®HT « éB
[Hull et al., 2000]. Liouville’s theorem was used to
map model electron distribution functions across model
shock monotonic and nonmonotonic magnetic fields to
determine what distribution signatures to expect within
the shock layer. We demonstrated that the macroscopic
electromagnetic forces significantly deforms and broad-
ens the electron distribution function in both cases,
providing a very eflicient mechanism for changing the
temperature of adiabatic electrons, as they traverse the
shock layer. Aslong as the equivalent potential is mono-
tonic, we argue on the grounds of Liouville’s theorem in
the adiabatic approximation that the electron distribu-
tion function within shocks with monotonic magnetic
fields can be completely determined from the ingoing
upstream and downstream boundary distribution func-
tions. However, nonmonotonicities in the electric and
magnetic fields lead to a nonmonotonic equivalent po-
tential energy profile which may trap electrons. The
trapped electron regions encompass the low-energy por-
tion of the electron distribution (which from observa-
tions at strong shocks is found to be flat-topped) due to
nonmonotonicities in the parallel electric field in addi-
tion to regions at higher energies near 90° pitch angles



15,732

associated with nonmonotonicities in the shock mag-
netic field. The qualitative V-L model predicts that
electron distribution functions inside shocks with non-
monotonic electromagnetic fields should be composed
of free-streaming electrons with solar wind and magne-
tosheath origins, and possibly trapped electron popu-
lations. The juxtaposition of electrons from different
sources is expected to give rise to fine structure in the
electron distribution function that should be easily iden-
tifiable in the experimental data. It is important to note
that nonmonotonic magnetic fields also have the sec-
ondary effect of increasing the accelerating potential to
the highest overshoot, thereby enhancing heating, that
for electrons would be limited in the monotonic case by
the upstream-downstream field compression.

As a test of the V-L model predictions, we analyzed
the detailed signatures of electron energy-pitch angle
distribution functions observed at different spatial loca-
tions within a fast mode shock characterized by a non-
monotonic magnetic field profile that is linearly related
to the HTF electrostatic potential (e.g., §®"T = 2.44B).
Results indicate that much of the complex structure of
the electron distribution function can be explained by
the adiabatic motion of electrons in the smooth electro-
magnetic fields. Imprints associated with the ballistic
transport of electrons from the different sources are eas-
ily identified and are organized by the separatrix bound-
aries computed using the shock macroscopic electric and
magnetic fields. The Liouville predictions on the elec-
tron distribution function are in reasonable agreement,
where a correspondence can be made, with the observed
distribution functions throughout the shock layer, re-
covering much of the structural variations of the ob-
served distribution function in response to the shock
electromagnetic forces. Discrepancies between the V-
L theory and the observations are difficult to ascertain
and may be explained by (1) inaccuracies in comput-
ing the electron orbit, (2) 1-D assumption, (3) varia-
tions in the plasma properties and the magnetic field
over the 3-s sampling time, and/or (4) wave-particle re-
laxation. The correspondence of the signatures of the
electron distribution function with the variations in the
macroscopic electric and magnetic fields provides the
best evidence of parallel electric fields and their varia-
tion across collisionless shocks to date (direct observa-
tions of the parallel electric field have been hampered by
the fact that the parallel electric field is relatively weak
compared to the more dominant motional component).
Also, no phase space holes are observed in the electron
distribution function. Access to these “exclusion” re-
gions of phase space cannot be explained by the 1-D
steady state V-L approach as defined by the upstream
and downstream spatial boundaries.

The complicated topology of the exclusion regions as-
sociated with nonmonotonic electric and magnetic fields
may lead to spatially dependent free energy sources
and hence spatial dependencies in the properties of the
waves associated with irreversible filling of these non-
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standard trapped electron regions of phase space. The
detailed analysis of the electron distribution function
and possible effects associated with the inherent 3-D
character of the Earth’s bow shock are left for future
work.
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