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Abstract. We present a survey of the trends between the electron temperature
increase AT, and the de Hoffmann-Teller frame (HTF) electrostatic potential
jump A®HT and their correlation with other parameters that characterize the
shock transition using a new ISEE 1 database of 129 Earth bow shock crossings.
A fundamental understanding of the HTF potential is central to distinguishing
the reversible and irreversible changes to electron temperature across collisionless
shocks. The HTF potential is estimated using three different techniques: (1)
integrating the steady state, electron fluid momentum equation across the shock
layer using high time resolution plasma and field data from ISEE 1, (2) using the
steady state, electron fluid energy equation, and (3) using an electron polytrope
approximation. We find that A®HT and AT, are strongly and positively correlated
with |A(m,UZ/2)|, which is in good qualitative agreement with earlier experimental
surveys [Thomsen et al., 1987b; Schwartz et al., 1988] that used bow shock
model normals and used the flow in the spacecraft frame. There is a strong
linear organization of the AT, with A®HT  which suggests an average effective
electron polytropic index of (ye) &~ 2. In addition, A7, and A®HT are organized
by Be, although our results may be biased by our limited sampling of shock
conditions. Comparisons indicate that the differentials in the HTF potential §PHT
are proportional to the differentials in the magnetic field intensity d B across the
shock, with a proportionality constant k that is a fixed constant for a given shock
crossing.

1. Introduction electron beam at the outer edge of a “flat-topped”
background electron velocity distribution within the
magnetic ramp of the Earth’s quasi-perpendicular bow
shock. Motivated by the apparent acceleration and re-
laxation of the electron beams, Feldman et al. [1982,
1983b] proposed a two-step process which consists of
a downstream acceleration along the magnetic field fol-
lowed by beam-driven plasma instabilities as the mecha-
nism for causing AT, across strong shocks (downstream-
upstream field ratio Bz/B; — 4). In contrast, Feld-
man et al. [1983a] demonstrated using perpendicular
and parallel two-dimensional (2-D) measurements of the
electron distribution that AT, at weak shocks (B;/B; —
1) was consistent with the conservation of the electron

The cross-shock potential and its relation to electron
temperature changes AT, at collisionless, fast mode
shocks have been subjects of interest for quite some
time. The notion that the cross-shock potential may be
important in changing the electron temperature across
strong, fast mode shocks was introduced by Feldman
et al. [1982]. Feldman et al. [1982, 1983b] reported

observations of a field-aligned, downstream directed
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magnetic moment.
The effect of the potential on the behavior of magne-
tized electrons across collisionless shocks was addressed
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in the theoretical study by Goodrich and Scudder [1984).
An important point raised by Goodrich and Scudder
[1984] not appreciated in early studies was that al-
though AT, is frame independent, the electrostatic po-
tential is not. With this in mind, Goodrich and Scud-
der [1984] demonstrated that the potential in the de
Hoffmann-Teller frame (HTF) determines the electric
field most relevant to understanding electron energet-
ics and predicting AT, across collisionless shocks. The
HTF is that special shock rest frame in which the mo-
tional electric field vanishes (EL' = —UHT x B/c =
0). As a result, the MHD center of mass velocity of
the fluid flow, UHT is field aligned on either side of the
shock. Accordingly, the electric field in this frame only
has a nonvanishing component along the shock normal
within the shock layer with a sense to simultaneously
(1) decelerate ions and (2) accelerate electrons as they
cross the shock from the low- to the high-density side.
In HTF the electrons only get energized by the cross-
shock potential jump A®HT. There is no exchange be-
tween the particles and the Poynting flux S, because S
is zero in this frame. Moreover, Scudder [1987] demon-
strated theoretically and with a strong Earth bow shock
observed by ISEE 1 that in HTF the electron bulk flow
within the shock layer is approximately field aligned as
long as pressure anisotropy, electron inertia, and resis-
tive effects can be neglected.

The effect of the HTF electrostatic potential 77T (z)
on the shape of the electron distribution function was
first successfully tested [Scudder et al., 1986¢c] by em-
ploying Liouville’s theorem to map v, = 0 cuts of the
upstream and downstream boundary electron distribu-
tion function to regions within the resolved layer of
a supercritical, fast mode shock observed by ISEE 1.
Contrasting the observed electron distribution function
with the predictions of Vlasov theory in the smooth
forces, Scudder et al. [1986¢c]| showed that ®HT(z) is
responsible for most of the broadening of the electron
distribution, at least along the magnetic field, and pos-
sibly could explain the temperature increase and the
observed electron distribution function signatures typ-
ically observed across supercritical, fast mode shocks.
The wave-particle interactions are found to provide sec-
ondary irreversible, collective cooling.

In more recent studies [Scudder, 1995; Hull et al.,
1998] the Vlasov-Liouville (V-L) mapping technique
was applied to model electron distribution functions to
demonstrate that the steady state, macroscopic electric
and magnetic fields acting on magnetized electrons can
explain the electron velocity distribution signatures at
all pitch angles and hence explain much of the electron
heating morphology at both strong and weak shocks. As
suggested by Scudder [1995], the V-L mapping proce-
dure does recover [Hull et al., 1998] the preferential per-
pendicular inflation signatures observed at weak shocks
[Feldman et al., 1983b], as well as the nearly isotropic
inflation signatures observed at strong shocks [Mont-
gomery et al., 1970; Scudder et al., 1973; Feldman et al.,
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1983a; Scudder et al., 1986a] without invoking wave-
particle effects. Moreover, trends in the perpendicular
and parallel electron temperature increase typically ob-
served across strong and weak shocks are qualitatively
recovered [Hull et al., 1998] by the V-L model coupled
with the Rankine-Hugoniot conservation laws and using
a maximal trapping assumption [Morse, 1965; Forslund
and Shonk, 1970; Scudder et al., 1986¢c]. Hull et al.
[1998] also used 3-D electron distribution function data
observed at a very weak shock by Galileo to show that
the V-L technique can recover the downstream electron
distribution function at all pitch angles and therefore
explains the observed AT..

Despite the progress made in understanding the role
played by the dc forces on producing the signatures
of the electron distribution functions and the impact
these coherent forces have on changing electron temper-
ature across fast mode shocks, very few studies [Thom-
sen et al., 1987a; Schwartz et al., 1988] have focused
on the statistical properties of A®HT and its relation
to AT, and other characteristic shock fluid parameters.
The statistical studies of Thomsen et al. [1987a] and
Schwartz et al. [1988] used the electron polytrope expec-
tation (A®RT o AT, [Goodrich and Scudder, 1984]) to
estimate the HTF cross-shock potential. Thomsen et al.
[1987a] showed that the ratio A®NF/ASHT (where
A®NF s the normal incidence frame cross-shock po-
tential) is typically 2-6 and has a slight dependence on
05n,. The range of A®NF/APHT is consistent with
previous empirical estimates [Goodrich and Scudder,
1984]. These results together with the observational ev-
idence that the magnetic field rotates out of the copla-
narity plane in a fast mode sense [ Thomsen et al., 1987a]
and a slow mode sense [Scudder, 1995] empirically es-
tablished the frame dependence of the cross-shock po-
tential suggested by Goodrich and Scudder [1984]. A
major result of the studies by Thomsen et al. [1987b]
and Schwartz et al. [1988] was that AT. (or A®HT
computed via polytrope assumption) was found to be
strongly correlated with the change in the flow energy
UZ—U? in the spacecraft frame. Thomsen et al. [1987b]
and Schwartz et al. [1988] argued that the strong depen-
dence of AT, on UZ — U12 was consistent with a process
initiated by the cross-shock electrostatic potential and
that this first-order dependence on U; — U7 should be
normalized out. Thus Schwartz et al. [1988] demon-
strated that A®HT normalized by the incident proton
ram energy m, U7 decreased with increasing Mach num-
ber and did not seem to strongly depend on shock geom-
etry 0pn1, total upstream plasma (iot1, and upstream
electron-ion temperature ratio T.1/Tp1. However, the
results of these studies which use the flow in the space-
craft frame can be inaccurate since the relevant flow
is that along the shock normal in the shock stationary
frame.

This work extends the statistical studies of Thomsen
et al. [1987a] and Schwartz et al. [1988] by using a new
ISEE 1 database of 129 Earth bow shock observations
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corrected for the spacecraft floating potential and char-
acterized by the best possible determination of the local
shock geometry from asymptotic moment and magnetic
field data under a Rankine-Hugoniot formalism. In the
present study we determined statistically for the first
time A®H"T using two model-free approaches and com-
pared these determinations to the electron polytrope ex-
pectation assumed in earlier statistical studies [Thom-
sen et al., 1987a; Schwartz et al., 1988]. The empirically
determined A®HT is compared with AT, and other
parameters that characterize the macroscopic state of
these shock observations such as the angle between the
upstream magnetic field and shock normal g, 1, the up-
stream electron fe;, and upstream electron HTF ther-
mal Mach number Mytr = Uni/(Viner cosBpny). Fi-
nally, we test the validity of the A®HT = KAB as-
sumption used in earlier theoretical studies of electron
kinetics across fast mode shocks [e.g., Scudder, 1995;
Hull et al., 1998].

2. Instrumentation and Experimental

Data Set

An extensive electron moment and magnetic field
data set of 129 Earth bow shock events observed by
ISEE 1 from 1977 to 1979 has been analyzed includ-
ing separate Rankine-Hugoniot analysis of shock geom-
etry and shock velocity (discussed below). The electron
moment data used in this study are derived (after tak-
ing the instrument characteristics into account) from
electron counting rates measured by the vector electron
spectrometer (VES) on board ISEE 1 [Ogilvie et al.,
1978]. The full 3-D electron measurements are acquired
in one full spin period (~3 s) but are sampled every 9
s in the high-telemetry mode and every 18 s in low-
telemetry modes. High time resolution magnetic field
data (16 and four vectors per second in high bit rate
and low bit rate sampling, respectively) from the triax-
ial fluxgate magnetometers on board ISEE 1 [Russell,
1978] are averaged over the 3 s resolution of the electron
moment data.

Different ion detectors were flown on ISEE 1 special-
ized for high ion Mach numbers and low ion Mach num-
bers [Bame et al., 1978]. A detector configured to ac-
curately measure the supersonic solar wind ions on the
upstream side of the shock is not well suited to mea-
sure the subsonic ions accurately on the downstream
side of the shock. The electrons, on the other hand,
are subthermal throughout the entire shock layer, and
electron moments such as the electron density N, and
the flow velocity U, can be measured by a single detec-
tor through the shock. However, electron measurements
are not without problems.

The electron measurements tend to be less accurate
than the ion measurements on the upstream side of the
shock. Accurate electron moments require accurate de-
terminations of the spacecraft floating potential so that
photoelectrons may be excluded. The electron data set
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used in this paper has been corrected for the spacecraft
floating potential using a return current relation similar
to that used by Scudder et al. [1981] but calibrated with
intermittent estimates of spacecraft floating potential.
Thus, in the determination of the shock geometry and
asymptotic state via a Rankine-Hugoniot analysis, we
have approximated the center of mass velocity U with
U, realizing that slight slippages are possible and that
U~ U,.

3. Shock Asymptotic Parameter
Determination

We are interested in A®HT and its relation to AT,
and other characteristic shock parameters. The HTF
bulk velocity UHT is related to the bulk velocity U in
any other frame of reference by the expression UHT =
U + VHT where the HTF transformation velocity is
given by

VHT = — Shﬁ_ 0 x [(Ul _ I/Shfl) X Bl} .

cosOpn1 (1)
In (1), Vauft, Uy, and By are the shock velocity, up-
stream bulk velocity, and upstream magnetic field vec-
tor, respectively, as viewed in the U frame of refer-
ence. This frame transformation velocity is very sensi-
tive to fpn . Accurate determination of VHT requires
high-quality determination of the shock geometry and
asymptotic state.

The shock geometry and asymptotic parameters for
this study have been determined by applying the code
developed by Vifias and Scudder [1986] with iterative
improvement to upstream and downstream ISEE 1 elec-
tron moment and magnetic field data intervals. The
code gives, in the least squares sense, the best possi-
ble determination of the asymptotic state of the shock
by optimally solving a subset of the Rankine-Hugoniot
jump conditions as constrained by data written in co-
ordinate invariant form:

AB, =AB-i=0
AGn = Alp(U — Vaph) - 8] = 0

AS; = Ap(U-A—Va)(U- (1 - i)
- 2RB (1 AR)) = 0 (4)
AE, = AJax (U-(1-fa))(B-4)

~ (U-f-Va)ax (B-(1—0a))] =0, (5)

where p is the plasma mass density, and B is the mag-
netic field vector. The variables B,,, G, S;, and E, rep-
resent the conserved constants of magnetic field inten-
sity along the shock normal, normal mass flux, tangen-
tial momentum stress flux vector, and tangential elec-
tric field vector, respectively. The A is used to denote
the change of a physical quantity across the shock (e.g.,
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AX = X; — X1, where X; and X; are the upstream
and downstream values of a physical quantity X). Least
squares solutions to these equations yield Viy i, compo-
nents of the shock normal n, and unbiased estimates

for the asymptotic Rankine-Hugoniot state parameters
such as Ny, By, U, Nz, B;, and Us,.

Despite using electron data and all the problems that
go with them, Figure 1 illustrates how well the conserva-
tion constants are determined for a quasi-perpendicular
shock observed by ISEE 1 on December 13, 1977, at
1711:40 UT. The shaded region in each panel indicates
the asymptotic shock data intervals used to solve the

Stx (CgS)

Sty (CgS)

S, (cgs)

0L L Lo

1708:20 1710:00

Figure 1. Profiles of the Rankine-Hugoniot constants and magnetic field for a shock event
observed by ISEE 1 on December 13, 1977. Shown are (a) the normal component of the magnetic
field, (b) the normal mass flux, (c-¢) the components of the tangential electric field vector, (f-
h) the components of the tangential momentum stress flux vector, and (i) the magnetic field

intensity.
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Rankine-Hugoniot problem for this shock event. The
solid horizontal lines within each of the shaded inter-
vals represent an average over the data in the interval
and corresponding uncertainty. The dashed horizontal
lines indicate the best fit constant and its estimated
uncertainty. Figures la—1lh clearly demonstrate that
the Rankine-Hugoniot constants are well determined
asymptotically. The Rankine-Hugoniot constants B,
G.., and the components E; (to the extent that V - P,
does not compete with U, x B, where P, is the electron
pressure tensor) are also found to be conserved inside
the shock layer, as expected. The magnetic field inten-
sity profile is provided as a reference in Figure 1i.

The characteristics of the 129 shock macrostates of
this new ISEE 1 electron data set as determined by the
Rankine-Hugoniot procedure are statistically summa-
rized in Figure 2.
sity Ne1, electron temperature T¢;, and magnetic field
intensity By are found to be 10 £ 6 cm™3, 1.7 x 10° +
0.5 x 10° K, and 9+ 6 nT, respectively. This data set is
predominantly composed of quasi-perpendicular shocks
with the typical 6p,, = 63° + 16°. The most probable
normal bulk speed Up; = 300 £ 60 km s™!. A frac-
tion of the events are characterized by U, as high as
600-800 km s~ 1, which correspond to the high electron
temperature increases AT, = 100 — 200 eV discussed in
a previous study [Thomsen et al., 1987b]. The electron
beta B, ranges from 0.1 to 15 with a mode of 1.0. In
these respects the modal values of upstream parame-
ters are typical of the solar wind at 1 AU [e.g., Feld-
man et al., 1975]. The downstream-upstream magnetic
field By/B; and density N;/Nj ratios are 2.3+ 0.3 and
2.5 £ 0.3, respectively. The average electron tempera-
ture jump is AT, = 30+20 eV. The Alfvén Mach num-
ber is Ma = Un1v/47p1 /By = 6+ 3, where p; is the up-
stream plasma mass density. The typical upstream elec-
tron thermal Mach number is My = Un1/Viner = 0.15,
yielding a typical electron HTF thermal Mach num-
ber Muytr = Min/cosfpn; = 0.3. Scudder [1987]
demonstrated that in HTF the electron bulk flow within
the shock layer is to a good approximation parallel to
the magnetic field in addition to being field-aligned in
the asymptotic upstream and downstream sides of the
shock. Values of Myrp > 1 indicate where the field
aligned flow approximation used in previous studies
[Scudder et al., 1986¢; Scudder, 1995; Hull, 1998] is ex-
pected to break down. Because its inertia is no longer
negligibly small, the typical electron in this regime has
difficulty responding to kinks in the magnetic field and
tends to slip magnetic field lines while traversing the
shock layer.

The typical upstream electron den-

4. Empirical Determination of HTF
Potential

Determinations of A®HT by direct electric field mea-
surements have only been done for a few shock cases
[Wygant et al., 1987]. Part of the problem is that A®HT
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is the line integral of the weak parallel electric field
across the shock, which is difficult, if not impossible,
to measure by the standard double-probe electric field
measuring techniques.

A good model-free approach to obtaining the HTF
potential ®77T(z) is to integrate the steady state, elec-
tron fluid momentum equation [Goodrich and Scudder,
1984] using high time resolution electron moment and
magnetic field data through the shock layer (a technique
employed only once by Scudder et al. [1986b]). Taking
advantage of the frame invariance of E-B, Goodrich
and Scudder [1984] demonstrated that A®HT can be
expressed as
B

= .az

A@HT:~/” Ezdz:f/ . (6)

L1

which can be simplified [Scudder et al., 1986b] when
d/dt & Ve - V to become

ta 1 chH(t)
/21 eN.(t) dt

[Pc||(t) — Pel(t)} dln B(t)

ACI)HT -

eNe(t) dt
, melially 40 Y }dt. G

In (7), P, and Py are the electron pressure parallel
and perpendicular to the magnetic field, Jj is the field-
aligned current, and 7 is anomalous resistivity. The
first two terms in (7) provide a good estimate of the
A®HT across the shock layer provided that the iner-
tial and resistive terms can be neglected as higher-order
terms.

Prior to this paper, statistical surveys by Schwartz
et al. [1988] and Thomsen et al. [1987a] used the model-
dependent form [Goodrich and Scudder, 1984]:

e kAT,
e Vel

RAT:AInNe e =1,

ASHT { (8)

which is valid only to the extent an electron polytrope
law P, o NY< (where vy, is the effective electron poly-
trope index) is known to be valid through the shock
layer.

An alternative model-free method to determining
A®HT is to use the time stationary, electron fluid en-
ergy equation in the frame-independent form [Boyd and
Sanderson, 1969]:

meNU2U,
2
~eNetI>Ue> —~S+U.-R

1
Vo (ae+ 3 TP U+ Pe U+

(9)
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Figure 2. Histograms summarizing the macrostate of the shocks used in the study.

where q. is the electron heat flux vector, P, is the
electron pressure tensor, and ® is determined from
E = —V®. The parameters R (often modeled as eNe7+
J, where J is the current and 7 is the anomalous resistiv-
ity tensor) and S represent a source or sink of momen-
tum and energy, respectively, as caused by wave-particle
interactions. Integrating (9) across a 1-D planar layer
in HTF under the assumption that the wave-particle
terms are negligible results in the following expression
for the HTF potential jump:

APHT = 1A
[

9|
N.UFT

. O(ff"oo(s + UHT. R)dz))

3
-+ k(iTe” + TeJ_)

meUfT 2
2

eN UHT

(10)

where Ty and T, represent the electron temperature
parallel and perpendicular to the magnetic field and
UBT = U,/ cosfp, is the magnetic field aligned elec-
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tron bulk speed in HTF, with U, being the asymp-
totic flow velocity along the shock normal. The ad-
vantage of using (10) is that the A®HT is determined
from the difference between upstream and downstream
states (as long as contributions from R and S can be
neglected), as opposed to a sum of all of the contribu-
tions connecting the upstream and downstream states.
Thus the cumulative errors of quadrature in the deter-
mination of the potential are dramatically reduced, in
principle. However, (10) does require the electron heat
flux, a higher-order moment that is not so accurately
measured, as well as a priori knowledge that S and R
terms are not important. In the present paper, both
(7) and (10) are used to determine A®HT for 129 Earth
bow shock events observed by ISEE 1, a hundredfold
increase in our model-free knowledge of A®HT at colli-
sionless shocks.

5. Observations

Plate 1 compares the change in the HTF poten-
tial A®IT.  determined by integrating the momen-
tum equation with the change in HTF potential A®HT
determined from the electron energy equation using
asymptotic Rankine-Hugoniot parameters. The er-
ror bars in A®IT . represent the estimated cumulative
errors assoclated by integrating (7) across the layer,
whereas the error bars in A®LT are the propagated
uncertainties associated with the averaged asymptotic
parameters used to determine A@gg. Note, however,
that no estimates of systematic error of setting S, R = 0
are included. The best fit slope suggests that A®ET is
roughly 20% larger than A®LT, 1 however, unity slope
cannot be ruled out because of the large uncertainties
associated with Afbﬁ%M.

Figures 3a—3d show where the results of two methods
used to compute A®HT differ the most for the strong
shock observed on November 7, 1977, by ISEE 1 consid-
ered by Scudder et al [1986a, b, c]. Figure 3a depicts
the incremental changes in the HTF potential through
the shock layer determined from the momentum equa-
tion 5@3};1\4 versus the changes determined from the
energy equation §®HT. Although there are a few ex-
ceptions, §®ET and §®LT | show strong agreement to
within the estimated uncertainty. The consistency be-
tween the two different determinations is suggested by
the histogram of §®4T — §®L T weighted by the esti-
mated uncertainty illustrated in Figure 3b. All of the
points are within 20 of zero, which indicates that the
two methods are equivalent. However, the largest dis-
crepancy between the two methods appears to be in the
magnetic ramp region as shown in Figure 3c, which de-
picts the time evolution of 5@513 —(5‘1’%{)1\,{. The profiles
of ®FT (solid line) and ®iT,, (dashed line) are pro-
vided in Figure 3d as a reference. Evidently, the two
profiles are coincident until about ~2251:30 UT, where
@EII:IF becomes larger than ®}j7,,;. The potential jumps
A@gg and A@S{BM estimated from the upstream and
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downstream shaded regions in Figure 3c to be 6243 eV
and 49 + 34 eV, respectively, are consistent with one
another. However, the mean value of A@Eﬁ is larger
than that of A®IT  for this shock example, a trend
that is characteristic of this shock data set, as evidenced
in Plate 1. Part of the discrepancy between the two
methods could be explained by the different mix of fluid
quantities used to determine A®HT. The energy equa-
tion determination depends on the electron heat flux, a
third moment of the electron velocity distribution func-
tion, which is difficult to measure, while the momen-
tum equation form does not. Integration of (7) to get
the cross-shock potential jump does, however, require
the integrand to be sufficiently resolved throughout the
shock layer to perform the numerical integration. This
may not be the case in the shock ramp region, where
the electron moment and the magnetic field gradients
are largest and aliasing is most troublesome. Moreover,
wave-particle effects (S, R) may not be negligible as has
been assumed, especially in the main magnetic ramp
where currents are largest.

Detailed comparisons of data through each shock
layer suggest that the electron density and electron
temperature may be related via a polytrope law [Hull,
1998], which means that (8) can be used to compute
A®HT, The parameter v, for each shock event in this
study is determined by a two-parameter fit to InT,(¢)
and In N, (t) through the shock layer. The choice of an
appropriate time interval of moment data for a good de-
termination of v, is somewhat arbitrary. We chose the
time interval that yielded the best corroboration within
the estimated uncertainty between the two-parameter-
fit method and the following two alternative approaches
used to compute the electron polytrope index: (1) a
one-parameter fit to incremental changes dInT7. and
d1In N, between successive data points through the layer
and (2) a one-parameter linear fit to §®HT and 47, (see
Hull [1998] for details). The typical 7. determined from
the two-parameter fit method is 2.4 £ 0.8.

Plate 2a compares A®HT with the polytrope esti-
mate ACPET. A linear regression analysis suggests that

AT is consistent with ASHT, though ABLT  be-
gins to depart from AQ’ET at higher values. The fact

that AP is consistent with A@?T suggests that in-
tegrating the electron momentum equation across the
shock layer is more accurate than what is implied by
the cumulative errors. In contrast, Plate 2b shows that

AT is roughly 30% larger than A@ET. For the shocks

treated in this study we found A®EEL ~ (5k/2¢)AT..
The heat flux and the inertial terms tended to cancel
each other, and the anisotropy was usually small in (8).
The relationship between A®LL and AT, implies an
electron polytrope index v, = 5/3, which is inconsis-
tent with the N.-T, relationship observed within the
shock layer. The source of the uncertainty is difficult to
ascertain. Because it is most consistent with the data,
A@ﬁ%M will be used instead of A®EL in the compar-
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Figure 3. (a) Scatterplots of §®15,, versus @5y, (b) histogram of §@HT glT = weighted by
the estimated uncertainty, (c) §®HT — 6®LT; versus time, and (d) ®hy (solid line) and Py
(dashed line) profiles for the November 7, 1977, bow shock crossing.

isons with other shock macroscopic parameters. Thus
in the remainder of the paper we will adopt the notation
APHT = A@ﬁ%M when referring to the HTF potential
jump.

The relationship between the change in the HTF po-
tential A®"T and the change in the normal component
of the ion ram energy A(mpUZ2/2) is summarized in
Plate 3a.  The color code in Plate 3a indicates the
6pn, dependence. Plate 3b and Plate 3¢ show the same
correlation as displayed in Plate 3a, except the colors
indicate the dependence of the correlation on the up-
stream electron beta (.; and Murr, respectively. A
linear fit to the data resulted in the following:

ASHT(eV) = —12175,A(mpU2 /2) (ke V). (11)
Only data points (squares) with a relative uncertainty
< 0.5 in |A(myU2/2)| were used in the fit. The shock
events (triangles) corresponding to small values of
|A(myU2/2)| are associated with much larger relative
uncertainties and are believed to be suspect for two rea-
sons: (1) The electron flow speeds used to compute
A(mpUZ2/2) = my/me(AmUZ,) for these suspicious
shock cases approach the VES instrument’s capability
to detect, and (2) the suspect shock events are charac-
terized by fluctuations comparable to the time station-
ary background plasma and field properties as indicated
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by the higher values of B.; (see Plate 3b), resulting
in aliased electron moment quantities. It is not clear
that the trend in A®HT with respect to A(myU?2/2)
should depart from the linear correlation suggested by
the moderate to strong shock examples as the change
in the flow energy goes to zero. A very weak shock case
(Mf = Unc1/Cf1 ~: 1.2, By/By ~ 1.3, where M} is the
upstream fast mode Mach number and Cj; represents
the upstream fast mode speed) observed by Galileo and
discussed by Hull et al. [1998] is indicated by the color-
coded asterisks in Plates 3a-3f. The A®HT for this
weak shock case was more accurately determined us-
ing leverage of the full 3-D upstream and downstream
electron velocity distribution functions. A parameter
that distinguishes the Galileo weak shock event from
the ISEE 1 weak shock observations is the upstream
electron Be;. The parameter G, for the Galileo event
was estimated to be 0.46, whereas B.; > 1 for the ISEE 1
weak shock examples. Consequently, the observed mag-
netic field and plasma properties across this weak shock
event are more laminar in comparison with the ISEE 1
weak shock observations. The weak shock temperature
measurements and potential jump determinations sug-
gest that the linear trend should continue into the lower
flow energy limit, though more statistics in this limit are

needed to clarify these results.
A complementary view of the relationship between

A®HT (indicated by the color) and the upstream pa-
rameters Beq, Opn1, and Murr is provided in Plates
3d-3f. The high values of A®HT in our data set are
typically characterized by high 8g, 1, low B,, and con-
sequently high values of Myrr, whereas the low values
of A®MT are characterized by high 8. and lower values
of MyTr with no apparent dependence on 8p,,,. Thom-
sen et al. [1987b] established that AT, was strongly
correlated with A(m,U?/2) and suggested that this
first-order dependence should be normalized out on fu-
ture studies of AT,. Schwartz et al. [1988] concluded
that the model-dependent normalized potential jump
APHT/|A(m, U2 /2)| (with A®HT o« AT, ) did not seem
to be organized by any of the standard upstream pa-
rameters such as bow shock model determined geome-
try, plasma beta, or electron to ion temperature ratios.
However, A®HT and A(m,UZ/2) are not strictly pro-
portional, as suggested in Plate 3, and such a normal-
ization scheme could result in misleading conclusions
on the behavior of A®HT and other asymptotic param-
eters. A possibility remains that the trends implied by
Plates 3a—-3f are artifacts of biases characteristic of the
data set.

Plate 4a compares the electron temperature change
AT, with the change in the HTF potential A®HT. The
color code represents the dependence of the correlation
with respect to Myrr. The typical change in electron
temperature AT, &2 30 & 20 eV is indicated by the ver-
tical solid line in Plate 4a. Our present data set also in-
cludes some of the shock examples with unusually large
electron temperature jumps featured in earlier studies

20,967

[Thomsen et al., 1987b; Schwartz et al., 1988]. The plot
shows that AT, is for the most part linearly related to
A®HT with a slope (@) = 2.0 £ 0.1. The events corre-
sponding to MuTr = UHT /Vipe1 > 1 are in the regime
where the field-aligned flow [Scudder, 1987] approxima-
tion breaks down. The proportionality is suggestive of
a polytrope with (yesr) = (@)/({a) — 1) = 2.0£0.1 that
is consistent with the most probable v, = 2.4 + 0.8
determined from fits to Ne(t) and Te(t) [Hull, 1998].
However, if (Yer) = 2.0 & 0.1, then that implies an up-
per bound on the electron temperature ratio Tez2/Te1 <
4{7e)=1 ~ 4 (assuming a maximum compression ratio
of 4), which is considerably less than the larger observed
values of Tea/Te1 ~ 10. The more extreme values of
T.s/T.1 can be explained by a polytrope if you allow
for a range of (yer) as found in the fits to In Te(t) and
In N,(t) [Hull, 1998].

Plate 4b illustrates the correlation between AT, and
A(mpU2/2) using the same format as Plate 3c. A
linear fit AT, and —A(myUZ/2) using only the data
points (squares) with a relative uncertainty 0.5 in

A(mpUZ/2) yields

AT.(eV) = —(57 + 4)A(mp U2 /2)(keV). (12)
The correlation between AT, and A(m,UZ2/2) is not
surprising in light of the linear relation between AT,
and A®HT. Nevertheless, the trend suggests that AT,
is a coherent process even for AT, > 100 eV and is also
in substantial qualitative agreement with the results of
earlier studies [Thomsen et al., 1987b; Schwartz et al.,
1988].

6. Empirical Evidence of A®HT = kAB

Comparisons between the magnetic field strength
B(z) and the de Hoffmann-Teller potential ®HT(z) pro-
files suggest that they are correlated. Evidence of such
a correlation at a shock observed by ISEE 1 at ~1751
UT on December 13, 1977, is illustrated in Figure 4.
The top panel is a comparison between B(z) (solid line)
and ®"7T(z) (dashed line). The ®HT(z) tracks B(z)
quite well throughout the shock layer, exhibiting the
same overshoot-undershoot structure of the magnetic
field which is characteristic of supercritical shocks. The
bottom panel in Figure 4 shows a scatterplot of the
incremental changes 6B and §®"T through the layer.
These figures suggest that the § B are proportional to
§®HT with k & 7. The fact that B are proportional to
§®HT implies that the total change in the de Hoffmann-
Teller potential may be related to the total change in
the magnetic field as A®HT = kAB, where « is a con-
stant for a given shock layer.

A reasonable test of the validity of a relationship
between 6B and §&HT is to compare k(64HT,5B) de-
termined from a linear regression analysis to the in-
cremental changes 6B and §®HT through each shock
layer with the k(A®HT AB) determined from the total
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is a scatterplot of d®™7T and §B for the shock event.
jumps A®HT and AB across the shock, as is depicted Using a cutoff of x2 < 1.5, we found (8457, 6B) to be

in Figure 5. Internal consistency requires x(d¢™T,dB)
to be equal to x(A®HT AB). Although a fair number
of the shocks in the data set are internally consistent,
the best fit slope of 1.5 (indicated by the dashed line)
suggests that a number of the shock observations are
not. However, a closer inspection of the distribution of
reduced x? reveals that the issue is time stationarity.
Figure 6a gives the reduced chi-square x?2 distribution
obtained from the fits to § B and ¢ for each shock. The
x2 distribution function is bimodal, with the better de-
termined fits having x2 < 1.0. A measure of stationar-
ity is the 8., which is contrasted with x2 in Figure 6b.
Figure 6b demonstrates that the x2 depends on B, with
the better determined fits being associated with B < 1.

consistent with x(A®HT AB).

It is not obvious that such a relation should exist
for collisionless, fast mode shocks, although such a re-
lation between the changes in the magnetic field and
the changes in the potential in plasmas has been de-
rived in an earlier study [Whipple, 1977]. In Whipple’s
[1977] general approach the electrons and ions are both
assumed to be magnetized. Whipple [1977] then en-
forces quasi-neutrality to derive an expression relating
the potential to the magnetic field by differentiating
with respect to position along the field line. However,
at collisionless shocks the length scale that character-
izes the variation of the magnetic field intensity is in-
termediate between the electron skin depth and the ion
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Figure 5. Comparison of the proportionality constant
k(6¢MT, 6 B) determined by performing a linear regres-

sion analysis to the incremental changes B and §®HT
through the layer with the K(AQHT,AB) determined
from the jump in the de Hoffmann-Teller potential and
magnetic field across the shock.

skin depth. As a result, the electrons are magnetized
everywhere throughout the shock, while the ions are
not. Nevertheless, the leverage of Whipple’s analysis
was that of quasi-neutrality (Lsn > Ape); it still sug-
gests that there will be such a relation even though the
ions are not magnetized.

That there must be a relationship between 6B and
§®HT can be motivated by arguments based on the
zero normal current condition required for time station-
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ary, planar shock layers. Zero normal current requires
the electron normal flux (current) to balance ion nor-
mal flux (current). However, electrons, being magne-
tized, can be mirrored by the increasing magnetic field,
whereas most of the ions, because of their large gyrora-
dius, tend to jump across the layer (only a small fraction
of the ions get reflected by the shock). The different in-
ertial responses of electrons and ions to the shock field
structure result in a parallel electric field which acts as
a feedback mechanism that counters electron mirroring
and accelerates the bulk of the electrons to maintain a
steady state of equal electron and ion normal number
fluxes through the shock layer. Thus an increase in the
HTF potential coincides with an increase in the mag-
netic field intensity. Otherwise a normal current would
develop, and the shock would not be stationary. A large
fraction of the electron population must get through in
order for the electron and ion normal number fluxes to
be equal; therefore we believe that x should scale as

O(kTeL/(eB) |m) (see model prediction discussed by
Hull [1998]).

7. Conclusions

The A®HT was computed via three different tech-
niques. The energy equation determination of A®HT
was systematically higher than the other two consistent
determinations obtained by integrating the momentum
equation and by the polytrope relation, respectively.
The source of the discrepancy is difficult to ascertain.
The largest discrepancy between the two methods oc-
curs in the shock magnetic ramp, where the integrand
of (7) is most uncertain because of aliasing effects on the
measurements due to the large gradients and where the
current is largest, which may give rise to nonnegligible
contributions from the wave-particle terms neglected in

8 T T
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N>< 4 L . o.. : 4
2 L. . ':..:.: . .. . o_
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Figure 6. (a) Distribution of x? associated with x(6¢™T,8B) determinations. (b) Comparison

of x% with ..
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the determination of A®FT and A®LT from (7) and
(10). Moreover, A®HT depends on the electron heat
flux, a higher-order moment that is difficult to measure.

Using the momentum equation determined A®HT,
we recover the correlation of A®HT and AT, with
A(myUZ/2) discussed in earlier experimental surveys
[Thomsen et al., 1987b; Schwartz et al., 1988]. The
trends appear to be linear at moderate to large values
of A(m,U2/2). Moment data of high quality are needed
to clarify the limit of small A(m,UZ2/2).

We find A®HT to be proportional to AT, suggesting
a polytrope with an effective polytrope index {(y.s) =
2.0 + 0.1 that is consistent with the typical v, = 2.4 +
0.8 determined by fits to N.(¢) and Te(t) [Hull, 1998].
However, (Ver) & 2 cannot explain the downstream-
upstream electron temperature ratios greater than 4.
The more extreme electron temperature ratios can be
explained by a polytrope if you allow for a range of
polytrope indices, as found in observations [Hull, 1998].
Thus (ver) & 2 probably reflects the biases associated
with the limited conditions that define the shocks in our
data set.

We provided empirical support for the notion that
the incremental changes §B are proportional to §®HT
through the layer, with a proportionality constant
that is assumed to be a fixed constant [Hull et al., 1998].
The fact that 6B are proportional to §®HT implies
that the HTF potential distribution through the layer
is linearly related to the magnetic field intensity profile.
Such a relationship drastically simplifies the determina-
tion of electron accessibility to regions within the shock
layer from the boundaries that define the shock system
[Hull et al., 1997; Hull, 1998], which is relevant to theo-
retical studies [Hull et al., 1998; Hull, 1998] of the effects
of the shock dc electric and magnetic fields on dispers-
ing the electron velocity distribution function and hence
changing the electron temperature as the electrons tra-
verse the shock layer.

The work of this paper provides a better understand-
ing of the interconnections between the various fluid
electron trends across collisionless, fast mode shocks
as may be governed by the shock macroscopic electric
and magnetic flelds. The incident ram energy is cen-
tral to the formation and the strength of the shock.
As mpr1/2, increases the magnetic field and plasma
get more compressed. The increase in AB coincides
with an increase in A®HT 5o as to preserve zero normal
current and quasi-neutrality. The correlation between
A®HT and AB provides a link between what energy
gets extracted from the flow, —A(m,U2/2), and what
goes into nondirected energy, AT, which was missing
in previous studies [Thomsen et al., 1987b; Schwartz
et al., 1988]. The mechanism responsible for this con-
version of directed electron energy is believed to be
the cross-shock potential A®HT which when combined
with the effect of the magnetic field (on magnetized elec-
trons) broadens the electron distribution and thereby
reversibly changes the electron temperature in lowest
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order, as suggested in previous studies [e.g., Goodrich
and Scudder, 1984; Scudder, 1995; Hull et al., 1998].
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