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[11 We have examined 178 interplanetary shocks observed by the Wind spacecraft to
establish which shock and plasma parameters are favorable for the production of upstream
Langmuir waves and therefore to determine which shocks are likely to generate
interplanetary Type II radio bursts. Of the 178 shocks included in this study, 43 produced
upstream Langmuir waves, as evinced by enhancements in wave power near the plasma
frequency. The large number of observed shocks permits the use of statistical tests to
determine which parameters control the upstream activity. The best predictor of activity is
the de Hoffmann-Teller speed, a result consistent with the fast Fermi model of electron
acceleration. Several other parameters, including the magnetic field strength and the level
of solar activity (but not the Mach number), are also correlated with upstream activity.
These additional parameters may be associated with an increased level of shock front
curvature or upstream structure, leading to the formation of upstream foreshock regions, or
with the generation of an upstream electron population favorable for shock reflection.

Citation: Pulupa, M. P., S. D. Bale, and J. C. Kasper (2010), Langmuir waves upstream of interplanetary shocks: Dependence
on shock and plasma parameters, J. Geophys. Res., 115, A04106, doi:10.1029/2009JA014680.

1. Introduction

[2] Interplanetary (IP) shocks, which are often driven by
IP coronal mass ejections (ICMEs), accelerate solar wind
electrons into foreshock regions upstream of the shock.
These regions are in some respects analogous to the fore-
shock regions upstream of the bow shocks of magnetized
bodies in the solar wind. In both types of foreshock region,
the reflected electron beams create unstable bump-on-tail
electron distribution functions, which excite a Landau res-
onance and create electrostatic oscillations known as
Langmuir waves. The Langmuir waves undergo a mode
conversion process and generate electromagnetic radio
waves at the plasma frequency f,, and 2f,,. These radio waves
propagate throughout the heliosphere and are used as a re-
mote diagnostic of electron acceleration at shocks. As an IP
shock propagates radially outward from the sun, the plasma
becomes less dense and the plasma frequency decreases.
The radio emission generated upstream of the shock is ob-
served on a radio spectrogram as a slowly drifting, often
patchy feature known as an IP Type II radio burst.

[3] IP Type II radio bursts are a primary method used to
track the progress of CME-driven shocks through the heli-
osphere. The decrease in the frequency of Type II emission
due to the decrease in local electron density, together with
an assumed radial electron density profile, can be used to
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measure the velocity of the shock [Cane et al., 1982], and
this measurement can be used as a tool in space weather
forecasting [Cremades et al., 2007]. In addition to mea-
surements of radial speed, direction finding techniques can
be used to provide information about the three-dimensional
structure of the shock [Hoang et al., 1998; Reiner et al.,
1998].

[4] It is still a matter of debate where on the CME-driven
shock surface the Type II burst is being generated. It would
be very valuable to know if Type II emission is generated
where the shock compression is strongest, or where the
shock front and upstream magnetic field are favorably
aligned, as that would allow us to determine if the emission
is always at the nose of the shock, or if it can also occur on
the flanks or on the trailing edges. This work is comple-
mentary to the direction finding technique of probing Type
II burst origins, in that it focuses on direct measurements of
the process in situ instead of remote reconstruction.

[5] Investigation of IP foreshock regions is guided by
previous studies of the terrestrial electron foreshock region.
The terrestrial electron foreshock is a commonly observed
feature of the quasiperpendicular terrestrial bow shock, and
copious in situ measurements of electron beams and elec-
trostatic oscillations present in the terrestrial foreshock have
been made for several decades. Upstream electrons origi-
nating at the bow shock accompanied by plasma frequency
noise were observed by the IMP and OGO spacecraft
[Anderson, 1968; Scarf et al., 1971]. Further upstream ob-
servations of electron beams [Anderson et al., 1979,
Feldman et al., 1983] and in situ measurements of Langmuir
waves [Filbert and Kellogg, 1979] were made by the ISEE
and IMP spacecraft. These early measurements confirmed

1 of 11


http://dx.doi.org/10.1029/2009JA014680

A04106

that the electron beams appear upstream of the shock when
the spacecraft is magnetically connected to the quasi-
perpendicular bow shock. These observations also estab-
lished the spatial structure of the electron foreshock,
showing that the strongest electron beams and the most
intense Langmuir waves occur near the edge of the electron
foreshock, where the upstream magnetic field is very nearly
perpendicular to the shock normal.

[6] Langmuir waves [Gurnett et al., 1979] and reflected
electrons [Potter, 1981] were observed upstream of IP
shocks, lending the support of in situ evidence to the theory
of the generation of IP Type II bursts by shock accelerated
electrons [Cane et al., 1981, 1987]. However, unambiguous
in situ observation of Type II source regions, including both
wave observations and plasma data which resolve the ac-
celerated electron beams, as first reported by Bale et al.
[1999], is rare. This comparative rarity is mainly due to
the necessity of high time resolution plasma measurements
to resolve the velocity dispersed electron beams which are
characteristic of upstream foreshock regions. A previous
study [Pulupa and Bale, 2008] made use of high cadence
"burst mode" electron measurements to resolve the velocity
dispersion of the electron beams and thereby measure the
dimensions of the foreshock region. However, burst mode
data is unavailable for the majority of shocks observed by
the Wind spacecraft, and of the shocks with burst mode
data, only three presented time-resolved velocity dispersed
beams.

[7]1 Wilson et al. [2007] used the Time Domain Sampler
(TDS) instrument from the Wind/WAVES plasma wave
experiment [Bougeret et al., 1995] to study the occurrence
of electrostatic waves in the vicinity of interplanetary
shocks, showing that the strongest waves occur in the shock
ramp itself, and in particular that the shock ramp is domi-
nated by large amplitude ion acoustic waves. TDS selects
specific waveform events to send in the telemetry stream,
and the selection algorithm preferentially selects large am-
plitude events. Due to this selection effect, two shocks with
similar levels of upstream Langmuir wave activity (LWA)
could appear different in the TDS data stream, depending on
the level of ion acoustic waves in the ramp or downstream
region. Therefore, in order to search for upstream Langmuir
waves, we use the low-frequency (4-256 kHz) Thermal
Noise Receiver (TNR) from Wind/WAVES, which offers
continuous coverage in the upstream region and a uniform
measurement of upstream activity at each shock. Langmuir
waves are apparent in a TNR spectrogram as intense en-
hancements of wave power at the plasma frequency, and the
presence of upstream Langmuir waves is a signature of IP
foreshock regions [Bale et al., 1999; Fitzenreiter et al.,
2003].

[8] A similar method was employed by Thejappa and
MacDowall [2000], who used data from the Ulysses Uni-
fied Radio and Plasma experiment to search for Langmuir
waves in the vicinity of IP shocks. Thejappa and MacDowall
[2000] found that Langmuir waves exist (1) primarily in the
upstream region, (2) at both quasiperpendicular and quasi-
parallel shocks, and (3) primarily at supercritical shocks.

[o] For any given shock crossing by a single spacecraft,
the presence or absence of upstream LWA is largely de-
termined by the local shock geometry. Furthermore, the
measurements of local shock parameters made at the
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crossing point will be different from those at the quasi-
perpendicular acceleration point of the electron beam, in-
troducing uncertainty into the calculation of these
parameters and their effect on the acceleration process.
Therefore, in order to investigate the effects of different
local and global shock parameters, as well as the locally
measured solar wind parameters, it is necessary to examine
many shocks. Wind has been in continuous operation since
1994, and has observed a sufficient number of IP shock
crossings to determine statistically which parameters control
the production of upstream Langmuir waves.

[10] The structure of the remainder of this paper is as
follows: Section 2 presents a brief review of the fast Fermi
theory of electron reflection at heliospheric shocks. Section
3 discusses the database of Wind IP shocks examined in this
study, and explains the algorithm used to automatically
determine which shocks exhibit Langmuir waves in the
upstream region. Section 4 describes the shock and plasma
parameters computed for each shock, and how the para-
meters relate to electron acceleration and the generation of
foreshock regions. Section 5 describes the results, showing
which of the calculated parameters control the generation of
upstream Langmuir waves, and section 6 briefly discusses
the implications of these results for the broader theory of
Type II radio bursts.

2. Brief Review of Fast Fermi Theory

[11] The fast Fermi (called “fast” because the energization
takes place in a single encounter, rather than the multiple
encounters of classic Fermi theory) model for the energi-
zation of thermal electrons at the terrestrial bow shock was
derived independently by Leroy and Mangeney [1984] and
Wu [1984]. The dynamics of electron acceleration in the fast
Fermi model are most tractable in the de Hoffmann-Teller
frame (HTF), in which the upstream plasma bulk velocity
and magnetic field are parallel and therefore there is no
upstream convective (V x B) electric field. The energization
of electrons in the upstream solar wind frame is a conse-
quence of the boost to the HTF, the reflection, and the boost
associated with the return to the solar wind frame.

[12] The transformation velocity to the HTF from the
normal incidence frame (NIF), in which the upstream bulk
velocity is antiparallel to the shock normal, is known as the
de Hoffmann-Teller velocity, and is given by:

(1)

[13] We denote quantities in the HT frame with a prime,
e.g., the parallel v{; and perpendicular v/ velocities. Vyr lies
in the shock plane parallel to the projection of the upstream
magnetic field into the shock plane. An electron with in-
coming parallel velocity vj will be reflected upstream with a
parallel velocity —v{| + 2V, and with an unchanged per-
pendicular velocity.

[14] The distribution of the reflected electrons is a loss
cone distribution. The opening angle « of the cone is set by
the ratio of upstream to downstream magnetic field, ac-
cording to the relation a = sin '(By/By). The loss cone is
modified by the presence of a frame-dependent potential
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Figure 1. Diagram illustrating process for reflection of upstream electrons according to the theory of
Leroy and Mangeney [1984] and Wu [1984]. The incident distribution is shown on the left in the solar
wind frame. Electrons which lie above the separatrix determined by the cross shock potential and mirror
ratio (described in equation (2)) are reflected, while the remaining electrons pass through the shock to the
downstream region. The ratio Vyt/Vy, is exaggerated compared to the measured ratio at a typical IP shock

for clarity.

across the shock, resulting from the differential motion of
protons and electrons through the shock layer. Goodrich
and Scudder [1984] showed that electron energy gain is
given by @', the cross shock potential in the HTF. @’ affects
the reflected distribution by drawing low energy electrons
through the shock to the downstream region, broadening the
loss cone for low values of v'. This loss cone broadening
has been observed in the terrestrial electron foreshock
[Larson et al., 1996].

[15] Assuming conservation of p for the upstream elec-
trons, the criterion for reflection in the HTF is:

12 1 1,
—m > & 4 = mv] 2
2mBu " (e +2mvH ()

[16] The reflection criterion defines a separatrix in ve-
locity space, which is plotted in Figure 1 as a dashed line.
Electrons lying above the dashed line will be reflected,
while those lying below will pass through the shock to the
downstream region.

[17] The main difference between the two original papers
describing the fast Fermi model is that Leroy and Mangeney
[1984] included the effect of @' and used a single Max-
wellian to model the electron population, while Wu [1984]
did not include @’ but included the effect of both the halo
and core electron populations, using a bi-Maxwellian dis-
tribution. Despite these differences, the models yield similar
results, and both concur that energization is most efficient
when the angle 6y, between the upstream magnetic field and
the shock normal is almost 90°. Test particles injected into
hybrid simulations of quasiperpendicular shocks have con-
firmed this dependence on 6y, [Krauss-Varban et al., 1989].

[18] Simulations of fast Fermi acceleration at nonplanar
shocks, using parameters similar to those encountered at the
terrestrial foreshock, show that parameters such as 6, can
vary significantly during a reflection due to shock curvature.
This variation limits the maximum energy of reflected
electrons, but effects of this limitation on observed fluxes at
a given energy are somewhat offset by focusing effects
[Krauss-Varban and Burgess, 1991]. Curvature may also be
important for IP foreshock regions, since the characteristic
dimensions of these regions are on the order of the dimen-
sions of the terrestrial bow shock [Pulupa and Bale, 2008].

[19] A model [Knock et al., 2001] using the fast Fermi
reflection mechanism to generate an electron beam and
stochastic growth theory [Cairns et al., 2000, and references
within] to model the conversion of electron beam energy
into radio emission has been applied to the foreshock region
studied by Bale et al. [1999], and yields results consistent
with observations. A refined version of this model [Knock et
al., 2003] predicts that foreshock emission is more likely to
appear upstream of fast shocks, shocks with more upstream
nonthermal electrons, shocks with large radii of curvature,
and shocks which propagate through high-density upstream
regions. Using Wind observations of a large number of
shocks, we can compare these results with in situ data.

3. Shock Database and Langmuir Wave Detection
Algorithm

[20] We use a database of IP shocks observed by Wind,
containing 382 interplanetary shocks observed between
1996 and 2004. This IP shock database consists of de-
terminations of the shock orientation and velocity, asymp-
totic upstream and downstream parameters, and more than
fifty derived quantities including wave speeds and Mach
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numbers. The database is available online (http:/www.cfa.
harvard.edu/shocks/) for multiple spacecraft, including
Wind, and has been successfully used in previous studies of
IP shocks ranging from solar cycle effects [Richardson et
al., 2006; Zhang et al., 2007] to shock microphysics
[Wilson et al., 2007].

[21] We now briefly review the shock analysis methods
employed in the database. We start with a merged data set of
solar wind plasma and field observations from the Faraday
Cup instruments and the Magnetic Field Investigation (MFI)
Wind [Ogilvie et al., 1995; Lepping et al., 1995]. This da-
tabase includes ion bulk properties including hydrogen and
helium bulk velocities, densities, temperatures, and tem-
perature anisotropies along with high-resolution magnetic
field measurements averaged to coincide with the Faraday
Cup observations. The data set is available publicly from the
National Space Science Data Center and has been described
in detail previously [Kasper et al., 2006]. The solar wind
observations are manually scanned for IP shocks, and can-
didate events exhibiting sudden changes in velocity, density,
temperature, and magnetic field strength are added to the
database. For each candidate event we then try to identify
10-15 minute long intervals of measurements upstream and
downstream of the shock itself that are representative of
asymptotic steady state conditions. Under the assumption
that the IP shock is described by the fluid MHD equations
and indeed is in a steady state, the change in the plasma
parameters across the shock must satisfy the Rankine-Hu-
goniot (RH) jump conditions. We then follow the algorithms
developed by Vinas and Scudder [1986] and Szabo [1994]
and identify the shock orientation that best simultaneously
satisfies all of the conserved quantities across the shock. In
addition to the full RH method, we also employ the velocity
and magnetic coplanarity techniques, and three mixed
methods that use combinations of the changes of the magnetic
field and velocity across the shock [4braham-Shrauner,
1972]. For each of the described methods, we determine
the shock orientation, shock speed, and asymptotic upstream
and downstream plasma values and their uncertainties in the
rest frame of the shock. The plasma values are then used to
calculate sound, Alfvén, and magnetosonic wave speeds,
and, combined with angles the shock makes with the up-
stream and downstream fields, the slow, intermediate, and
fast wave speeds. These speeds and angles are then used to
derive any desired fast, slow or critical Mach numbers. For
each derived parameter we store the uncertainty in the der-
ivation based on each method, and the overall standard
deviation in the value between all of the analysis methods.

[22] We have employed this large number of shock
analysis methods because we find that often many of the
methods produce a very similar result, while one or two
techniques (often the velocity or magnetic coplanarity
methods) produce very different results. For each shock the
results from each method are compared, outliers are re-
jected, and a consensus orientation is determined. As has
been noted previously [Szabo, 1994], it can sometimes be
difficult to identify an asymptotic interval, especially in the
disturbed region downstream of a shock where fluctuations
and sometimes coherent oscillations may be observed.
Sometimes, however, even in the presence of these fluc-
tuations, the different methods all produce similar results,
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and the event is kept in the list of analyzed shocks. If none
of the methods agree, or if there is a large uncertainty in the
derived parameters, then the shock is marked as question-
able and not used in further analysis. Finally, some of the
events turn out to be simple discontinuities and not shocks.
They are tracked in the database but also excluded.

[23] While the database includes fast, slow, forward, and
reverse [P shocks, only fast mode forward shocks were
analyzed in this study. In addition to the reasons described
above, shocks were also eliminated from this study for other
factors, including proximity to the terrestrial foreshock re-
gion, concurrent radio signals such as Type III radio bursts,
and gaps in the TNR instrument data set. After this selection
process, 178 shocks suitable for analysis remained.

[24] Each selected shock was analyzed for large increases
in power at the plasma frequency line in the upstream
region. In the TNR data, the plasma line is an ubiquitous
feature, located roughly at the plasma frequency, created by
the potential fluctuations which arise on the antenna due to
electron thermal motion [Meyer-Vernet and Perche, 1989].
Langmuir waves also appear at the plasma frequency, as a
bursty feature with a much higher intensity than the plasma
line from the thermal noise. In order to automatically
determine which IP shocks exhibit Langmuir waves, the
detection algorithm compares the peak upstream power in
the vicinity of the plasma line with the background power
from the thermal noise spectrum.

[25] The following simple algorithm was used to fit the
plasma line upstream of each shock. First, the plasma den-
sity, as measured by the PESA-L instrument from the Wind
3DP plasma suite [Lin et al., 1995], was used as an estimate
of the plasma frequency. A detection algorithm found the
plasma peak by searching for the highest TNR value in the
vicinity of the expected plasma frequency. The total power
in the plasma line for each TNR sample was estimated by
summing several bins around the peak bin.

[26] Each shock is assigned a des1gnated score (PLW/Pf)
determined by the ratio of the max1mum “Langmuir wave”
power to the “plasma wave” power, i.c., the maximum
power occurring in a short and bursty interval versus a
baseline of quiet time power. The Prw/P, scores for the
shocks in the database range from 1.03, for a very quiet and
steady upstream region, to 115.16, for a shock with the
largest measured upstream Langmuir waves. We choose a
PLW/Pf score of 10 as the threshold to separate the shocks
into two populations, those with upstream LWA and those
without. Section 5 describes the selection of this threshold in
further detail.

[27] Figure 2 shows several examples of the Langmuir
wave detection algorithm, using three example shocks. The
first panel in each plot shows the GSE magnetic field Bgsg
from MFL The second panel shows the proton density 7, as
measured by PESA-L. The arrival of the shock can be seen
as a sharp jump in plasma density and a discontinuity in the
magnetic field. The red vertical line on each plot shows
the time of shock arrival, and the black vertical lines delimit
the upstream interval where the algorithm searches for
Langmuir waves. The third panel shows the spectrogram
from TNR. The black and white dashed lines superimposed
on the TNR spectrogram show the frequency window con-
taining the bins summed to yield the plasma line power. The
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Figure 2. Three example shocks illustrating the Langmuir wave detection algorithm described in
section 3. Shown are the GSE magnetic field (first panel), the proton density (second panel), a spectro-
gram from the WAVES/TNR instrument (third panel), and the power in the vicinity of the plasma line
measured by TNR (fourth panel). Large, bursty increases in the power near the plasma line indicate
Langmuir waves. The red vertical line marks the arrival of the shock, and the upstream region is denoted by
black vertical lines. The white and black dashed lines on the spectrogram show the window over which the
TNR power was summed to yield the plasma line power.

fourth panel shows the power close to the plasma frequency
in the upstream region.

[28] Figure 2 (left) is an example of a shock with a quiet,
steady upstream region. There is almost no variation in the
upstream plasma frequency power, and the shock is
assigned a low Prw/Py score of 1.03. Figure 2 (middle)
shows a shock with moderate levels of LWA (PLw/Py, =
11.68), as shown by two short bursts of increased power
near the plasma line. Figure 2 (right) shows a shock with
very strong upstream LWA (PLw/P, = 64.34.) This shock
has been prev10usly studied [Bale et "al., 1999; Pulupa and
Bale, 2008], using in situ wave and parncle measurements.

4. KS Test and Parameter Testing
4.1.

[29] As shown in sections 1-3, the basic mechanism for
acceleration of electrons at IP shocks is reasonably well
understood, i.e., the electrons are reflected from quasi-
perpendicular connection sites via a fast Fermi process. In
this respect, IP foreshocks are directly analogous to the
terrestrial electron foreshock. However, while the terrestrial
foreshock is a steady state feature of the interaction between
the terrestrial magnetosphere and the solar wind, foreshock
regions are only seen at a minority of IP shock crossings.
Because foreshock regions occupy only a limited area of any
given shock front, there is no way to predict with certainty
whether an individual IP shock will show evidence of an IP

Test Procedure

foreshock region for a single spacecraft encounter. We
therefore must use statistical methods to determine the effect
of individual shock or plasma parameters on the production
of upstream electrons and the resultant Langmuir waves.

[30] The statistical procedure we use for a given parameter
x is as follows: choose a threshold value of the PLW/P, score
described in section 3, and from that threshold detérmine
which shocks exhibit upstream LWA. Next, compare the
distribution of parameter x for all observed shocks to
the distribution of x for the shocks with LWA. We use the
Kolmogorov-Smirnov (KS) test to compare the two dis-
tributions [Press et al., 1992, section 14]. The KS test for
two sample distributions works by comparing the cumula-
tive distribution functions (CDFs) Sy;(x) and Sna(x) of the
two samples. The KS statistic Digg measures the maximum
distance between the two CDFs:

Dgs =

— Sna(x)] 3)

S8k ol 1 ()

[31] The Dgg statistic is a measure of the difference
between two distributions. Two samples drawn from the
same distribution will lay atop each other when the CDF is
plotted (see the M; plot in Figure 3 for an example) and will
therefore have a small Dyg, while samples from different
distributions will show significant differences (see the Vit
plot in Figure 3) and Dgg will be large. Given the number of
samples and the Dyg statistic, the probability (Pks) that the
samples are from the same underlying distribution can be
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Figure 3. Results of the Kolmogorov-Smirnov test for the selected shock and plasma parameters. The

black line shows the CDF for all shocks. The red

line shows the CDF for the subset of shocks which

exhibit upstream Langmuir waves. The maximum difference between the two populations (the Dggs

statistic) can be used to calculate the probability
underlying distribution.

calculated. Parameters with greater influence on the gener-
ation of upstream Langmuir waves will have larger differ-
ences between the two distributions and, therefore, smaller
values of Pks.

4.2. Tested Parameters

[32] The above procedure can be applied to any continu-
ous shock or plasma parameter and used to determine
whether it is correlated with upstream LWA. In this section

6

(Pks) that the two populations come from the same

we list the selected test parameters and explain their rele-
vance to electron acceleration or the formation of foreshock
regions. All of the tested parameters, along with the results
of the tests, are shown in Figure 3.

[33] We test the upstream and downstream magnetic field
B, and By, as well as the magnetic compression ratio B,,.x/By.
When calculating the mirror ratio, we use B, the
maximum value of the magnetic field through the shock
transition, including the overshoot region if it is present,
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since the electron mirror ratio is determined by the maxi-
mum B encountered during the reflection process. The
downstream magnetic field is measured after any overshoot
or undershoot structure. We also test the analogous densi-
ties, ny, ng, and ng/ny,, although we use the asymptotic
downstream value to calculate the density compression.

[34] As can be seen from Figure 1, hot electron distribu-
tion will contain more electrons which lie above the loss
cone in velocity space and can be reflected. The measure-
ment of the downstream thermal velocity Vy,g is a mea-
surement of electron heating by the shock, as discussed by
Fitzenreiter et al. [2003]. We test both the upstream and
downstream thermal speeds as well as the ratio Vig/Ving-
Although the majority of reflected electrons come from the
halo portion of the solar wind distribution function, we use
the core electron temperature to determine Vy,. This choice
was made for ease of computation, and is justified by the
correlation between the core and halo temperatures
[Feldman et al., 1975]. The reflection process will also be
affected by temperature anisotropies in the solar wind
electron distribution, for this reason we calculate and test the
ratio between the perpendicular and parallel electron tem-
peratures, T/T).

[35] Plasma (3, the ratio of plasma pressure to magnetic
pressure, has been linked to the nonstationary structure of
shocks [see, e.g., Hellinger et al. 2002]. We use the total
plasma f3, including contributions from both ions and elec-
trons. We test 3, and (34, as well as the ratio 54/3,. We also
measure and test the upstream and downstream solar wind
velocities in the shock frame, ¥, and Vj.

[36] In addition to the above solar wind plasma para-
meters, we test various derived shock parameters. M, the
fast mode Mach number, given by My = V,/Vy, where V; is
the speed of the fast mode wave, is a measure of the strength
of the shock. The transition from subcritical to supercritical
Mach number is generally associated with changes in up-
stream shock structure due to reformation, and occurs at a
fast wave Mach number of 1-2 for typical solar wind plasma
conditions [Edmiston and Kennel, 1984]. Thejappa and
MacDowall [2000] found that shocks with Langmuir
waves tend to be supercritical.

[37] V, is the measured shock speed in the spacecraft
frame, calculated as described in section 3. For CME-driven
shocks, higher CME and shock speeds are associated with
increased probability that a given CME will drive a Type 1I-
producing shock [Cane et al., 1987; Gopalswamy et al.,
2005].

[38] Figure 1 shows the effect of Vyr and @' on the
electron reflection process, so these variables are a natural
choice to test. Since the fraction of electrons which lie above
the velocity space separatrix is dependent on the thermal
speed of the electrons, we also test the two parameters
normalized to the upstream electron thermal velocity.

[39] Vur is calculated according to equation (1). Vg is
obtained by setting v'; = 0 in equation (2) and solving for
V' . If we approximate ®' using the relation eAd' = 2AT,
[Hull et al., 2000], then

To4—T, B, \"* @
Tu Bdeu

Vo /Vin = (2
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[40] Figure 1 shows that a Vg/Vy, ratio close to or above 1
implies that most of the core electrons cannot be reflected by
the shock. This condition obtains for most IP shocks in this
study, implying that the halo population is especially im-
portant for the formation of the electron beam.

[41] The fast Fermi theory relies on the adiabatic nature of
the electron encounter with the shock. We test ryy/(c/wpi),
the electron Larmor radius divided by the ion inertial length,
to check the validity of this assumption. Simulations [e.g.,
Burgess, 2006] show that substructure exists within shock
transition regions which is on the order of the ion inertial
length c/wy;, so this is the relevant length scale for reflection.
Therefore, the ratio of a halo electron Larmor radius to c/wy;
is a measure of how well the assumption of small gyroradius
(and therefore adiabatic motion) ought to hold. Numerically,
rLn/(c/wpi) is equivalent to (mvy)/(Mv,) and is given by:

mvy

rho (mvp 1 ne* 1/27

c/wpi_(eB> (50M) T My,

En(eV)/?-n(cm=3)
B(nT)

12 (5)
~ 0.015 -

where Ey, = émvf1 is the energy of a halo electron, typically
about 6 times the energy of a core electron [Feldman et al.,
1975]. We use Bax, the maximum magnetic field observed
in the shock transition, in equation (5), and the downstream
value for the density ng.

[42] Finally, we calculate and test the effect of SSN, the
daily sunspot number, a standard measure of solar activity.
The sunspot number used for any given shock is the daily
number for the day the shock was launched, as opposed to
the day the spacecraft encountered the shock. We choose
this convected sunspot number as a rough measure of the
complexity of structure in the solar wind through which the
shock will propagate.

5. Results

[43] As mentioned in section 3, we choose a threshold
value of PLW/P,'; to distinguish between shocks with LWA
and those without. In Figure 4 (top), the number of shocks
with Ppw/Py, greater than a given threshold (i.e., the number
of shocks NLW with LWA) is plotted versus threshold value.
A histogram of Prw/Py is also plotted. It is not immediately
apparent from the Niw plot or the histogram that there are
two distinct populatlons of shocks, although the histogram
data shows a minimum around a PLW/Pf value of 10, pos-
sibly indicating a break between populatlons To confirm
that this value is a good separator, we use the KS test.
Figure 4 (bottom) shows variation of Pxg with different
choices of PLW/Pf threshold for several of the parameters
described in section 4. All parameters start at a Pig value of
1, a result of the trivial equality of the two populations when
there is no required increase in activity near the plasma line
for a shock to be counted as a Langmuir wave shock.
Parameters which have a strong controlling effect on LWA
will tend toward low values of Pxs. Several of the predictive
parameters plotted in Figure 4 (Vyt, SSN, Bax/By) show a
sharp downward trend followed by more stable behavior
starting at threshold values of ~8—10, justifying use of 10 as
a PLw/Py, threshold. Beyond this point, no parameter shows
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Figure 4. (top) The number of shocks exhibiting upstream
Langmulr waves versus threshold Prw/Py, showing that
there is no clear cutoff value for LWA. A hlstogram of
Prw/Py, values is also plotted, with the right axis showing
the counts in each histogram bin. Seventy-nine shocks lie
in the lowest bin. (bottom) Pkg values for different threshold
values of PLW/P, The Pyg statistic varies considerably for
many tested parameters for threshold values of PLw/Py,
ranging from 1 to 8, but after 8§ the Pxg remains falrly
steady, justifying the selection of a threshold value of 10.

increased predictive ability. We therefore use for the re-
mainder of this paper a Prw/Py, score of 10 to separate the
two populations of shocks. A total of 43 shocks out of the
178 forward shocks analyzed (24%) produced upstream
Langmuir waves, which agrees quite well with the result of
Thejappa and MacDowall [2000], who observed upstream
activity at 31 of 160 interplanetary shocks (19%), and at 22
of 97 forward shocks (23%).

[44] Most tested parameters, both measured and derived,
show some association with upstream Langmuir wave
activity, as can be seen by examining the CDF plots in
Figure 3. The direction of the effect, i.e., whether an in-
crease or decrease in the parameter is associated with ac-
tivity, is apparent from which direction the red line (shocks
with LWA) in the KS plot is shifted compared to the black
line (all shocks). The magnitude of the effect is shown by
Pys, which is the probability that the LWA CDF for a given
parameter could be drawn randomly from the distribution of
all shocks. Following Press et al. [1992, section 14], we use
Pys ~ 0.2 as a rough dividing line between parameters
which have a significant effect on LWA and those that do
not; for parameters with Pxg >~ 0.2 the KS test essentially
states that there is no statistically significant difference
between the two distributions.

PULUPA ET AL.: LANGMUIR WAVES UPSTREAM OF IP SHOCKS

A04106

[45] Since many of the derived parameters are combina-
tions of the measured parameters, comparing the relative
Pxs values allows us to determine which components of
derived quantities are most crucial to the physics of electron
acceleration. For example, the best predictor of LWA is the
de Hoffmann-Teller speed Vyr. The calculation of Vit in-
corporates both 6y, and ¥, and comparison of the relative
Pxs scores shows that Vgt is a much better predictor than
either measured parameter by itself.

[46] This case can be contrasted with ry/(c/wpi), which is
also strongly associated with LWA. However, the absolute
strength of the magnetic field are better predictors than
the derived quantity ry4/(c/wy;), s0 we can conclude that B is
the most important factor in determining the validity of the
adiabatic reflection assumption, for the typical range of
parameters encountered in the solar wind. In terms of the
physics of electron reflection, this corresponds to the fact
that in regions of low magnetic field, electrons can become
demagnetized and drift away from regions where accelera-
tion is favored.

[47] The strength of the cross shock potential, expressed
as a critical velocity V', for reflection, is also associated with
increased LWA. The normalized quantities Vy1/Vy, and
Vy4/Vin are roughly equally good as predictors as the un-
normalized quantities, despite the fact that higher thermal
velocities should lead to more and higher-energy electrons
reflected from the shock front. This contradiction can be
explained by observing that V', is of the order of V4, and that
therefore most of the core thermal population of electrons
will be drawn through the shock front by the cross shock
potential into the downstream region. Therefore, the relevant
population of electrons is the halo. Although the density and
temperature of the halo are well correlated to the density and
temperature of the core [Feldman et al., 1975], the variation
in these parameters and the fact that the bulk velocity of the
halo may not coincide with the core bulk velocity means that
the core thermal speed is an imprecise proxy for the thermal
speed of the reflected electrons.

[48] Surprisingly, the temperature anisotropy analysis
shows that shocks with low T, are correlated with LWA,
despite the fact that high 7', should lead to more reflected
electrons, according to equation (2). This result may also be
due to the difference between the core and halo population;
the measured temperature anisotropy we use is for the core
population, and the statistics of the halo anisotropy are quite
different [Stverdk et al., 2008].

[49] A significant finding of Thejappa and MacDowall
[2000] was that Langmuir waves occur upstream of both
quasiperpendicular shocks and quasiparallel shocks. We
confirm this finding, however, we find that quasiperpendi-
cular shocks are highly favored to produce upstream waves,
as expected from fast Fermi theory. The few instances of
quasiparallel shocks with observed LWA may be a result of
the fact that the single spacecraft measurement of 6y, is
made at the point that the spacecraft crosses the shock, and
not at the point on the shock where the electrons are ac-
celerated. Nonplanar shock structure and curvature or dif-
fusion of the upstream magnetic field could cause the
measurement of 6y, to differ between these two points.

[so] Both the magnetic compression and the density
compression ratios exhibit only a weak relationship with
LWA compared to those due to the upstream and down-
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Table 1. For Each Tested Parameter, the Kolmogorov-Smirnov
Statistic Dgg and the Associated Significance Pgg, Comparing
the Distribution of All Shocks to Shocks With Langmuir Waves,
and Using a Py w/Pg, Threshold of 10

Quantity Dxs Pxs

Vir 0.3736 0.0001
Virt/Vina 0.3457 0.0006
By 0.3154 0.0022
B, 0.3062 0.0032
rLnl(clwpi) 0.2951 0.0053
Vs 0.2685 0.0143
T1/T) 0.2675 0.0151
SSN 0.2654 0.0160
v, 0.2649 0.0163
Va 0.2643 0.0166
Vy 0.2638 0.0170
Ve 0.2607 0.0271
Vind/Vinu 0.2474 0.0308
Bq 0.2436 0.0349
Vind 0.2415 0.0375
Opn 0.2267 0.0591
g 0.2051 0.1120
Vol Vina 0.2095 0.1243
B 0.1964 0.1432
Binax/Bu 0.1817 0.2076
ng 0.1764 0.2366
ng/ny 0.1736 0.2530
Bd/Bu 0.1470 0.4530
Vi 0.1336 0.5757
M; 0.1115 0.7876

stream absolute values of B and n. In the case of the mag-
netic compression, this implies that the opening angle « of
the magnetic mirror has a much smaller influence on the
appearance of upstream waves than does B or Vyr.

[51] We find that the fast Mach number M of the shock is
unimportant in predicting LWA. This is true despite the fact
that both the shock velocity ¥ and the Alfvén velocity Va
are reasonably good predictors of upstream activity. The
dependence of LWA on V, is likely due to the dependence
of V5 on B. Since high ¥ and high Vs are both correlated
with upstream activity and both correlations are comparable
in magnitude, the combined effects effectively cancel out
dependence on My However, this result is not inconsistent
with the findings of Thejappa and MacDowall [2000] that
most LWA is found upstream of supercritical shocks; we
suggest that it is simply a corollary of the fact that most IP
shocks are supercritical at helioradial distances equal to or
greater than 1 AU.

[52] We also find that the sunspot number is quite good as
a predictor of upstream LWA at a given shock. There are
two possible explanations for this effect. The first is that the
variation in the solar cycle causes variation in shock and
plasma parameters which control LWA. Several solar wind
parameters are correlated well with solar activity, including
wind speed and magnetic field [see, e.g., Veselovsky et al.,
2000]. However, electron heat flux does not vary with so-
lar activity [Scime et al., 2001]. The other explanation is that
shock structure may be sensitive to the environment into
which the shock propagates through the heliosphere. A
shock propagating into a relatively quiet solar wind envi-
ronment, such as that found during periods of low solar
activity, encounters a more homogeneous environment than
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a shock propagating into the relatively variable solar wind
existing during periods of intense solar activity. Inhomo-
geneities may lead to differences in shock formation and a
greater level of structure on the front of the shock, creating
favorable conditions for the generation of foreshock bays.

[53] Table 1 lists all of the analyzed shock and plasma
parameters, in order of decreasing correlation with upstream
Langmuir wave activity.

6. Discussion and Summary

[54] The results of section 5 emphasize the complexity of
Type II radio burst generation. Pulupa and Bale [2008] have
shown that the characteristic scale of foreshock bays is on the
order of tens to hundreds of Mm, but parameters on scales
both significantly smaller (r1.1/(c/wy;), which describes structure
on the scale of the shock width) and significantly larger (SSN,
which serves as a proxy of structure in the entire solar wind)
than this also play a role in determining the existence of
upstream Langmuir waves.

[55] A picture of the dependence of Type II radio bursts
on shock and plasma parameters emerges from these results,
as follows: An IP shock is launched into the heliosphere. If
the shock propagates into a highly inhomogeneous envi-
ronment, it is likely to develop structure on the shock front,
which by 1 AU has the characteristic dimensions of the
observed foreshock bays. A shock which forms a foreshock
region can accelerate electrons effectively to form electron
beams and Langmuir waves, if the following conditions
apply: the local HT speed is large compared to the speed of
the typical halo electron, and the magnetic field is strong
enough to keep the electron bound to a quasiperpendicular
acceleration site throughout its encounter with the shock.
For a given shock crossing, whether the spacecraft en-
counters LWA depends on the exact location of the crossing
on the shock front.

[s56] In summary, we have surveyed a large number of
shocks observed by the Wind spacecraft, searching for up-
stream Langmuir waves using the TNR instrument on Wind/
WAVES and statistically analyzing the data set to determine
which parameters affect upstream activity. We show that
Vit is clearly the best predictor of upstream LWA. This
agrees well with the predictions of fast Fermi theory. We
confirm the conclusions of Thejappa and MacDowall
[2000] that LWA occurs upstream of slightly more than
20% of interplanetary fast shocks, and that activity occurs
upstream of both quasiperpendicular and quasiparallel
shocks. However, we note that there is a strong preference
for quasiperpendicular shocks, and that observations of
quasiparallel shocks may be an artifact of nonlocal mea-
surements of the upstream connection site. Of the para-
meters measured by both this study and calculated by Knock
et al. [2003], we agree that upstream activity is very sen-
sitive to the upstream speed of the shock. However, we find
that shocks with lower rather than higher upstream densities
are favored for LWA. We show an intriguing relationship
between LWA and solar activity, which may indicate that
structure in the solar wind leads to corresponding structure
on shock fronts. The ratio between the Larmor radius and
the ion inertial length is also a good predictor of upstream
activity, which suggests that the microphysics of shock
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structure also is important. The large number of parameters
which are associated with upstream LWA underscores the
complexity of Type II burst generation and suggests that a
complete model of Type II generation must include both the
microphysics of shock structure and the global view of the
solar wind into which the IP shock is propagating.
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