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Abstract. Previous work has shown that solar wind suprathermal electrons can display a
number of features in terms of their anisotropy. Of importance is the occurrence of counter-
streaming electron patterns, i.e., with “beams” both parallel and anti-parallel to the local
magnetic field, which is believed to shed light on the heliospheric magnetic field topology. In
the present study, we use STEREO data to obtain the statistical properties of counter-
streaming suprathermal electrons (CSEs) in the vicinity of corotating interaction regions
(CIRs) during the period March — December 2007. Because this period corresponds to a
minimum of solar activity, the results are unrelated to the sampling of large-scale coronal
mass ejections, which can lead to CSE owing to their closed magnetic field topology. The
present study statistically confirms that CSEs are primarily the result of suprathermal electron
leakage from the compressed CIR into the upstream regions with the combined occurrence of
halo depletion at 90° pitch angle. The occurrence rate of CSE is found to be about 15-20% on
average during the period analyzed (depending on the criteria used), but superposed epoch
analysis demonstrates that CSEs are preferentially observed both before and after the passage
of the stream interface (with peak occurrence rate > 35% in the trailing high speed stream), as
well as both inside and outside CIRs. The results quantitatively show that CSEs are common
in the solar wind during solar minimum, but yet they suggest that such distributions would be
much more common if pitch angle scattering were absent. We further argue that (1) the
formation of shocks contributes to the occurrence of enhanced counter-streaming sunward-
directed fluxes, but does not appear to be a necessary condition, and (2) that the presence of
small-scale transients with closed-field topologies likely also contributes to the occurrence of
counter-streaming patterns, but only in the slow solar wind prior to CIRs.

1. Introduction

1.1. Counter-streaming suprathermal electron patterns

Owing to their mean-free path of order 1 AU, solar wind suprathermal electrons are essentially collision-less.
They travel freely along the magnetic field while thermal electrons and ions are essentially bound to one another in
the solar wind rest frame. Up to about 2 keV, solar wind electrons can be decomposed into three main populations
(e.g., Feldman et al., 1975; Pilipp et al., 1987a): (1) the “core” population, extending from zero to several tens of

eV and whose density, temperature and anisotropy are variable; (2) the “halo” population, a tenuous and generally
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isotropic suprathermal population (typically above 70 eV); and (3) the “strahl”, an intense beam of suprathermal
electrons aligned to the magnetic field and directed outward from the Sun; it carries a substantial heat flux away
from the solar corona. Solar wind electron spectra near 1 AU are characterized by a clear spectral breakpoint
around 70 eV that separates the halo and strahl from the thermal electrons.

There often occur substantial departures from the general characteristics of solar wind electrons given above.
This is specifically true for the suprathermal populations (halo and strahl) whose properties shed light on the
heliospheric magnetic topology (e.g., Gosling et al., 1987; Gosling, 1990; Kahler and Lin, 1994). In particular,
counter-streaming, i.e., sunward-directed suprathermal electron beam-like features are frequently observed in the
solar wind.

(1) Strahl broadening at heliospheric distances beyond 1 AU (Hammond et al., 1996) may occur due to wave-
particle interactions and pitch angle (PA) scattering (e.g., Gary et al., 1994; Vocks et al., 2005; Saito and Gary,
2007; de Koning et al., 2007; Owens et al., 2008; and references therein). This process is also deemed to contribute
to the formation of the sunward-directed portion of the roughly isotropic halo population (Gosling et al., 2001a;
Maksimovic et al., 2005; Stverdk et al., 2009), which cannot be reproduced by simple exospheric solar wind
models (Lie-Svendsen et al., 1997; Pierrard et al., 1999; Maksimovic et al., 2005).

(2) Counter-streaming beam patterns may occur owing to the presence of magnetic field enhancements, e.g.,
within corotating interaction regions and at their bounding shocks (CIR; cf. Pizzo (1978) and Gosling and Pizzo
(1999)), downstream along magnetic field lines from the observation point. The backscattering there likely results
from wave-particle interactions and shock heating combined with simple adiabatic mirroring and particle leakage
into the upstream regions of the CIR (Gosling et al., 1993; Steinberg et al., 2005; Skoug et al., 2006). This is
discussed in further details in Section 4.

(3) Another feature of suprathermal solar wind electrons are halo depletions at 90° PA (Gosling et al., 2001a;
2002; Skoug et al., 2006). From visual inspection, Gosling et al. (2001a) found that about 10% of the 272 eV
electron PA distributions measured by ACE at 1 AU show a significant depletion in phase space density (PSD)
centered at 90°. They explained such depletions as the result of adiabatic mirroring and focusing of suprathermal
electrons when a magnetic field enhancement is present farther out along the magnetic field line. The PA depletion
width at a given observation point is then related to the ratio of the maximum field strength farther out to that
measured locally (cf. Figure 1). Unlike CIR-leakage and shock-related counter-streaming electron patterns (cf.
point (2) above and Section 4 later), which lead to an enhancement in the PSD of the counter-streaming part of the
population, the apparent counter-streaming that results from such depletions of the halo population is deemed to
come from an actual decrease in PSD centered at 90° owing to conservation of the first adiabatic invariant.
Differentiation between the two processes is sometimes difficult because both effects can be present
simultaneously (Steinberg et al., 2005).

(4) Subject to less controversy, counter-streaming strahls are also observed within closed solar wind field lines
with both ends attached to the Sun, such as within interplanetary coronal mass ejections (ICMEs) (e.g., Zwickl et
al., 1983; Pilipp et al., 1987b; Gosling et al., 1987; 2002, Gosling, 1990) and newly closed field regions following
from magnetic reconnection in the solar wind at the heliospheric current sheet (HCS) (Gosling et al., 2006;

Lavraud et al., 2009).

1.2. Structure of corotating interaction regions

Corotating interaction regions (CIRs; cf. Figure 2) are due to the overtaking (e.g., Sarabhai, 1963; Neugebauer

and Snyder, 1966; Carovillano and Siscoe, 1969) of the slow solar wind from the vicinity of the heliospheric
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current sheet (HCS) (Schulz, 1973) by the fast solar wind that emanates from the adjacent trailing coronal hole
(e.g., Gosling and Pizzo (1999), and references therein). The HCS is typically embedded within slow and dense
solar wind, forming a region generally called the heliospheric plasma sheet (in analogy to that in Earth’s
magnetospheric tail) (e.g., Burlaga et al., 1990; Winterhalter et al., 1994). The slow solar wind that is sunward of
the HCS is what directly interacts with the trailing fast solar wind (although the HCS is often already caught up by
the CIR at 1 AU). Both these winds usually have the same magnetic field polarity since they are on the same side
of the HCS. The boundary between the slow and fast solar winds is termed the stream interface (SI) (Burlaga,
1974; Gosling et al., 1978). As depicted in Figure 2, this interaction leads to the formation of a compression region
(grey area in Figure 2) with enhanced densities and magnetic field strengths (e.g., Pizzo, 1978; Gosling and Pizzo,
1999). Depending on the local plasma properties and geometry of the magnetic field and flow, forward and reverse
shocks may form ahead and behind the compression region (long edges of the grey area in Figure 2). These
typically form beyond 1 AU (Hundhausen, 1973). The magnetic field lines that thread the compression region
extend “upstream” into both the uncompressed slow and fast solar wind. This leads to a magnetic strength profile
along magnetic field lines threading a CIR that resembles that sketched in Figure 1. This topology is expected on
both sides of the CIR.

In the present paper, we investigate the properties of solar wind suprathermal electron PA distributions using
STEREO data during March 1 — December 31, 2007. Under the prevalent solar minimum conditions of this period,
the processes identified in Section 1.1 as responsible for counter-streaming suprathermal electron patterns are
deemed to be related primarily to the nearby presence of structures such as CIRs and shocks. Previous work on
counter-streaming electrons associated with CIRs and shocks have been largely based on a few case studies
(Gosling et al., 2001a, 2002; Steinberg et al., 2005; Skoug et al., 2006). The aim of the present statistical study is to
(1) quantify the occurrence rate of CSE as a function of definition criteria, (2) determine the CSE occurrence rate
as a function of location relative to CIRs in order to demonstrate the aforementioned relationship, and (3)
investigate the potential roles of pitch angle scattering and the presence of CIR-bounding shocks.

In the following, we define as “counter-streaming electron” (CSE) events those PA distributions that show
higher phase space densities (PSDs) in both the field-aligned and anti-field-aligned directions as compared to the
perpendicular (90° PA) direction. Section 2 presents the data used in the study. In Section 3 we use an event to
illustrate the occurrence of CSE patterns, and then perform statistical analyses of the dataset. We discuss the results

in Section 4 and give the conclusions in Section 5.

2. Instrumentation

The Solar Terrestrial Relations Observatory (STEREO; Kaiser et al., 2008) mission consists of two spacecraft
that slowly drift ahead (referred to as ST-A) and behind (referred to as ST-B) the Earth on similar orbits around the
Sun. The mission was designed to study solar phenomena stereoscopically and to study solar wind structures in a
multi-spacecraft fashion. Here we primarily use data from the two Solar Wind Electron Analyzers (SWEA)
(Sauvaud et al., 2008) and MAGnetometers (MAG) (Acuia et al., 2008) from the In-situ Measurements of
PArticles and CME Transients (IMPACT) instrument suite (Luhmann et al., 2008), complemented by ion data
from the PLasma And Supra-Thermal Ion Composition (PLASTIC) instruments (Galvin et al., 2008).

Identical instruments are present onboard each of the two STEREO spacecraft. The spacecraft are non-spinning
due to the solar imaging requirements of the mission. The SWEA electron instruments are top-hat electrostatic
analyzers with an additional deflection system (from setting a finite potential on two curved plates at its entrance)

that allows measurement of incoming particles up to angles of £ ~65° from the regular top-hat entrance (which
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looks in the plane perpendicular to the Sun-spacecraft direction), in the energy range [~0, 2] keV. The SWEA
instruments thus measure most of the electron distribution function (~80% of the unit sphere) apart from two cones
centered in the sunward and anti-sunward directions. When the magnetic field lies in these cones, pitch angle
coverage is limited. Such data are not used for statistical analyses as explained in section 3.2.1.

The data from the normal telemetry mode used here consist of 3D distribution functions with 16 energy bins and
a resolution of ~22.5° in azimuth and ~21.7° in polar angles. They are obtained from 2 second measurement
intervals every 30 seconds. The primary data used here are PA distributions for the energy bin centered at ~250 eV.
This energy is used here as characteristic of the suprathermal population and well above the energy where
significant field-aligned anisotropies in the core distribution can affect the suprathermal PA distribution (e.g.,
Phillips et al., 1989; Phillips and Gosling, 1990), consistent with previous studies (cf. introduction). PA

distributions have been transformed to the solar wind frame using ion flow measurements.

3. Observations

3.1. Event illustration

Figure 3 shows solar wind ion, electron and magnetic field data from ST-A (cf. caption for details) for a 3-day
interval starting August 6, 2007. This interval provides an illustration of a typical CIR crossing during the
STEREO era under study.

The beginning of the interval shows the period prior to the CIR. The solar wind speed and magnetic field
strength were low and the strahl was first observed anti-field-aligned at PA 180° (panel (c)). The HCS, where the
magnetic field switched polarity from toward to away from the Sun, was crossed at about 4:30 UT on August 6.
After the HCS, the strahl thus became field-aligned (PA 0°) for the remainder of the interval displayed. Note that
the magnetic signature of the HCS becomes evident when a zoom-in with an adapted y-axis scale is performed (not
shown). After the HCS, ST-A still observed typical slow solar wind until about 3 UT on August 7 when all
parameters intensified, marking the entrance into the compression region. The SI was observed inside the
compressed region at 07:10 UT when the ion density dropped and the temperature increased, together with a jump
in solar wind speed. This boundary clearly separated two very different plasma regimes. After the SI, ST-A stayed
in the compression region for a while before definitely entering the pristine high-speed solar wind stream at ~14
UT.

There were no forward or reverse shocks bounding this CIR (cf. shock list compiled by L. Jian:

http://.ssc.igpp.ucla.edu/forms/stereo/stereo_level 3.html), although steep magnetic field gradients can be observed

on occasions (e.g., ~4 UT and ~20 UT on August 7, and ~6 UT on August 8). Although shocks do develop on
occasion at 1 AU on the edges of CIRs, this event was chosen specifically because it lacks the presence of
bounding shocks. Despite this absence of shocks, suprathermal electron phase space densities (PSDs) are strongly
enhanced inside the compression region at all PAs. This provides a source of enhanced PSD for subsequent
leakage, as discussed in Section 4.

CSEs are observed primarily on four occasions in the vicinity of this CIR (thick black arrows in panel (c)). The
first occurrence is around ~0 UT on August 7. This corresponds to a period prior to entry into the compression
region, and thus prior to the SI. The second to fourth occurrences are around 12 UT on August 7, and around 2 and
9 UT on August 8. Those intervals are inside the compression region: CSE patterns are thus not confined to regions

outside CIRs. The last period of CSE pattern is observed outside the CIR between 14 and 18 UT on August 8.
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After about 18 UT on August 8, the CSE pattern disappears. This disappearance corresponds to a decrease of
PSD in the counter-streaming direction at 180°, as compared to the CSE around 9 UT. The enhanced PSDs
measured in the counter-streaming direction (at 180°) around 9 UT are thus presumably due to leakage of electrons
from stronger field regions of the CIR, since those are absent at larger distances away from the CIR (after 18UT).
In addition to enhanced PSD values at 180°, the PSD values are clearly depressed at 90° around 9 UT as compared
to values observed at 90° after 18 UT on August 8. This confirms that leakage of enhanced counter-streaming
PSDs from CIRs (Gosling et al., 1993) and the process of 90° halo depletion (Gosling et al., 2001a) both conspire
to create strong CSE patterns in the PA spectrograms, as suggested by Steinberg et al. (2005).

3.2. Statistical analyses of CSE

3.2.1. Data treatment and analysis

We utilized all STEREO data from the period March 1 — December 31, 2007. We used 10 minute averages of
the electron PA distributions and magnetic field calculated in the following manner. Individual PA distributions are
calculated using 2s electron distribution functions (i.e., 96 look directions: 16 azimuth and 6 polar angles) and the
average magnetic field during that 2s interval. Individual PA distributions used here are made of 18 bins (10° each)
from a re-sampling of the 96 PAs of each original look direction. Individual 2s electron distribution functions are
telemetered only every 30s. Twenty consecutive PA distributions are thus used to create the 10 minute averages.
Therefore, only magnetic field changes at scales shorter than 2s during any sample may affect the resulting
averaged PA distribution. For the electron data such averaging is needed because the count rate at ~250 eV, in the
large depletions for individual distributions, is sometimes close to the 1-count level when the ambient solar wind
has a low density. The SWEA instruments do not measure in two cones (25° half width) directed towards and away
from the Sun. Therefore, all data from intervals when the magnetic field had a strong radial component lead to
truncated PA distributions, with a lack of data for PAs around 0° and 180°. In our analyses we removed all such
PA distributions that did not have full PA coverage (corresponding to ~15% of the original dataset).

For each 10 minute PA distribution, we collect the average PSD values from 0 to 20°, 90+10° and 160 to 180°.
The highest value of either 0° or 180° is labeled as the strahl level; the lower corresponds to the halo level (Figure
4); note this halo level may correspond to an enhanced PSD level, compared to the true halo, if strong back-
scattering or heating occurs in association with CIRs. The PSD value at 90° then allows us to identify a possible
counter-streaming beam pattern and to quantify its magnitude. We remind here that we term CSE those PA
distributions for which the field-aligned and anti-field-aligned PSD are higher than at 90°. In the following we
consider the PSD value at 90° PA relative to the halo PSD value as defined above. We term this the “depletion
value”. For instance, a depletion value of 0.8 corresponds to a 20% reduction in the PSD value at 90° as compared
to the halo value at 0° or 180° as the case may be. We also estimate the full width at half maximum (FWHM) of
the depletions, using a polynomial fitting procedure on the full PA distribution (with 18 angular bins), for depletion
values of 0.8 and lower.

Because our prime interest is the relationship between CSEs and CIRs, which dominantly recur during solar
minimum, we removed four known ICME intervals from the analyses (list compiled by L. Jian:

http://ssc.igpp.ucla.edu/forms/stereo/stereo_level 3.html).

3.2.2. Statistical results
Table 1 shows the CSE occurrence rate at each spacecraft for four separate depletion value thresholds. It shows

the percentage of CSE identified for the given depletion value threshold within the entire dataset of PA
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distributions available for analysis. The results show that stronger CSE depletions are less common, which is
expected. Overall, these occurrence rates are comparable to the value of 10% estimated by Gosling et al. (2001a)
from a visual survey of ACE data, and which were attributed to the process of 90° PA depletion described in that
paper. We note from Table 1 that the percentage of CSE events observed at ST-B is systematically greater than that
at ST-A, whatever the depletion value threshold. This is possibly related to ST-B being somewhat farther from the
Sun, where CIRs have further developed and magnetic field strengths are lower on average.

Figure 5(a) shows the normalized (to the peak values) occurrence distributions of the solar wind ion bulk speed
for times of CSE (solid line; depletion value threshold of 0.8) and for the whole dataset (dashed line), for ST-A and
ST-B combined. This plot shows a tendency for CSE to occur in a bimodal fashion with preference for low and
high speed solar wind, and a lower occurrence at intermediate speeds (400-500 km/s). The distribution of solar
wind speeds for all data shows a predominance of slow solar wind with a monotonic gradual decrease towards fast
wind.

Figure 5(b) shows the occurrence distributions of the magnetic field strength, normalized to the peak
occurrence, for ST-A and ST-B combined. The solid line displays the occurrence distribution of magnetic field
strength for times of CSE (for a depletion value threshold of 0.8) and the dashed line shows that for the whole
dataset. Figure 5(b) shows that the magnetic field magnitude is not significantly lower, on average, for times of
CSE (solid lines) than for all data (dashed lines).

Figure 6 shows a scatter plot of the full width at half maximum (FWHM, from a polynomial fitting procedure)
of the CSE PA distributions as a function of the depletion value, for ST-A and ST-B combined. It shows an
increase in the width of the depletion for decreasing depletion value.

Note that the trends observed in Figures 5 and 6 are essentially similar if plotted for each spacecraft separately

(not shown).

3.2.3. Superposed epoch analysis

Table 2 gives times of SIs associated with CIRs during the period of interest for both ST-A and ST-B. This list
was built from a visual examination of ion and magnetic field data. The selection of the SI times was based on the
expectation of a density decrease, a temperature increase, a bulk speed increase, and a nearby maximum in
magnetic field strength (Burlaga, 1974; Gosling et al., 1978). For an SI to be in the list, we further required that
either one of the two spacecraft observed a speed enhancement larger than 200 km/s over the inferred CIR, from
the pristine slow wind to the fast wind. We estimate possible errors on these times to be of the order of a few hours.
Such errors do not affect the results described later in major ways, as verified by separately using the SI list

compiled by L. Jian (http://www.ssc.igpp.ucla.edu/forms/stereo/stereo_level 3.html), which only extends as of the

time of writing until October 2007.

All usable data points were assigned a time relative to the closest stream interface from Table 2 for each
spacecraft independently. Figure 7 shows the normalized (to peak value) CSE occurrence (solid line) as a function
of epoch relative to stream interfaces (epoch zero). The dashed line shows the normalized (to peak value)
occurrence for all data, i.e., with and without CSE. The dotted line shows the CSE occurrence relative to the total
occurrence of data (i.e., solid curve normalized to dashed curve). Note that the temporal separations between Sls in
Table 2 are widespread (from a couple days to more than 15 days). The total number of data points (dashed lines)
thus falls off gradually on each side of zero epoch, and it does so in an irregular manner owing to the presence of

data gaps and unused data (for example because of poor PA coverage or the presence of an ICME).
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Figure 7(a) shows the results for a depletion value of 0.8, while Figure 7(b) shows those for a depletion value of
0.6. Comparison of Figures 7(a) and 7(b) illustrates that the global features do not depend on the depletion value.
This fact is true for other depletion values (not shown). Results shown in later figures are also similar whatever the
depletion value used (though with varying statistics). The plots displayed from now on are thus only for a depletion
value of 0.8.

Figure 7 demonstrates that CSEs often occur near (both before and after) the stream interfaces. There is a strong
dip in CSE occurrence right at the stream interface, and the occurrence falls off at some distance each side of the
interface. We also note the presence of two peaks in the pre-SI period around -1 and -2.5 days.

Figure 8 shows the superposed epoch results for various plasma parameters (cf. caption). Figure 8(a) shows that,
on average, the strahl intensity peaked around the SI, and the strahl intensity was statistically similar between times
of CSE and for all data. Figure 8(b) shows the general behavior expected for CIRs, with a peak in magnetic field
strength at the SI. The remainder of Figure 8 displays the expected velocity increase, as well as the temperature
increase while a density decrease across the SI from the slow to fast solar wind.

Figure 9 presents the occurrence distributions of the ratio of the local magnetic field strength to that at the
nearby SI for times of CSE (solid lines) and for all data (dashed lines). For this analysis, the magnetic field from
the nearby SI (Table 2) is determined as the strongest magnetic field in a =2 hour window around the closest SI for
any given data sample. Interestingly, it appears that during times of CSE the distribution is not statistically

different from that for all data.

4. Discussion

4.1. Role of compression, heating and leakage

Figure 5(a) shows that CSE patterns occur more frequently during high-speed solar wind since the background
dataset is dominated by slow solar wind. The distribution presents a bi-modal behavior with preference for either
slow or high-speed solar wind. The trend of Figure 5(a) is thus consistent with the superposed epoch results of
Figure 7. CSE are preferentially observed both before and after the passage of CIRs, i.e., in the slow- and high-
speed winds but not near the ST where the solar wind speed is intermediate. This is as expected from the schematic
of Figure 2. At the SI in the region with enhanced magnetic field, and from the view-point of the mechanism of 90°
PA depletion proposed by Gosling et al. (2001a), there is no depletion, and thus no counter-streaming pattern
related to it, because electrons mirror there and fill in the range of PA centered at 90° PA.

Early work on the topic of CSEs in the vicinity of CIRs primarily related their occurrence to the presence of
bounding shocks (Gosling et al., 1993). The ability of shocks to accelerate (heat) particles to suprathermal energy
implied that such CSE patterns should primarily be observed well beyond rather than at 1 AU, because co-rotating
shocks most often form after the CIR has passed 1 AU. However, Steinberg et al. (2005) noted that enhanced
sunward-directed electron fluxes are frequently observed at 1 AU as well, despite the lack of shocks locally (see
also Gosling et al., 1978). From these studies it was realized that (1) the presence of CSEs in the pristine solar wind
on either side of the CIR may owe to magnetic connection to shocks that have formed farther out in the
heliosphere, and (2) that heating also occurs at the bounding pressure waves even when shocks have not yet
developed at 1 AU.

Although no shocks bound the CIR illustrated in Figure 3, either forward or reverse, CSEs are observed on both
sides of the SI in the slow and fast winds (e.g., first and last thick arrows) and suprathermal electron PSDs are

enhanced within the CIR. The latter is confirmed statistically for the strahl in Figure 8a. The compression that
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results from stream interactions has early been studied through hydrodynamic and magneto-hydrodynamic
modeling (Carovillano and Siscoe, 1969; Pizzo, 1978; Gosling et al., 1978). These works illustrate the fact that
simple adiabatic compression leads to enhanced densities and temperatures in the compression region before
shocks actually form. However, enhanced density and temperature does not correspond to enhanced suprathermal
PSDs at all PAs. Simple adiabatic compression of the populations that flow into the CIR from the upstream regions
(PA from 0° to 90° only for the event of Figure 3) in principle (Liouville’s theorem) only leads to enhanced PSDs
in the perpendicular direction. In Figure 3, for example, the enhancement in PSD at 0° PA observed at ~ 20 UT on
August 7 (i.e., with upstream around 21 UT and downstream beforehand at 18 UT), which is associated with a
pressure wave at the rear of the CIR, can only be explained by non-adiabatic heating processes, despite the lack of
a fully steepened shock. We thus concur with Steinberg et al. (2005) that additional non-adiabatic heating (such as
through electro-magnetic turbulence) is required at such pressure waves. Fully developed shocks do not constitute
a necessary ingredient for enhanced suprathermal electron PSDs within CIRs.

The sunward-directed (i.e., 90 — 180° PA in Figure 3) part of the PA distributions, which also shows
anomalously enhanced PSDs inside the CIR, is likely explained by the combination of mirroring (towards the
enhanced magnetic field at the SI) and PA scattering of the enhanced strahl PSDs created through heating as
described above (PA scattering is further discussed in Section 4.3). The creation of this sunward-directed
population inside the CIRs, following the sequential heating and mirroring/scattering of the pristine anti-sunward-
directed halo and strahl, provides a source of enhanced suprathermal electrons directed sunward and which may
easily leak out towards upstream regions. The leaking particles then focus along the magnetic field as they exit into
a lower magnetic field so as to create a CSE pattern. The notion of leakage here is not limited to leakage into the
pristine regions outside the CIRs. As the event of Figure 3 demonstrates, CSEs may form even inside the CIRs as

long as the local magnetic field strength is lower than farther out along the field lines (Gosling et al., 2001a).

4.2. Role of pitch angle scattering

Theoretically, the scenario proposed by Gosling et al. (2001a) for the formation of PSD depletions at 90° PA
(Figure 1) ought to lead to complete suprathermal electron depletions within the cone defined by the conservation
of the first adiabatic invariant and centered at 90° PA. However, the depletions are in reality never totally devoid of
particles (cf. Figure 4). As noted by Gosling et al. (2001a), this likely owes to the continuous occurrence of wave-
particle interactions. The associated PA scattering progressively refills the depletions and gives them their typical
reversed Gaussian shape (dashed curve in Figure 4). Assuming a fixed PA scattering coefficient (in time and
space), this refilling is expected to be more efficient (or faster) for depletions with smaller angular width, thus
explaining the correlation between the depletion value and the FWHM in Figure 6.

Our analysis showed that the local magnetic field strength is not significantly lower for CSE as compared to that
for all data (Figure 5(b)). CIR-related CSEs are expected to occur for lower magnetic fields, on average, since they
are typically observed in the uncompressed upstream regions. For the 90° PA depletion mechanism, it is the ratio
of the local to maximum (farther out along the field line) magnetic field strengths that determines the width of
depletions (Gosling et al., 2001a), and which in turn ought to control their occurrence. Figure 9 shows that the
magnetic field strength for times of CSE is generally significantly lower than at the nearby SI where the PA
distributions are expected to loose their counter-streaming shape (due to local mirroring). However, all other data
that do not present a CSE character (dashed curve), in the sense of a lower PSD at 90° PA, are statistically recorded
at times of similarly low magnetic field strengths when compared to the nearby SI maximum magnetic field

strength. In other words, the local magnetic field strength is often significantly lower than at the nearby SI to which
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it is likely connected, yet no CSE pattern resulting from 90° PA depletion is observed. A likely explanation here as
well is the continuous occurrence of wave-particle interactions in the vicinity of and within the CIR, with
associated PA scattering refilling the depletion cone.

Another possibility is that the Sunward-directed leaking population may sometimes be too weak in CIRs to form
CSEs in the upstream regions. Statistically, PSD values are much higher inside the CIR than outside (Figure 8a).
This is true for the sunward-directed suprathermal population, indicating that there usually exists a significant seed
population for leakage. This is observed in Figure 3c, for instance, where we further note that enhanced Sunward-
directed electron PSDs are measured on numerous occasions together with a lack of depletion at 90° PA (i.e., times
in between the black arrows).

At some distance from the SI the magnetic topology of Figure 2 implies magnetic connection to a CIR/SI farther
out in the heliosphere, where the field strength within the CIR usually should be lower than at 1 AU. The
amplitude of the ratio displayed in Figure 9 would in principle need to be scaled accordingly. However, we believe
that scaling this ratio to the actual magnetic field strength farther out (and which is unknown) is statistically
unlikely to alter the fact that the two distributions in Figure 9 are similar.

The facts (1) that 90° PA depletions are never totally devoid of particles and (2) that CSEs are not observed as
often as one would expect from simple magnetic field ratio arguments in the vicinity of CIRs, both suggest strong
and continuous PA scattering in the vicinity of CIRs. This inferred strong PA scattering is further necessary in the
scenario proposed in section 4.1, where we suggest that the enhanced sunward-directed portion of the suprathermal
electron distributions within the CIR stems from the combination of mirroring and PA scattering of the enhanced
(compressed and heated) anti-sunward-directed strahl. Future work ought to study the presence of appropriate

waves in the vicinity of CIRs and their relation with the observation of CSEs (e.g., Horbury and Schmidt, 1999).

4.3. Role of the bounding shocks

Compression and heating occur within CIRs even in the absence of bounding shocks. This process, together
with a necessary PA scattering process, constitutes the means to produce enhanced sunward-directed PSDs. Here
“enhanced” means PSDs that are larger than the (also) sunward-directed halo PSDs observed a good distance away
from the CIR, when no CSE pattern is observed (e.g., at the very end of the interval shown in Figure 3). However,
as shown by Steinberg et al. (2005) and found in the STEREO data as well (not shown), the counter-streaming
sunward-directed PSDs outside the CIR-bounding shocks sometimes exceed those observed just inside
(downstream), which is deemed to be the source population. In a future work, we will show how the presence of
shocks may indeed permit a further increase in the CSE population PSDs by means of shock reflection.

The occurrence of CSE appears to be strongly related to the presence of CIRs and shocks during solar
minimum. The fact that their presence is a key ingredient, i.e., in order to provide enhanced PSDs in the sunward
direction, is a currently debated theme (cf. introduction). An alternate, or complementary, mechanism is the sole
occurrence of backscattering owing to wave-particle interactions (cf. introduction). As noted by Maksimovic et al.
(2005), CIR- and shock-related CSE should be limited to regions of the solar ecliptic where CIRs typically form. It
would be of interest in the future, using for instance data from the Ulysses spacecraft, to determine whether CSEs
occur as often (as a function of their magnitude) at higher heliospheric latitudes, since the scenario depicted here

would seem to preclude it if the field lines to not wander substantially in latitude (cf. Gosling et al. (2001b)).

4.4, Role of small-scale transients in the slow wind
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In the context of the present study, it is necessary to note that a non-negligible fraction of CSE patterns observed
prior to CIRs likely comes from the passage of small-scale transients with closed magnetic field topologies.
Indeed, recent studies have shown that transients with CSE patterns are often observed in the slow solar wind
(Kilpua et al., 2009; Rouillard et al., 2009a; 2009b; 2009¢c) ahead of CIRs, while not in their trailing part,
compatible with their inferred streamer belt origin (Wang et al., 2000; Zurbuchen et al., 2001; Crooker et al.,
2004). The determination of their exact contribution to the occurrence rate of CSEs in the slow wind prior to CIRs

is a topic for future studies.

5. Conclusions

We have studied the properties of counter-streaming 250 eV suprathermal electron (CSE) patterns through
statistical analyses of the STEREO PA distributions during the solar minimum period March 1 — December 31,
2007. Our purpose was to (1) quantify the occurrence rate of CSE, (2) determine the CSE occurrence rate as a
function of location relative to CIRs, and (3) investigate the potential roles of pitch angle scattering and of the
presence of CIR-bounding shocks. The primary results are as follows.

(1) CSE occurrence rates are of the order of 15 — 20% around 1 AU, compatible with previous studies. The rates
of course depend on the definition criteria. There is a clear tendency to observe more CSE at ST-B, which is farther
from the Sun.

(2) CSEs occur for magnetic field strengths that are significantly lower than at the nearby stream interface (SI).
However, CSEs are not observed as frequently as one would expect based on the assumption that the ratio of the
local magnetic strength to that at the nearby SI is the only ingredient needed for their appearance.

(3) Larger CSE 90° PA depletion values correspond to wider depletions in pitch angles. The depletions are
never totally devoid of electrons.

(4) CSEs with enhancements in suprathermal electron PSDs are frequently observed on both sides of CIRs, even
in the absence of bounding shocks. Enhanced PSDs in the sunward direction are observed even in the absence of
CSE: the absence of CSE is not typically the result of a lack of seed population (leaking from the CIR).

(5) As demonstrated with the event of Figure 3, CSEs may form even inside CIRs as long as the local magnetic
field strength is lower than farther out along the field lines.

(6) CSEs are overall more frequent in the high-speed solar wind, with a bi-modal shape favoring both slow and
fast wind.

(7) Consistent with the latter, superposed epoch analyses demonstrate that CSE occur in both the slow solar
wind prior to the SI, as well as in the high-speed solar wind after the SI. There is a significant minimum occurrence
at the ST itself. CSE occurrence rate peaks above 35% on average in the trailing part of CIRs.

Results (1), (2) and (3) above are suggestive of frequent, almost total, refilling of the expected depletions at 90°
PA by wave-particle interactions and associated PA scattering. PA scattering is thus expected to be particularly
strong in the CIR region. Consistently, scattering inside the CIR is required in our scenario in order to create the
sunward-directed portion of the PA distribution that constitutes the source (through leakage) of the sunward
directed beam in the CSE patterns observed upstream of CIRs. Non-adiabatic heating is required, in addition to
scattering, to explain the enhanced PSDs inside CIRs and in the CSEs. This required additional
heating/acceleration occurs whether fully developed bounding shocks are present or not (results (4) and (5)).

Results (6) and (7) are consistent with the expected properties and magnetic topology in the vicinity of CIRs, as
sketched in Figures 1 and 2. CSEs are deemed to result primarily from leakage of enhanced backscattered

suprathermal electrons from the CIRs, together with the process of 90° PA depletion owing to mirroring and
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focusing effects (Gosling et al., 2001a; 2002; Steinberg et al., 2005; Skoug et al., 2006). CSE events unrelated to
closed magnetic field topologies are thus common in the solar wind during solar minimum, in particular in the
high-speed trailing part of CIRs. It should be noted, however, that small-scale transients with closed magnetic
topology likely also contribute to the detection of CSEs in the interval studied, but only in the slow solar wind prior
to the SI.

Because suprathermal electrons are widely used tracers of heliospheric magnetic topology and energetic
phenomena, future work ought to focus on characterizing the non-adiabatic heating mechanism that occurs within

CIRs (as well as at the bounding shocks), as well as the origin and implications of pitch-angle scattering.
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TABLES:

Depletion value 0.8 0.7 0.6 0.5
STEREO-A rate (%) 15.5 9.7 5.5 3.1
STEREO-B rate (%) 19.7 13.4 9.1 5.9

[9219,10,19,19,19,19,19)]
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Table 1. Occurrence rate (in percent) of solar wind counter-
streaming electron pitch angle distributions for each STEREO
spacecraft during the solar minimum period March 1% —

December 31%, 2007. These are

given as a function of the

depletion value (i.e., relative to the ambient halo value; cf. text).

ST-A: Year DOY Month Day Hour

ST-B: Year DOY Month Day Hour

2007 65 03 06 14

2007 7103 12 12

2007 84 03 25 02

2007 91 04 01 02

2007 98 04 08 22

2007 113 04 23 02
2007 117 04 27 22
2007 127 05 07 14
2007 138 05 18 16
2007 144 05 24 16
2007 155 06 04 14
2007 165 06 14 18
2007 173 06 22 06
2007 181 06 30 08
2007 18507 04 12
2007 192 07 11 14
2007 196 07 15 06
2007 201 07 21 04
2007 208 07 27 06
2007 210 07 29 12
2007 219 08 07 08
2007 223 08 11 04
2007 238 08 26 20
2007 246 09 03 06
2007 250 09 07 22
2007 258 09 15 06
2007 264 09 21 22
2007 273 09 30 02
2007 277 10 04 08
200729210 19 08
2007 299 10 26 06
2007 31411 10 16
2007 318 11 14 10
2007 325 11 21 04
2007 330 11 26 00
2007 346 12 12 16
2007 353 12 19 00
2007 35512 21 00

2007 65 03 06 16

2007 7103 12 14

2007 84 03 25 08

2007 91 04 01 04

2007 99 04 09 10

2007 113 04 23 08
2007 117 04 27 16
2007 127 05 07 14
2007 138 05 18 08
2007 144 05 24 14
2007 155 06 04 00
2007 165 06 14 10
2007 173 06 22 06
2007 180 06 29 14
2007 184 07 03 14
2007 191 07 10 22
2007 19507 14 12
2007 201 07 20 06
2007 207 07 26 14
2007 210 07 29 08
2007 218 08 06 12
200722208 10 16
2007 237 08 25 00
2007 244 09 01 10
2007 249 09 06 14
2007 257 09 14 10
2007 263 09 20 02
2007 271 09 28 08
2007 276 10 03 02
200729010 17 08
2007 297 10 24 20
2007 314 11 10 00
2007 317 11 13 08
2007 324 11 20 00
2007 327 1123 22
2007 343 12 09 14
2007 350 12 16 12
20073521218 18
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Table 2. List of stream interfaces associated with CIRs at each of the two
STEREO spacecraft during the period March 1% — December 31%, 2007. See
Figure 2 and text for SI definition.
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Magnetic field strength

Distance along magnetic field line

Figure 1. Schematic illustration of changes in suprathermal
electron pitch angle distributions assuming adiabatic
evolution along a magnetic field line with a non-monotonic
magnetic strength decrease away from the Sun. See text for
details. Adapted from Gosling et al. (2001a) and Skoug et al.
(2005).
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Za
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Figure 2. Schematic of the structure of a corotating interaction region
(CIR) in the solar wind which may lead to (1) magnetic field strength
profiles, along a given field line, like that depicted in Figure 1 in both
the high-speed and low-speed solar wind each side of the
compression region, as well as (2) the formation of forward and
reverse shocks bounding the compression region (long edges of the
grey area). The stream interface (SI) is identified here as the dashed
line inside the CIR.
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Figure 3. Ion, electron and magnetic field data from ST-A during the passage of a CIR in August 2006 (spacecraft
position was (+1973, -5271, 45) Rg in GSE, on August 7 2007). The panels show (a) the ion bulk speed, (b) the ion
density (left y-axis) and temperature (right y-axis), (c) a pitch angle-time spectrogram for ~250 eV suprathermal
electrons, and (d) the magnetic field magnitude and components in RTN. Counter-streaming suprathermal electron
patterns (CSE) are observed prior to the CIR, around the beginning of August 7 2007 (first thick black arrow), as
best displayed in the zoom-in pitch angle spectrogram insert of panel (a). CSEs are also clearly observed within
(second to fourth black arrow) and after the CIR (last black arrow) in the fast solar wind.
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Figure 4. Sample suprathermal electron PA spectra at ~250
eV. Those are not from the event of Figure 3, and are merely
used here to exemplify the definitions used in Section 3.2.1.
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Figure 5. Normalized occurrence distributions of (a) bulk solar wind speed, and (b) magnetic field magnitude, for data
from ST-A and ST-B combined. The dashed lines show the distributions for the whole dataset used in the study, while the
solid lines show the distribution for times of counter-streaming suprathermal electrons (CSE). The distributions are for a
depletion value threshold of 0.8. Those for other depletion values are similar (not shown).



631

652
653
654
655
656

657
658
659

661

662
663
664
665
666
667
668
669
670

Depletion value relative to halo

0.8

e
o

o
'S

o
()

0.0

STEREC A + B

20 40 60 80 100
PAD depletion width (°)

Figure 6. Scatter plot of the full width at half maximum
(FWHM) of the depletion in electron PA distributions as a
function of the depletion value (cf. Figure 3 and text for details),
for ST-A and ST-B combined. Average values of the FWHM
(red dots), with standard deviations (horizontal red lines), are
shown as a function of the depletion value (bin size of 0.5).
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Figure 7. Superposed epoch analysis of the occurrence of counter-streaming suprathermal electrons (CSE; solid line) and
of all data (dashed line), relative to the time of the closest stream interface from Table 2, and normalized to the peak
value. Epoch zero thus corresponds to the times of SI crossing, with negative (positive) epoch times being the preceding
slow solar wind (following high speed wind). A two-hour interval binning has been used. The dotted lines show the CSE
occurrence normalized to that of all data (i.e., solid curve normalized to dashed curve). (a) Results for a depletion value
of 0.8. (b) Results for a depletion value of 0.6. The CSE occurrence in Figure (a) varies between ~10 and 270 counts (per
2-hour bin), giving a high statistical significance to the trends. Occurrences are about twice to three times smaller in
Figure (b) (cf. Table 1), which is still significant. See text for further details.
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Figure 8. Superposed epoch results from all data relative to the times of
the stream interfaces of Table 2. Results are shown for (a) the strahl
phase space density (arbitrary units), (b) the magnetic field magnitude,
(c) the ion bulk solar wind speed, (d) the ion density, and (e) the ion
temperature. In panel (a), the results for the strahl PSD during times of
CSE only is also shown in red; it illustrates the fact that the strahl during
CSE intervals has a similar strength, on average, as for other times. All
curves are 100-point running averages of the superposed epoch dataset
(cf. text for details).
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Figure 9. Occurrence distributions of the ratio of the local magnetic
field strength to that at the nearby SI for times of CSE (solid lines) and
all data (dashed lines). The magnetic field at the nearby SI (Table 2) is
determined as the strongest field in a £2 hour interval around the SI.
During times of CSE, the distribution is not statistically different from
that for all data.
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