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Abstract.  Previous work has shown that solar wind (with peak occurrence rate35% in the trailing high speed
suprathermal electrons can display a number of features istream), as well as both inside and outside CIRs. The re-
terms of their anisotropy. Of importance is the occurrence ofsults quantitatively show that CSEs are common in the solar
counter-streaming electron patterns, i.e., with “beams” bothwind during solar minimum, but yet they suggest that such
parallel and anti-parallel to the local magnetic field, which distributions would be much more common if pitch angle

is believed to shed light on the heliospheric magnetic fieldscattering were absent. We further argue that (1) the for-
topology. In the present study, we use STEREO data to obmation of shocks contributes to the occurrence of enhanced
tain the statistical properties of counter-streaming suprathereounter-streaming sunward-directed fluxes, but does not ap-
mal electrons (CSES) in the vicinity of corotating interaction pear to be a necessary condition, and (2) that the presence of
regions (CIRs) during the period March—December 2007.small-scale transients with closed-field topologies likely also
Because this period corresponds to a minimum of solar aceontributes to the occurrence of counter-streaming patterns,
tivity, the results are unrelated to the sampling of large-scaléut only in the slow solar wind prior to CIRs.

coronal mass ejec?ions, which can lead to CSE owing to t_he_irKeywords. Interplanetary physics (Energetic particles; In-
closed mfagnet|c field topolog)_/. The present study StatIStI'terplanetary shocks) — lonosphere (Wave-particle interac-
cally confirms that CSEs are primarily the result of suprather—ti ons)

mal electron leakage from the compressed CIR into the up-
stream regions with the combined occurrence of halo de-
pletion at 90 pitch angle. The occurrence rate of CSE is
found to be about 15-20% on average during the period anal ~Introduction

lyzed (depending on the criteria used), but superposed epoch )

analysis demonstrates that CSEs are preferentially observeltl ~Counter-streaming suprathermal electron patterns

both before and after the passage of the stream interfacgWing o their mean-free path of order 1AU, solar wind

suprathermal electrons are essentially collision-less. They
travel freely along the magnetic field while thermal electrons

Correspondence tdB. Lavraud and ions are essentially bound to one another in the solar
BY (benoit.lavraud@cesr.fr) wind rest frame. Up to about 2 keV, solar wind electrons can
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Fig. 1. Schematic illustration of changes in suprathermal electron
pitch angle distributions assuming adiabatic evolution along a mag-
netic 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).

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” popu-
lation, a tenuous and generally isotropic suprathermal popu-
lation (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 break-
pointaround 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 mag- 4

netic 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
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observation point. The backscattering there likely re-
sults 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 Sect. 4.

. Another feature of suprathermal solar wind electrons

are halo depletions at 90PA (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 den-
sity (PSD) centered at 90 They explained such de-
pletions as the result of adiabatic mirroring and focus-
ing of suprathermal electrons when a magnetic field
enhancement is present farther out along the magnetic
field line. The PA depletion width at a given observa-
tion point is then related to the ratio of the maximum
field strength farther out to that measured locally (cf.
Fig. 1). Unlike CIR-leakage and shock-related counter-
streaming electron patterns (cf. point (2) above and
Sect. 4 later), which lead to an enhancement in the PSD
of the counter-streaming part of the population, the ap-
parent counter-streaming that results from such deple-
tions of the halo population is deemed to come from an
actual decrease in PSD centered &t @&0ing to conser-
vation of the first adiabatic invariant. Differentiation be-
tween the two processes is sometimes difficult because
both effects can be present simultaneously (Steinberg et
al., 2005).

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 inter-
planetary 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 fol-
lowing from magnetic reconnection in the solar wind
at the heliospheric current sheet (HCS) (Gosling et al.,
2006; Lavraud et al., 2009) (see also Onsager et al.,
2001, and Lavraud et al., 2006, for a similar concept
applied to the magnetosphere).

contribute to the formation of the sunward-directed por- 1.2 Structure of corotating interaction regions

tion of the roughly isotropic halo population (Gosling

et al., 2001a; Maksimovic et al., 2005tveik et al., Corotating interaction regions (CIRs; cf. Fig. 2) are due to the

2009), which cannot be reproduced by simple exo-overtaking (e.g., Sarabhai, 1963; Neugebauer and Snyder,
spheric solar wind models (Lie-Svendsen et al., 1997;1966; Carovillano and Siscoe, 1969) of the slow solar wind

Pierrard et al., 1999; Maksimovic et al., 2005). from the vicinity of the heliospheric current sheet (HCS)
(Schulz, 1973) by the fast solar wind that emanates from

2. Counter-streaming beam patterns may occur owing tathe adjacent trailing coronal hole (e.g., Gosling and Pizzo,
the presence of magnetic field enhancements, e.g.1999, and references therein). The HCS is typically embed-
within corotating interaction regions and at their bound- ded within slow and dense solar wind, forming a region gen-
ing shocks (CIR; cf. Pizzo, 1978; Gosling and Pizzo, erally called the heliospheric plasma sheet (in analogy to that
1999), downstream along magnetic field lines from thein Earth’s magnetospheric tail) (e.g., Burlaga et al., 1990;
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Winterhalter et al., 1994). The slow solar wind that is sun- /\
ward 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 (Sl) (Burlaga, 1974; Gosling

et al., 1978). As depicted in Fig. 2, this interaction leads to High B field
the formation of a compression region (grey area in Fig. 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 arez )
in Fig. 2). These typically form beyond 1 AU (Hundhausen, High B field
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 Fig. 1. This topology is expected on both sides
of the CIR.

In the present paper, we investigate the properties of solat
wind suprathermal electron PA distributions using STEREO
data during 1 March—-31 December 2007. Under the prevaFig. 2. Schematic of the structure of a corotating interaction re-
lent solar minimum conditions of this period, the processesgion (CIR) in the solar wind which may lead to (1) magnetic field
identified in Sect. 1.1 as responsible for Counter—streamingstrength profi_les, along a given field line, like tha_lt depicted_in Fig. 1
suprathermal electron patterns are deemed to be related prf? Poth the high-speed and low-speed solar wind each side of the
marily to the nearby presence of structures such as CIRs angPMPression region, as well as (2) the formation of forward and re-
shocks. Previous work on counter-streaming electrons asso~ o° shocks boundmg.the compression region (long edges of the
ciated with CIRs and shocks have been largely based on r(?/ir?sriedag.ﬂ;l':(élséream interface (Sl) is identified here as the dashed
few case studies (Gosling et al., 2001a, 2002; Steinberg et '
al., 2005; Skoug et al., 2006). The aim of the present statis-

tical study is to (1) quantify the occurrence rate of CSEasa . . , .
function of definition criteria, (2) determine the CSE occur- MiSSion was designed to study solar phenomena stereoscopi-

rence rate as a function of location relative to CIRs in ordercally and to study solar wind structures in a multi-spacecraft
to demonstrate the aforementioned relationship, and (3) infashion. Here we primarily use data from the two Solar
vestigate the potential roles of pitch angle scattering and th//ind Electron Analyzers (SWEA) (Sauvaud et al., 2008) and
presence of CIR-bounding shocks. MAGnetometers (MAG) (Aciaetal., 2008) frpm the In-situ
In the following, we define as “counter-streaming elec- Measurements of PArticles and CME Transients (IMPACT)

tron” (CSE) events those PA distributions that show hi her?nstrument suite (Luhmann et al., 2008), complemented by
( ) g n data from the PLasma And Supra-Thermal lon Compo-

phase space densities (PSDs) in both the field-aligned ant?" . .
anti-field-aligned directions as compared to the perpendicu-s't'c’n (PLASTIC) instruments (Galvin et al., 2008).
lar (90> PA) direction. Section 2 presents the data used in ldentical instruments are present onboard each of the two
the study. In Sect. 3 we use an event to illustrate the occurSTEREO spacecraft. The spacecraft are non-spinning due to
rence of CSE patterns, and then perform statistical analysehe solar imaging requirements of the mission. The SWEA
of the dataset. We discuss the results in Sect. 4 and give thelectron instruments are top-hat electrostatic analyzers with
conclusions in Sect. 5. an additional deflection system (from setting a finite potential
on two curved plates at its entrance) that allows measurement
of incoming patrticles up to angles df ~ 65° from the reg-
2 Instrumentation ular top-hat entrance (which looks in the plane perpendicu-
lar to the Sun-spacecraft direction), in the energy rangs [
The Solar Terrestrial Relations Observatory (STEREO;2]keV. The SWEA instruments thus measure most of the
Kaiser et al., 2008) mission consists of two spacecraft thakelectron distribution function¢80% of the unit sphere) apart
slowly drift ahead (referred to as ST-A) and behind (referredfrom two cones centered in the sunward and anti-sunward di-
to as ST-B) the Earth on similar orbits around the Sun. Therections. When the magnetic field lies in these cones, pitch

Low B field

interaction region
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angle coverage is limited. Such data are not used for statistisities (PSDs) are strongly enhanced inside the compression
cal analyses as explained in Sect. 3.2.1. region at all PAs. This provides a source of enhanced PSD
The data from the normal telemetry mode used here confor subsequent leakage, as discussed in Sect. 4.
sist of 3-D distribution functions with 16 energy bins and a CSEs are observed primarily on four occasions in the
resolution of~22.5 in azimuth and~21.7 in polar angles.  vicinity of this CIR (thick black arrows in panel ¢). The first
They are obtained from 2 second measurement intervals ewaccurrence is aroungt00:00 UT on 7 August. This corre-
ery 30s. The primary data used here are PA distributions foisponds to a period prior to entry into the compression re-
the energy bin centered a250 eV. This energy is used here gion, and thus prior to the SI. The second to fourth occur-
as it is characteristic of the suprathermal population and welrences are around 12:00 UT on 7 August, and around 02:00
above the energy where significant field-aligned anisotropiegand 09:00 UT on 8 August. Those intervals are inside the
in the core distribution can affect the suprathermal PA distri-compression region: CSE patterns are thus not confined to
bution (e.g., Phillips et al., 1989; Phillips and Gosling, 1990), regions outside CIRs. The last period of CSE pattern is ob-
consistent with previous studies (cf. introduction). PA distri- served outside the CIR between 14:00 and 18:00UT on 8
butions have been transformed to the solar wind frame usingugust.
ion flow measurements. After about 18:00 UT on 8 August, the CSE pattern dis-
appears. This disappearance corresponds to a decrease of
PSD in the counter-streaming direction at 18@s com-

3 Observations pared to the CSE around 09:00 UT. The enhanced PSDs mea-
_ _ sured in the counter-streaming direction (at 9)8around
3.1 Eventillustration 09:00 UT are thus presumably due to leakage of electrons

from stronger field regions of the CIR, since those are ab-

Figure 3 shows solar wind ion, electron and magnetic fieldgent at larger distances away from the CIR (after 18:00 UT).
data from ST-A (cf. caption for details) for a 3-day interval |n addition to enhanced PSD values at 180e PSD values
starting 6 August 2007. This interval provides an illustra- 5r¢ clearly depressed at®9@round 09:00 UT as compared to
tion of a typical CIR crossing during the STEREO era undery,g|yes observed at 9@fter 18:00 UT on 8 August. This con-
study. firms that leakage of enhanced counter-streaming PSDs from

The beginning of the interval shows the period prior to C|Rs (Gosling et al., 1993) and the process of Bflo de-
the CIR. The solar wind speed and magnetic field strengthpletion (Gosling et al., 2001a) both conspire to create strong

were low and the strahl was first observed anti-field-alignedCSE patterns in the PA spectrograms, as suggested by Stein-
at PA 180 (panel c). The HCS, where the magnetic field perg et al. (2005).

switched polarity from toward to away from the Sun, was
crossed at about 04:30 UT on 6 August. After the HCS, the3.2  Statistical analyses of CSE
strahl thus became field-aligned (P#) @or the remainder of
the interval displayed. Note that the magnetic signature o0f3.2.1 Data treatment and analysis
the HCS becomes evident when a zoom-in with an adapted
y-axis scale is performed (not shown). After the HCS, ST-A We utilized all STEREO data from the period 1 March-31
still observed typical slow solar wind until about 03:00 UT December 2007. We used 10 min averages of the electron
on 7 August when all parameters intensified, marking the enPA distributions and magnetic field calculated in the follow-
trance into the compression region. The Sl was observedhg manner. Individual PA distributions are calculated using
inside the compressed region at 07:10 UT when the ion den2 s electron distribution functions (i.e., 96 look directions: 16
sity dropped and the temperature increased, together with azimuth and 6 polar angles) and the average magnetic field
jump in solar wind speed. This boundary clearly separatedduring that 2 s interval. Individual PA distributions used here
two very different plasma regimes. After the Sl, ST-A stayed are made of 18 bins (20each) from a re-sampling of the
in the compression region for a while before definitely enter-96 PAs of each original look direction. Individual 2 s elec-
ing the pristine high-speed solar wind stream-d#:00 UT  tron distribution functions are telemetered only every 30s.
on 8 August. Twenty consecutive PA distributions are thus used to create
There were no forward or reverse shocks bounding thisthe 10 min averages. Therefore, only magnetic field changes
CIR (cf. shock list compiled by L. Jiarhttp://ssc.igpp.ucla. at scales shorter than 2 s during any sample may affect the re-
edu/forms/stereo/sterdevel 3.html), although steep mag- sulting averaged PA distribution. For the electron data such
netic field gradients can be observed on occasions (e.gaveraging is needed because the count rate2&0 eV, in
~04:00 UT and~20:00 UT on 7 August, anct06:00UT on  the large depletions for individual distributions, is sometimes
8 August). Although shocks do develop on occasion at 1 AUclose to the 1-count level when the ambient solar wind has a
on the edges of CIRs, this event was chosen specifically below density. The SWEA instruments do not measure in two
cause it lacks the presence of bounding shocks. Despite thisones (25 half width) directed towards and away from the
absence of shocks, suprathermal electron phase space dedun. Therefore, all data from intervals when the magnetic

Ann. Geophys., 28, 23246, 2010 www.ann-geophys.net/28/233/2010/
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Fig. 3. lon, electron and magnetic field data from ST-A during the passage of a CIR in August 2006 (spacecraft position was-621/A7 3,

45)Rg in GSE, on 7 August 2007). The panels sh@)the ion bulk speedb) the ion density (left y-axis) and temperature (right y-axis),

(c) a pitch angle-time spectrogram foer250 eV suprathermal electrons, ad) the magnetic field magnitude and components in RTN.
Counter-streaming suprathermal electron patterns (CSE) are observed prior to the CIR, around the beginning of 7 August 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.

Table 1. Occurrence rate (in percent) of solar wind counter- For each 10min PA distribution, we collect the average
streaming electron pitch angle distributions for each STEREOP_SD values from. 0to 29 905:;[00 and 160 to 180 The
spacecraft during the solar minimum period 1 March-31 Decem-highest value of eitherGor 180 is labeled as the strahl level;
ber 2007. These are given as a function of the depletion value (i.e the lower corresponds to the halo level (Fig. 4); note this halo

relative to the ambient halo value; cf. text). level may correspond to an enhanced PSD level, compared
to the true halo, if strong back-scattering or heating occurs
Depletion value 08 07 06 05 in association with CIRs. The PSD value af 9Ben 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 at9(n the following we
consider the PSD value at 9®A relative to the halo PSD

field had a strong radial component lead to truncated PA disyalue as defined above. We term this the “depletion value”.

. : 0
tributions, with a lack of data for PAs around @nd 180. For instance, a depletion value of 0.8 corresponds to a 20%

SR . reduction in the PSD value at 9@&s compared to the halo
In our analyses we removed all such PA distributions that did .
. value at O or 180 as the case may be. We also estimate the
not have full PA coverage (corresponding+d5% of the

original dataset) full width at half maximum (FWHM) of the depletions, us-
9 ' ing a polynomial fitting procedure on the full PA distribution
(with 18 angular bins), for depletion values of 0.8 and lower.

STEREO-Arate (%) 155 9.7 55 3.1
STEREO-Brate (%) 19.7 134 9.1 5.9

www.ann-geophys.net/28/233/2010/ Ann. Geophys., 28,283-2010
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w wind, and a lower occurrence at intermediate speeds (400—
500 km/s). The distribution of solar wind speeds for all data
STRAHL\ shows a predominance of slow solar wind with a monotonic
gradual decrease towards fast wind.
’ Figure 5b shows the occurrence distributions of the mag-
‘ netic field strength, normalized to the peak occurrence, for
ST-A and ST-B combined. The solid line displays the occur-
1 rence distribution of magnetic field strength for times of CSE
i , 1 (for a depletion value threshold of 0.8) and the dashed line
e s N 1 shows that for the whole dataset. Figure 5b shows that the
. / | magnetic field magnitude is not significantly lower, on aver-
\ ' age, for times of CSE (solid lines) than for all data (dashed
, ! 1 lines).
: N Figure 6 shows a scatter plot of the full width at half max-
\ / 90° HALO | imum (FWHM, from a polynomial fitting procedure) of the
' ' DEPLETION CSE PA distributions as a function of the depletion value, for
\ a ST-A and ST-B combined. It shows an increase in the width
10-% L T of the depletion for decreasing depletion value.
0 50 100 150 Note that the trends observed in Figs. 5 and 6 are essen-
Pitch angle (degree) tially similar if plotted for each spacecraft separately or for
lower depletion values (not shown).

107

PSD (s*/cm®)
\
1

Fig. 4. Sample suprathermal electron PA spectra250 eV. Those
are not from the event of Fig. 3, and are merely used here to exem3.2.3  Superposed epoch analysis
plify the definitions used in Sect. 3.2.1.
Table 2 gives times of Sls associated with CIRs during the
period of interest for both ST-A and ST-B. This list was built
Because our prime interest is the relationship betweerfrom a visual examination of ion and magnetic field data.
CSEs and CIRs, which dominantly recur during solar mini- The selection of the Sl times was based on the expectation
mum, we removed four known ICME intervals from the anal- of a density decrease, a temperature increase, a bulk speed
yses (list compiled by L. Jiarhttp://ssc.igpp.ucla.edu/forms/ increase, and a nearby maximum in magnetic field strength

stereo/steredevel 3.html). (Burlaga, 1974; Gosling et al., 1978). For an Sl to be in the
list, we further required that either one of the two spacecraft
3.2.2 Statistical results observed a speed enhancement larger than 200 km/s over the

inferred CIR, from the pristine slow wind to the fast wind.

Table 1 shows the CSE occurrence rate at each spacecraffe estimate possible errors on these times to be of the or-
for four separate depletion value thresholds. It shows theder of a few hours. Such errors do not affect the results
percentage of CSE identified for the given depletion valuedescribed later in major ways, as verified by separately us-
threshold within the entire dataset of PA distributions avail- ing the Sl list compiled by L. Jiarh{tp://www.ssc.igpp.ucla.
able for analysis. The results show that stronger CSE deedu/forms/stereo/sterdevel 3.html), which only extends as
pletions are less common, which is expected. Overall, thesef the time of writing until October 2007.
occurrence rates are comparable to the value of 10% esti- All usable data points were assigned a time relative to the
mated by Gosling et al. (2001a) from a visual survey of ACE closest stream interface from Table 2 for each spacecraft in-
data, and which were attributed to the process 6fP@de-  dependently. Figure 7 shows the normalized (to peak value)
pletion described in that paper. We note from Table 1 thatCSE occurrence (solid line) as a function of epoch relative
the percentage of CSE events observed at ST-B is systematie stream interfaces (epoch zero). The dashed line shows the
cally greater than that at ST-A, whatever the depletion valuenormalized (to peak value) occurrence for all data, i.e., with
threshold. This is possibly related to ST-B being somewhatand without CSE. The dotted line shows the CSE occurrence
farther from the Sun, where CIRs have further developed andelative to the total occurrence of data (i.e., solid curve nor-
magnetic field strengths are lower on average. malized to dashed curve). Note that the temporal separations

Figure 5a shows the normalized (to the peak values) ocbetween Sls in Table 2 are widespread (from a couple days to
currence distributions of the solar wind ion bulk speed for more than 15 days). The total number of data points (dashed
times of CSE (solid line; depletion value threshold of 0.8) lines) thus falls off gradually on each side of zero epoch, and
and for the whole dataset (dashed line), for ST-A and ST-Bit does so in an irregular manner owing to the presence of
combined. This plot shows a tendency for CSE to occur in adata gaps and unused data (for example because of poor PA
bimodal fashion with preference for low and high speed solarcoverage or the presence of an ICME).

Ann. Geophys., 28, 23246, 2010 www.ann-geophys.net/28/233/2010/
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Fig. 5. Normalized occurrence distributions @f) bulk solar wind speed, angh) 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).

STEREO A + B Figure 7a shows the results for a depletion value of 0.8,
NN B L L while Fig. 7b shows those for a depletion value of 0.6. Com-

I parison of Fig. 7a and 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
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 oc-
currence 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 8a shows that, on av-
erage, the strahl intensity peaked around the Sl, and the strahl
intensity was statistically similar between times of CSE and
for all data. Figure 8b shows the general behavior expected
e . M L, " I BN for CIRs, with a peak in magnetic field strength at the SlI. The
20 40 60 80 100 120 remainder of Fig. 8 displays the expected velocity increase,

PAD depletion width (°) as well as the temperature increase while a density decrease

across the Sl from the slow to fast solar wind.
Fig. 6. Scatter plot of the full width at half maximum (FWHM) of Figure 9 presents the occurrence distributions of the ratio
the depletion in electron PA distributions as a function of the de-of the local magnetic field strength to that at the nearby S| for
pletion value (cf. Fig. 3 and text for details), for ST-A and ST-B times of CSE (solid lines) and for all data (dashed lines). For
combined. Average values of the FWHM (red dots), with standardp,;g analysis, the magnetic field from the nearby SI (Table 2)
dev!atlons (horl_zon_tal red lines), are shown as a function of the de~IS determined as the strongest magnetic field #2z win-
pletion value (bin size of 0.5). .
dow around the closest Sl for any given data sample. Inter-

estingly, it appears that during times of CSE the distribution
is not statistically different from that for all data.
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Fig. 7. Superposed epoch analysis of the occurrence of counter-streaming suprathermal electrons (CSE; solid line) and of all data (dashec
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 Sl 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 0.8b) Results for a depletion value of 0.6. The CSE occurrence in panel (a) varies
between~10 and 270 counts (per 2-h bin), giving a high statistical significance to the trends. Occurrences are about twice to three times
smaller in panel (b) (cf. Table 1), which is still significant. See text for further details.

4 Discussion lack of shocks locally (see also Gosling et al., 1978). From
these studies it was realized that (1) the presence of CSEs
4.1 Role of compression, heating and leakage in the pristine solar wind on either side of the CIR may owe

to magnetic connection to shocks that have formed farther

Figure 5a shows that CSE patterns occur more frequentput in the heliosphere, and (2) that heating also occurs at the
during high-speed solar wind since the background datasdbounding pressure waves even when shocks have not yet de-
is dominated by slow solar wind. The distribution presentsveloped at 1 AU.
a bi-modal behavior with preference for either slow or high-  Although no shocks bound the CIR illustrated in Fig. 3, ei-
speed solar wind. The trend of Fig. 5a is thus consistent withther forward or reverse, CSEs are observed on both sides of
the superposed epoch results of Fig. 7. CSE are preferentiallthe Sl in the slow and fast winds (e.g., first and last thick ar-
observed both before and after the passage of CIRs, i.e., irows) and suprathermal electron PSDs are enhanced within
the slow- and high-speed winds but not near the Sl where théhe CIR. The latter is confirmed statistically for the strahl
solar wind speed is intermediate. This is as expected fronin Fig. 8a. The compression that results from stream inter-
the schematic of Fig. 2. At the Sl in the region with enhancedactions has early been studied through hydrodynamic and
magpnetic field, and from the view-point of the mechanism of magneto-hydrodynamic modeling (Carovillano and Siscoe,
90 PA depletion proposed by Gosling et al. (2001a), there is1969; Pizzo, 1978; Gosling et al., 1978). These works illus-
no depletion, and thus no counter-streaming pattern relate¢rate the fact that simple adiabatic compression leads to en-
to it, because electrons mirror there and fill in the range ofhanced densities and temperatures in the compression region
PA centered at S0PA. before shocks actually form. However, enhanced density and

Early work on the topic of CSEs in the vicinity of CIRs pri- temperature does not correspond to enhanced suprathermal
marily related their occurrence to the presence of bounding®SDs at all PAs. Simple adiabatic compression of the popu-
shocks (Gosling et al., 1993). The ability of shocks to ac-lations that flow into the CIR from the upstream regions (PA
celerate (heat) particles to suprathermal energy implied thatrom 0° to 9C° only for the event of Fig. 3) in principle (Liou-
such CSE patterns should primarily be observed well beyondiille’s theorem) only leads to enhanced PSDs in the perpen-
rather than at 1 AU, because co-rotating shocks most oftemlicular direction. In Fig. 3, for example, the enhancement
form after the CIR has passed 1AU. However, Steinbergin PSD at 0 PA observed at-20:00 UT on 7 August (i.e.,
et al. (2005) noted that enhanced sunward-directed electrowith upstream around 21:00 UT and downstream beforehand
fluxes are frequently observed at 1 AU as well, despite theat 18:00 UT), which is associated with a pressure wave at the
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Fig. 8. Superposed epoch results from all data relative to the times of the stream interfaces of Table 2. Results are &idive fdrahl

phase space density (arbitrary uni{), the magnetic field magnitudég) the ion bulk solar wind speed]) the ion density, an¢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 superposec
epoch dataset (cf. text for details).

rear of the CIR, can only be explained by non-adiabatic heatdirected halo and strahl, provides a source of enhanced
ing processes, despite the lack of a fully steepened shoclsuprathermal electrons directed sunward and which may eas-
We thus concur with Steinberg et al. (2005) that additionalily leak out towards upstream regions. The leaking particles
non-adiabatic heating (such as through electro-magnetic turthen focus along the magnetic field as they exit into a lower
bulence) is required at such pressure waves. Fully developethagnetic field so as to create a CSE pattern. The notion of
shocks do not constitute a necessary ingredient for enhancddakage here is not limited to leakage into the pristine regions
suprathermal electron PSDs within CIRs. outside the CIRs. As the event of Fig. 3 demonstrates, CSEs

The sunward-directed (i.e., 90—T8@A in Fig. 3) part may form even inside the CIRs as long as the local magnetic

of the PA distributions, which also shows anomalously en_f|eld s_trength is lower than farther out along the field lines
hanced PSDs inside the CIR, is likely explained by the com—(GOSllngl etal, 2001a).

bination of mirroring (towards the enhanced magnetic field

at the SI) and PA scattering of the enhanced strahl PSD4-2 Role of pitch angle scattering

created through heating as described above (PA scattering is

further discussed in Sect. 4.3). The creation of this sunwardTheoretically, the scenario proposed by Gosling et
directed population inside the CIRs, following the sequentialal. (2001a) for the formation of PSD depletions at $A
heating and mirroring/scattering of the pristine anti-sunward-(Fig. 1) ought to lead to complete suprathermal electron
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Table 2. List of stream interfaces associated with CIRs at each of I
the two STEREO spacecraft during the period 1 March—-31 Decem- 1.0 | ‘

ber 2007. See Fig. 2 and text for Sl definition.

Year DOY Month Day Hour

ST-A:

ST-B:

Year DOY Month Day Hour

2007 65 03 06 14

200771031212

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 0507 14
2007 138 05 18 16
2007 144 05 24 16
2007 15506 04 14
2007 16506 14 18
2007 173 06 22 06
2007 181 06 30 08
2007 18507 04 12
2007 192071114
2007 196 07 15 06
2007 201 07 21 04
2007 208 07 27 06
2007 21007 2912
2007 219 08 07 08
2007 22308 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 1004 08
2007 292 1019 08
2007 299 10 26 06
2007 314111016
2007 318111410
2007325112104
2007 330 11 26 00
2007 346 12 12 16
2007 35312 19 00
2007 355 12 21 00

2007 6503 06 16

200771031214

2007 84 03 25 08

20079104 0104

2007 99 04 09 10

2007 113 04 23 08
2007 11704 27 16
2007 127 0507 14
2007 138 05 18 08
2007 1440524 14
2007 155 06 04 00
2007 16506 14 10
2007 173 06 22 06
2007 180 06 29 14
2007 184 07 03 14
2007 191 07 10 22
2007 19507 1412
2007 201 07 20 06
2007 207 07 26 14
2007 21007 29 08
2007 218 08 06 12
2007 222 08 10 16
2007 237 08 25 00
2007 2440901 10
2007 24909 06 14
2007 25709 14 10
2007 263 09 20 02
2007 27109 28 08
2007 276 10 03 02
2007 290 1017 08
2007 297 10 24 20
2007 314111000
2007 317111308
2007 324 11 20 00
2007 327 1123 22
2007 3431209 14
2007350121612
2007 3521218 18
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Fig. 9. Occurrence distributions of the ratio of the local magnetic
field strength to that at the nearby Sl for times of CSE (solid lines)
and all data (dashed lines). The magnetic field at the nearby Sl (Ta-
ble 2) is determined as the strongest field #r2h interval around

the SlI. During times of CSE, the distribution is not statistically dif-
ferent from that for all data.

width, thus explaining the correlation between the depletion
value and the FWHM in Fig. 6.

Our analysis showed that the local magnetic field strength
is not significantly lower for CSE as compared to that for
all data (Fig. 5b). CIR-related CSEs are expected to occur
for lower magnetic fields, on average, since they are typi-
cally 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 oc-
currence. Figure 9 shows that the magnetic field strength
for times of CSE is generally significantly lower than at
the nearby Sl 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 charac-

depletions within the cone defined by the conservation of theter (dashed curve), in the sense of a lower PSD atF,

first adiabatic invariant and centered at ®%\. However, the

are statistically recorded at times of similarly low magnetic

depletions are in reality never totally devoid of particles (cf. field strengths when compared to the nearby SI maximum
Fig. 4). As noted by Gosling et al. (2001a), this likely owes magnetic field strength. In other words, the local magnetic
to the continuous occurrence of wave-particle interactionsfield strength is often significantly lower than at the nearby
The associated PA scattering progressively refills the depleSI to which it is likely connected, yet no CSE pattern result-
tions and gives them their typical reversed Gaussian shapmg from 90 PA depletion is observed. A likely explanation
(dashed curve in Fig. 4). Assuming a fixed PA scattering co-here as well is the continuous occurrence of wave-particle
efficient (in time and space), this refilling is expected to beinteractions in the vicinity of and within the CIR, with asso-
more efficient (or faster) for depletions with smaller angular ciated PA scattering refilling the depletion cone.

Ann. Geophys., 28, 23246, 2010
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Another possibility is that the Sunward-directed leaking provide enhanced PSDs in the sunward direction, is a cur-
population may sometimes be too weak in CIRs to formrently debated theme (cf. introduction). An alternate, or com-
CSEs in the upstream regions. However, PSD values are stglementary, mechanism is the sole occurrence of backscatter-
tistically much higher inside the CIR than outside (Fig. 8a), ing owing to wave-particle interactions (cf. introduction). As
and this is true for the sunward-directed suprathermal popunoted by Maksimovic et al. (2005), CIR- and shock-related
lation, indicating that there usually exists a significant seedCSE should be limited to regions of the solar ecliptic where
population for leakage. This is observed in Fig. 3c, for CIRs typically form. It would be of interest in the future,
instance, where we further note that enhanced Sunwarddsing for instance data from the Ulysses spacecraft, to de-
directed electron PSDs are measured on numerous occasiotermine whether CSEs occur as often (as a function of their
together with a lack of depletion at 9®A (i.e., times in be-  magnitude) at higher heliospheric latitudes, since the sce-
tween the black arrows). nario depicted here would seem to preclude it if the field

At some distance from the Sl the magnetic topology of lines to not wander substantially in latitude (cf. Gosling et
Fig. 2 implies magnetic connection to a CIR/SI farther out al., 2001b).
in the heliosphere, where the field strength within the CIR
usually should be lower than at 1 AU. The amplitude of the4.4 Role of small-scale transients in the slow wind
ratio displayed in Fig. 9 would in principle need to be scaled
accordingly. However, we believe that scaling this ratio t0 |n the context of the present study, it is necessary to note that
the actual magnetic field strength farther out (and which isa non-negligible fraction of CSE patterns observed prior to
unknown) is statistically unlikely to alter the fact that the two C|Rs ||ke|y comes from the passage of small-scale transients
distributions in Fig. 9 are similar. with closed magnetic field topologies. Indeed, recent studies

The facts (1) that SOPA depletions are never totally de- have shown that transients with CSE patterns are often ob-
void of particles and (2) that CSEs are not observed as ofserved in the slow solar wind (Kilpua et al., 2009; Rouillard
ten as one would expect from simple magnetic field ratioet al., 2009, 2010a, b) ahead of CIRs, while not in their trail-
arguments in the vicinity of CIRs, both suggest strong anding part, compatible with their inferred streamer belt origin
continuous PA scattering in the vicinity of CIRs. This in- (Wang et al., 2000; Zurbuchen et al., 2001; Crooker et al.,
ferred strong PA scattering is further necessary in the sce2004). The determination of their exact contribution to the
nario proposed in Sect. 4.1, where we suggest that the eroccurrence rate of CSEs in the slow wind prior to CIRs is a
hanced sunward-directed portion of the suprathermal electopic for future studies.
tron distributions within the CIR stems from the combination
of mirroring and PA scattering of the enhanced (compressed
and heated) anti-sunward-directed strahl in the CIR. Futur% Conclusions
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). We have studied the properties of counter-streaming 250 eV

suprathermal electron (CSE) patterns through statistical anal-
yses of the STEREO PA distributions during the solar mini-
mum period 1 March—31 December 2007. Our purpose was

Compression and heating occur within CIRs even in the ab{0 (1) quantify the occurrence rate of CSE, (2) determine
sence of bounding shocks. This process, together with a nedhe CSE occurrence rate as a function of location relative to
essary PA scattering process, constitutes the means to pr&I/Rs, and (3) investigate the potential roles of pitch angle
duce enhanced sunward-directed PSDs. Here “enhancedcattering and of the presence of CIR-bounding shocks. The
means PSDs that are larger than the (also) sunward-directg@fimary results are as follows.
halo PSDs observed a good distance away from the CIR,
when no CSE pattern is observed (e.g., at the very end of 1. CSE occurrence rates are of the order of 15-20% around
the interval shown in Fig. 3). However, as shown by Stein- 1 AU, compatible with previous studies. The rates of
berg et al. (2005) and found in the STEREO data as well (not ~ course depend on the definition criteria. There is a clear
shown), the counter-streaming sunward-directed PSDs out-  tendency to observe more CSE at ST-B, which is farther
side the CIR-bounding shocks sometimes exceed those ob-  from the Sun.
served just inside (downstream), which is deemed to be the
source population. In future work, we will show how the 2. CSEs occur for magnetic field strengths that are signif-
presence of shocks may indeed permit a further increase in icantly lower than at the nearby stream interface (Sl).
the CSE population PSDs by means of shock reflection. However, CSEs are not observed as frequently as one
The occurrence of CSE appears to be strongly related to  would expect based on the assumption that the ratio of
the presence of CIRs and shocks during solar minimum. The  the local magnetic strength to that at the nearby Sl is the
fact that their presence is a key ingredient, i.e., in order to only ingredient needed for their appearance.

4.3 Role of the bounding shocks
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3. Larger CSE 90 PA depletion values correspond to  Because suprathermal electrons are widely used tracers
wider depletions in pitch angles. The depletions areof heliospheric magnetic topology and energetic phenom-
never totally devoid of electrons. ena, future work ought to focus on characterizing the non-

adiabatic heating mechanism that occurs within CIRs (as

4. CSEs with enhancements in suprathermal electronwell as at the bounding shocks), as well as the origin and
PSDs are frequently observed on both sides of CIRsjmplications of pitch-angle scattering.
even in the absence of bounding shocks. Enhanced
PSDs in the sunward direction are observed even in thé\cknowledgementsThe authors thank the entire IMPACT and
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