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ABSTRACT

Context. Suprathermal electron pitch-angle distributions (PADs) contain substantial information about the magnetic topology of the
solar wind. Their characterisation and quantification allow us to automatically identify periods showing certain characteristics.
Aims. This work presents a robust automatic method for the identification and statistical study of two different types of PADs:
bidirectional suprathermal electrons (BDE, often associated with closed magnetic structures) and isotropic (likely corresponding to
solar-detached magnetic field lines or highly scattered electrons).
Methods. Spherical harmonics were fitted to the observed suprathermal PADs of the 119–193 eV energy channel of STEREO/SWEA
from March 2007 to July 2014, and they were characterised using signal processing analysis in order to identify periods of isotropic
and bidirectional PADs. The characterisation has been validated by comparing the results obtained here with those of previous stud-
ies.
Results. Interplanetary coronal mass ejections (ICMEs) present longer BDE periods inside the magnetic obstacles. A significant
amount of BDE remain after the end of the ICME. Isotropic PADs are found in the sheath of the ICMEs, and at the post-ICME region
likely due to the erosion of the magnetic field lines. Both isotropy and BDE are solar-cycle dependent. The isotropy observed by
STEREO shows a nearly annual periodicity, which requires further investigation. There is also a correspondence between the number
of ICMEs observed and the percentage of time showing BDE.
Conclusions. A method to characterise PADs has been presented and applied to the automatic identification of two relevant distri-
butions that are commonly observed in the solar wind, such as BDE and isotropy. Four catalogues (STEREO-A and STEREO-B for
isotropic and BDE periods of at least 10 min) based on this identification are provided for future applications.

Key words. Sun: heliosphere – Sun: coronal mass ejections (CMEs) – solar wind – methods: data analysis – methods: statistical –
methods: analytical

1. Introduction1

Suprathermal electrons (>60 eV at 1 au, Feldman et al. 1975) are2

continuously streaming from the solar corona (Viñas et al. 2000;3

Štverák et al. 2008; Che & Goldstein 2014; Graham et al. 2017)4

and propagate through the heliosphere following the interplane-5

tary magnetic field (IMF) lines with a small gyroradius (<22 km,6

for 1 keV and 5 nT). Their physical properties are routinely mea-7

sured by in situ instruments aboard spatial observatories. They8

are normally divided into two different populations based on the9

velocity distribution function (VDF): a narrow beam that fol-10

lows the IMF line (strahl), and an isotropic flux (halo) surround-11

ing them (and references therein Anderson et al. 2012). In their12

travel they undergo some processes, such as scattering or adi-13

abatic focusing depending on the IMF conditions (Owens et al.14

2008). Due to this, the strahl can be scattered to contribute to15

the halo population (becoming broader), and the halo can be16

focused to form part of the strahl. The importance of these pro-17

cesses depends on the energy range, the IMF conditions, and18

? BDE and isotropic catalogues for both STEREOs are only avail-
able at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/
cat/J/A+A/vol/page

the heliocentric distance. Nevertheless, the inter-dependency of 19

all these factors is a complex issue, and there are contradictory 20

examples of strahl width becoming narrower or broader depend- 21

ing on the situation (e.g. Anderson et al. 2012; Pagel et al. 2007; 22

Berčič et al. 2019; Fitzenreiter et al. 1998; Horaites et al. 2018; 23

Hammond et al. 1996; Graham et al. 2017). In order to identify 24

the IMF topology among other physical conditions, it is cru- 25

cial to accurately characterise the different types of suprathermal 26

solar wind electron pitch-angle distribution (PAD). 27

The behaviour of the suprathermal electrons adds substan- 28

tial information about the topology of the IMF lines and the con- 29

nectivity between the Sun and the observer, as it acts as a rela- 30

tively fast tracer of the IMF lines, due to their high velocity com- 31

pared to that of the bulk (Owens & Forsyth 2013). The study of 32

the behaviour of the suprathermal electrons (e.g. strahl–halo evo- 33

lution) has been traditionally performed by using moments of 34

the electron VDFs derived on ground (e.g. Feldman et al. 1975). 35

Also, one of the most valued sources of suprathermal electron 36

IMF information is the analysis of the time evolution of the 37

PAD, usually visualised as colour-coded plots (e.g. see panel l 38

of Fig. 9). As the suprathermal electrons are streaming from the 39

Sun (which adds a reference about the directionality), the shape 40

of the PAD provides information of the in situ topology and acts 41
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Fig. 1. Sketches of suprathermal electrons PAD patterns observed in the
interplanetary medium. The horizontal axis represents the cosine of the
pitch angle, while the vertical axis shows the VDF in linear scale.

as a complement for understanding the basics of the propagation1

of the suprathermal electrons. One of the direct applications of2

the information taken from the study of suprathermal electron3

PADs could be the computation of the heliospheric open solar flux4

(Owens & Crooker 2006; Owens et al. 2013), or unravelling the5

IMF topology, among others (Kasper et al. 2019; Li et al. 2016).6

These PAD time series are also frequently used to provide large-7

scale context for single spacecraft (s/c) observations of ICMEs8

(e.g. Nieves-Chinchilla et al. 2011). There are several commonly9

observed types of PADs of particular interest (sketched in Fig. 1):10

– A simple strahl, which can be identified as a PAD clearly11

peaking either at 0◦ or 180◦. Assuming that there are no kinks12

in the field lines (causing an apparent sunward propagating strahl13

case, Owens et al. 2013, 2017), a VDF peaking at 0◦ would corre-14

spond to positive (outward) IMF polarity, while if it peaks at 180◦15

the IMF line would have negative (inward) polarity. Moreover, the16

width of the strahl contains information about the interplanetary17

scattering process (Berčič et al. 2019; Maksimovic et al. 2005).18

In situ observations beyond 1 au suggest that the scattering from19

the strahl to the halo decreases with heliocentric distance and20

the strahl still exists up to at least 10 au (Hammond et al. 1996;21

Owens et al. 2008; Walsh et al. 2013; Graham et al. 2018).22

– Counterstreaming (Gosling et al. 1987) appears when the23

PAD shows two clear maxima at 0◦ and 180◦. This can be the24

result of a mixture of two different beams coming along and25

against the IMF lines (i.e. a double strahl). As it results from 26

a double stream, it is also commonly associated with a non-open 27

IMF line (coming out from and back to the Sun). 28

– Loss-cone (Phillips et al. 1996). This phenomenon is pro- 29

duced when a simple strahl is being reflected from beyond the 30

location of the observer due to a constriction of the IMF lines 31

(acting as a magnetic mirror). The field-aligned electrons can 32

pass through the constriction region, while those with larger 33

pitch angles are mirrored back. 34

– Pancake (Kajdič et al. 2014). This distribution is sym- 35

metric with the absolute maximum at 90◦ (inverted parabola) 36

associated for instance by a betatron acceleration, produced by 37

the reconnection of the magnetic field (see e.g. Liu et al. 2017; 38

Wu et al. 2013, and references therein). 39

– Isotropic flux. Associated either with intense scattering 40

(Gurgiolo & Goldstein 2017), which smears the PAD, or with 41

IMF lines detached from the Sun. (Wang et al. 2018). Heat 42

flux dropout (HFD) events are intervals characterised by nearly 43

isotropic suprathermal electron PADs (McComas et al. 1989; 44

Crooker et al. 2003; Pagel et al. 2005a,b; Chollet et al. 2010), 45

often found close to heliospheric current sheet (HCS) crossings. 46

As suprathermal electrons are continuously streaming from the 47

Sun, the lack of strahl and the isotropic PAD is interpreted either 48

as an indication of magnetic structures disconnected from the 49

Sun (via reconnection) or as a consequence of strong interplan- 50

etary scattering (see Pagel et al. 2005a, and references therein). 51

The PAD types listed above are examples of distributions 52

commonly observed in the solar wind (SW), but they do not 53

cover all the possible PADs that can be measured. Moreover, 54

in some situations there could be more than one explanation for 55

their existence in the SW. 56

Another commonly used term is bidirectional suprathermal 57

electrons (BDE), which normally refers to the presence of beams 58

propagating in both the field and anti-field aligned direction. 59

Possible mechanisms for this behaviour are the double strahl, 60

the overlap of a simple strahl and its reflection (due to e.g. con- 61

verging IMF lines), or both adiabatic focusing and mirroring. 62

This would include not only counterstreaming, but also loss- 63

cone PADs, or even 90◦ depletions (Gosling et al. 2001). 64

The presence of BDE is often an indicator of crossing an 65

interplanetary coronal mass ejection (ICME, Montgomery et al. 66

1974; Bothmer et al. 1996; Gosling et al. 1987). ICMEs are the 67

interplanetary counterpart of coronal mass ejections (CMEs), a 68

phenomenon that consists of the release of large amounts of 69

plasma from the solar corona, which often occurs at the same 70

time as solar flares as a consequence of the reorganisation of the 71

coronal magnetic field. 72

The presence of BDE inside ICMEs is often interpreted 73

as an indication that these structures remain magnetically con- 74

nected to the Sun at both ends (Feldman et al. 1999). Apart 75

from the BDE, there is other evidence of this link to the 76

Sun, such as the directionality of solar energetic particles (see 77

e.g. Rodríguez-Pacheco et al. 2003; Gómez-Herrero et al. 2017). 78

ICMEs are also identified by other signatures such as low plasma 79

β, due to an enhanced IMF together with low proton tempera- 80

ture and density, smooth IMF rotations, decreasing SW speed 81

(Zurbuchen & Richardson 2006). 82

Interplanetary coronal mass ejections must eventually dis- 83

connect from the Sun, otherwise a continuous magnetic flux 84

build-up would take place in the heliosphere (magnetic flux 85

catastrophe, Gosling 1975; McComas 1995). The first proposed 86

solution was the existence of reconnection processes that even- 87

tually produce a full disconnection of the magnetic structure 88

at both ends; however, the evidence in support of this process 89
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(e.g. isotropic suprathermal electron PADs) is not frequent1

enough to account for the magnetic flux balance problem2

(McComas et al. 1989; Crooker et al. 2002). Another possibil-3

ity is interchange reconnection with open field lines at one of4

the ICME legs close to the Sun or at some part of the struc-5

ture in the interplanetary medium, leaving only one end of the6

ICME connected to the Sun. The interaction between ICMEs7

and the surrounding plasma in the corona or the SW implies8

a gradual erosion via interchange reconnection of the origi-9

nally closed IMF lines, producing a mixture of open and closed10

field lines at 1 au; this is why the BDE intervals often do not11

cover the entire transit of the interplanetary structure, but have12

a “patchy” behaviour, with intervals showing other PAD shapes13

such as a simple strahl in the case of interchange reconnection14

(Larson et al. 1997; Crooker et al. 2002; Winslow et al. 2016;15

Ruffenach et al. 2015), or isotropy in the case of disconnection16

(Feng et al. 2018).17

Therefore, the study of suprathermal PADs, especially the18

identification and characterisation of periods showing BDE, is19

crucial for the understanding of the magnetic topology of closed20

structures and their interaction with the surrounding medium, in21

particular the erosion processes of ICMEs. This work presents22

a new approach to the characterisation of PADs, with particu-23

lar emphasis on BDE and isotropic periods, and is structured24

as follows. Section 2 presents the instrumentation and differ-25

ent catalogues used for the analysis. The observations and data26

analysis are presented in Sect. 3. The method developed for the27

characterisation of PADs is explained in Sect. 3.1. This method28

is applied to the study of anisotropy (Sect. 3.2.1) and to BDE29

(Sect. 3.2.2) in the SW observed by the Solar Terrestrial Rela-30

tions Observatory (STEREO, Kaiser et al. 2008) during 2007–31

2014. After that, the ICMEs observed by the mission on the same32

period are studied from the point of view of these two classes of33

PAD (Sect. 3.3). A long-term analysis of the variation of the two34

PADs under study is presented in Sect. 3.4. An automatic process35

has been developed in order to produce catalogues of BDE and36

isotropic periods, and the results are shown in Sect. 3.5. Finally,37

a discussion and the conclusions are presented in Sect. 4.38

2. Instrumentation and datasets39

This work is based on the analysis of different in situ datasets40

from the STEREO mission. STEREO consists of two nearly41

identical s/c that travel approximately along the Earth’s orbit42

and move away from the planet ∼22◦ per year in opposite direc-43

tions. Both s/c carry a comprehensive set of remote-sensing and44

in situ instruments. The in situ payload includes the Plasma and45

Suprathermal Ion Composition (PLASTIC, Galvin et al. 2008)46

instrument and the In situ Measurements of Particles and CME47

Transients (IMPACT, Luhmann et al. 2008) instrument suite.48

STEREO was launched in October 2006 and the data sample49

analysed in this work covers from March 2007 (when both s/c50

were outside the Earth’s magnetosphere) until July 2014 (just51

before the superior solar conjunction started to affect the com-52

munications with ground). This period covers the solar minimum53

between cycles 23 and 24, and the rising phase of solar cycle 24.54

PLASTIC provides measurements of different plasma prop-55

erties such as the bulk velocity, proton density, and temperature56

with a maximum resolution of one measurement per minute.57

IMPACT is a suite composed of multiple instruments. The ones58

used in this study are IMPACT-MAG (Acuña et al. 2008), which59

provides different components of the IMF strength with an60

acquisition frequency up to 32 Hz in burst mode, and the Solar61

Wind Electron Analyser (SWEA, Sauvaud et al. 2008). SWEA62

is able to measure the electron VDFs from ∼1 eV to 3 keV. The 63

instrument covers 360× 120◦, and has a geometrical factor at 0◦ 64

of 8.4× 10−3 [sr eV cm2 eV−1], with a time resolution of approx- 65

imately 2 counts min−1. 66

The SWEA scientific team provides the PAD of different 67

energy channels as Level 2 data1, with 12 equiangular calcu- 68

lated data points for every sample. The energy channel selected 69

for study in this work ranges from ∼119 eV to ∼193 eV, far 70

from the core-suprathermal breakpoint, which can be found at 71

around 60 eV at 1 au (Feldman et al. 1975). During the period 72

from 14 February 2008 to 16 April 2009 for STEREO-A, and 73

from 2008-02-16 to 2009-04-16 for STEREO-B, the PAD data 74

product covers a slightly different energy range from ∼127 eV 75

to ∼180 eV. It should be noted that the study presented here 76

focuses on the shape of the PAD, for this reason the methods 77

discussed in Sect. 3.1 are not significantly affected by instrument 78

gain changes. 79

Apart from the STEREO in situ data, a selection of ICMEs 80

from the ICME STEREO/MAG list maintained by L. Jian (here- 81

after ICME list)2 were considered for the statistical analysis. The 82

selection criteria of the ICMEs can be found in the series of 83

publications Jian et al. (2018, 2013, 2006a). The Stream Interac- 84

tion Region (SIR) STEREO/MAG list maintained also by L. Jian 85

(hereafter SIR list)3 was used to identify the quiet periods of the 86

SW (see Sect. 3.2.2). The selection criteria and further studies 87

of the catalogued SIRs are covered by Jian et al. (2019, 2006b). 88

Finally, in order to have a broader overview of the context of 89

the interplanetary medium for the statistical analysis and also 90

to define the quiet SW, the Heliospheric Shock Waves Database 91

maintained by the University of Helsinki (hereafter shock list)4 92

is used in this study. 93

3. Observations and data analysis 94

Pitch-angle distribution signatures are often determined by 95

eye using 3D colour-coded plots of PAD time evolution (e.g. 96

Shodhan et al. 2000); however, they can also be characterised 97

numerically (see e.g. Chen et al. 2014). This is introduced in 98

Sect. 3.1. A numeric characterisation can be automatised and 99

therefore provides a better approach for statistical studies. When 100

the value of the distribution is higher close to the edges of the 101

PAD (0◦ and 180◦) than at the centre (90◦), BDE may be present. 102

If the intensity is higher at ∼90◦, then a pancake distribution may 103

be present. Moreover, when the intensity is similar at all pitch 104

angles, it is considered an isotropic flux. On the other hand, if the 105

intensity is higher close to 0◦, a strahl is present along outward 106

IMF, while if the intensity is higher close to 180◦, the IMF would 107

be inward (unless sunward propagating strahl case, Owens et al. 108

2013). 109

Figure 2 shows an example of STEREO-B in situ observa- 110

tions during 6–11 May 2014. This interval includes a period 111

showing BDE during 8, 9, and 10 May 2014 (days of year 128, 112

129, and 130 respectively), also corresponding to the transit of an 113

ICME. This ICME is preceded by a simple strahl along an out- 114

ward IMF and followed by another strahl along the inward IMF. 115

The vertical dashed green line marks an interplanetary shock 116

1 https://stereo-ssc.nascom.nasa.gov/data/ins_data/
impact/level2
2 https://stereodata.nascom.nasa.gov/pub/ins_data/
impact/level3/STEREO_Level3_ICME.pdf
3 https://stereodata.nascom.nasa.gov/pub/ins_data/
impact/level3/STEREO_Level3_SIR.pdf
4 http://ipshocks.fi
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Fig. 2. Period showing BDE observed by STEREO-B on May 2014
during the transit of an ICME. From top to bottom: SW proton speed,
proton density, proton temperature, IMF magnitude accompanied by
its polarity (red, negative; green, positive; yellow, ambiguous), IMF
azimuthal angle in the RTN coordinate system complemented with the
two possible nominal Parker spiral angles (red, negative; green, pos-
itive) calculated from the proton speed, IMF latitudinal angle in the
RTN coordinate system, RTN magnetic field separated components,
plasma β, γ (ripple; see Sect. 3.1), S/N24 (see Sect. 3.1), and 119–
194 eV suprathermal electron PAD colour-mesh (y-axis is the angle in
degrees, z-axis the VDF in logarithmic scale). The vertical green dashed
line indicates the interplanetary shock catalogued in the Shock list, the
green shaded area corresponds to the magnetic obstacle as stated in the
ICME list.

(catalogued by the shock list, which also matches the ICME list),1

and the light green shaded area indicates the magnetic obsta-2

cle (MO, interpreted as the magnetic structure intrinsic to the3

ICME, but not necessarily manifesting a flux rope topology) cor-4

responding to the ICME catalogued at the ICME list. In panel c5

the yellow line represents an empirically predicted kinetic tem-6

perature based on the proton speed Elliott et al. (2012). When7

the actual proton temperature is lower than the calculated (pre-8

dicted), it could indicate the presence of an MO as the structure is9

colder than expected due to the adiabatic cooling. In panel e the10

colour bars show the polarity of the IMF observations, assum-11

ing a nominal Parker spiral angle based on the SW velocity with12

a range covering ±60◦ (red: negative or inward; green: positive13

or outward; yellow: out of the nominal Parker spiral). In plot f14

the green and red lines correspond to that nominal Parker spiral15

azimuthal IMF angle (positive and negative, respectively), while16

plot g represents the latitudinal angle. Panel h shows the three 17

different components of the IMF in RTN coordinates. Graph i 18

shows the plasma β, calculated as explained in Sect. 3.2.1. As 19

stated in Sect. 1, the MO is characterised by a low proton temper- 20

ature, smooth magnetic field rotations, low plasma β, decreasing 21

SW speed profile and BDE. Panels j and k show the anisotropy 22

index γ and the S/N24 of the suprathermal electrons PAD (see 23

following Sect. 3.1). 24

3.1. Pitch angle characterisation 25

Under the assumption of a gyrotropic trajectory, the suprather- 26

mal electron PADs ( f (θ), Eq. (1)) can be characterised using an 27

expansion of the orthogonal Legendre polynomials on the cosine 28

of the pitch angle 29

f (θ) =

∞∑
i=0

AiPi(cos θ) =

∞∑
i=0

Fi(θ), (1)

where θ represents the pitch angle, Ai are numeric coefficients, 30

and Pi(x) are the Legendre polynomials, given by Rodrigues for- 31

mula (e.g. Howlett et al. 2007): 32

Pi(x) =
1
2i

i∑
k=0

(
i
k

)2

(x + 1)i−k(x − 1)k. (2)

A similar approach has been used to analyse the PAD of solar 33

energetic particles (Balogh 1971; Sanderson et al. 1983, 1985; 34

Agueda & Lario 2016) and energetic electrons in the radiation 35

belts surrounding Earth (Chen et al. 2014). Legendre polynomi- 36

als formally include infinite harmonics (i → ∞); however, the 37

experimental data constitutes a discretisation which limits the 38

maximum meaningful order. The process followed in this work 39

is to fit a certain number of Legendre polynomials to all PAD 40

data with total IMF coverage, and to correct for ion bulk flow by 41

using a least-squares fitting algorithm denominated Levenberg- 42

Marquardt under the Python 3.6 lmfit package (Newville et al. 43

2014, 2019). Previous methods (such as the Gaussian fitting 44

used in e.g. Graham et al. 2018 or Anderson et al. 2012) ensure 45

that the fittings only include clear strahl signatures, while this 46

method, as in Chen et al. (2014), covers all PAD shapes exclud- 47

ing only those fits not converging. This happened for only a 48

very small minority of total number of fits. Due to the least- 49

squares fitting, artificial oscillations at the boundaries of the 50

studied interval may occur. This problem is known as Runge’s 51

phenomenon and occurs when a polynomial is fitted to a set of 52

equispaced data points. For this reason, it is necessary to have 53

a well-conditioned approximation (Dahlquist & Björck 2014), 54

and the order of the harmonics must accomplish i < 2
√

n (where 55

n is the number of data points) if a least-squares fitting is per- 56

formed. As seen in the previous Sect. 2, the SWEA PAD Level2 57

dataset provides 12 equiangular data points for every sample. In 58

this case the selected harmonics (truncating Eq. (1)) go up to the 59

fifth order: 60

F0(θ) = A0 (3)
F1(θ) = A1 cos(θ) (4)

F2(θ) = A2
1
2

(3 cos2(θ) − 1) (5)

F3(θ) = A3
1
2

(5 cos3(θ) − 3 cos(θ)) (6)

F4(θ) = A4
1
8

(35 cos4(θ) − 30 cos2(θ) + 3) (7)
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Fig. 3. Legendre Polynomials up to the fifth order. The summation of all
harmonics, multiplied by a coefficient, reproduces the final PAD. Shown
are i = 0, which represents the mean value; the even harmonics (2, 4),
which are symmetric along cos(θ) = 0; and the odd harmonics (1, 3, 5),
which are antisymmetric.

F5(θ) = A5
1
8

(63 cos5(θ) − 70 cos3(θ) + 15 cos(θ)). (8)

The shape of these six terms (for Ai = 1) are shown in Fig. 3. The1

coefficients Ai are obtained by fitting the summation of the six2

terms (from Eqs. (3)–(8)) to the experimental PAD data points.3

Some examples of the performed fits can be found in Fig. 4.4

Even Legendre polynomial terms (F2, F4) show a symmet-5

ric distribution (with respect to 90◦, or cos(θ) = 0), while the odd6

ones (F1, F3, F5) have antisymmetric behaviour, and F0 corre-7

sponds to the mean value of the PAD. The global shape of the8

PAD is determined by the relative contribution of each harmonic:9

– Bidirectional PADs can be considered to be symmetric10

flux as a first approximation. An ideal counterstreaming would11

appear when the second- and fourth-order coefficients are posi-12

tive and have much higher absolute value than the others, while13

loss-cone PADs or 90◦ depletions would also present symme-14

try, but their identification requires further interpretation of the15

coefficients.16

– A pancake is also a symmetric PAD, but in contrast to the17

counterstreaming case the second coefficient must be negative18

and dominate over the others.19

– When the mean value (A0) is the predominating contribu-20

tion, then the PAD is isotropic.21

In other words, these three PADs can all be interpreted as22

symmetric PADs, where the fit is dominated by the contribution23

of the even terms A2, A4 for BDE and pancake (with opposite24

signs), and by A0 for isotropic flux.25

The importance of the contribution of each term to the final26

DF can be characterised using a logarithmic relative power scale.27

Analogously to signal processing methods, we denote this defin-28

ing a signal-to-noise-ratio (S/N), taking the harmonic(s) under29

study as signal, and the rest of the harmonics as the noise:30

S/NdB = 10 · log10

(
Psignal

Pnoise

)
· (9)

Here Psignal and Pnoise are the power of one or the summation of31

various harmonics. The power of any harmonic/s is defined as32

Pi =
1

2π

∫ π

−π

|Fi(θ)|2dθ (10)

Fig. 4. Four different fits of STEREO-A observations during March
2012 accompanied by their timestamps, and colour-coded PAD as pre-
sented in panel l of Fig. 2. Shown are isotropic flux (grey box), strahl
with outward polarity (blue box), BDE distribution (green box), and
strahl with inward polarity (red box).

As mentioned above, the second and the fourth coefficients 33

are the ones that define the symmetry of the PAD. For this rea- 34

son, the S/N of the sum of the two harmonics (S/N24) has to 35

be, at least, higher than 0 dB in order to present a symmetric 36

flux (e.g. a bidirectional or a pancake VDF), and the higher this 37

parameter is, the more symmetric the flux. 38

When the VDF is nearly isotropic, the possible contribu- 39

tions of the harmonics are negligible compared to the value of 40

A0 (mean value). For this reason, a ripple coefficient γ can be 41

defined in order to identify how significant the angle-dependent 42

deviations are: 43

γ = 100 ·
frms

A0
[%], (11)

where 44

frms =

√
1

2π

∫ π

−π

| f (θ) |2 dθ. (12)

This coefficient characterises the existence of anisotropy. Perfect 45

isotropy would correspond to γ = 0, while large values charac- 46

terise highly anisotropic VDFs. 47

The definition of a threshold in γ allows an easy separation of 48

isotropic and anisotropic periods (γth; see Sect. 3.2.1), while the 49

combined use of S/N24 and γth permits the identification of bidi- 50

rectionality (see Sect. 3.2.2). The following subsections illustrate 51

the application of these procedures to real STEREO/SWEA data. 52

Every single 30-s sample of suprathermal electron PAD provided 53

by STEREO/SWEA in the energy range ∼119 eV to ∼193 eV 54

between March 2007 and July 2014 was fitted in order to obtain 55

the Legendre polynomial coefficients Ai for both s/c. Once they 56

were derived, the S/N24 and γ were calculated. This information 57

can be used for automatic characterisation of the PAD shape. The 58

method presented in this work can be easily generalised to simi- 59

lar instruments (for instance ACE/SWEPAM) or to other particle 60

fluxes with gyrotropic behaviour (e.g. solar energetic particles), 61

and permits an automatic search and classification of suprather- 62

mal electron PADs over extended periods of time. 63
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Fig. 5. Two-dimensional histograms showing the relation between the
ripple (γ) and the log10 of the plasma β for the entire period under study
(2007–2014) for STEREO-A (top) and STEREO-B (bottom). The hori-
zontal black line shows γth, and the colour bar indicates the number of
events for each bin in logarithmic scale.

3.2. Suprathermal electron pitch-angle distributions in the1

solar wind2

3.2.1. Characterising anisotropy3

Plasma β is defined as the ratio of the gas pressure (calculated4

as Pg = NpKTp + NeKTe + NHeKTHe, where N is the density, K5

the Boltzmann constant, and T the temperature) to the magnetic6

pressure. The magnetic pressure is calculated as Pmag = B2/2µ07

(with B the magnetic field and µ0 the vacuum permeability),8

while the gas pressure is estimated as the pressure considering9

the contribution of protons, alphas, and electrons, as explained10

in Mullan & Smith (2006), assuming Te and an alpha-to-proton11

ratio constant with a value of 140 000 K and 0.04, respectively12

(Newbury 1996; Bürgi 1992).13

It is well established that there is a correspondence between14

plasma β and the anisotropy of suprathermal electrons in the SW15

(Crooker et al. 2003). The value of plasma β is anticorrelated16

with the anisotropy. High-beta plasmas are prone to scattering17

suprathermal electrons, and this reduces heat flux coming from18

the Sun. In order to validate the characterisation of the degree19

of anisotropy based on the ripple coefficient γ, Fig. 5 shows a20

2D histogram of γ versus log10(β) for the entire period under21

study for both STEREOs. In both cases, there is a clear decreas-22

ing trend of γ (see also Fig. 4 in Crooker et al. (2003), where23

the authors characterise the anisotropy using the variance of the24

experimental PAD data). This confirms that γ can be used as a25

reliable anisotropy index.26

It should be noted that values of γ are bounded between27

∼1% (log10(γ) = 0) and ∼320% (log10(γ) = 2.5), and that the28

contribution of the harmonics to the final VDF is rarely higher29

than 3.2 times the value of A0. For practical purposes and tak-30

ing into account the existence of statistical fluctuations in the31

Fig. 6. STEREO-A observations during a period in September 2013
including two intervals of isotropic flux of suprathermal electrons
shaded in yellow. The panel content follows the same format as in Fig. 2.

experimental data, an upper threshold value of γth = 15% is used 32

as a selection criterion to tag isotropic periods (i.e. the total con- 33

tribution of the harmonics should be at least 15% with respect to 34

the mean value). 35

As an example, Fig. 6 shows a period including two closely 36

spaced time intervals where the PAD becomes almost isotropic. 37

Both intervals are shaded in yellow. These periods, with very 38

sharp boundaries, also show clear signatures in different SW 39

parameters such as IMF decrease, proton density enhancement 40

with the corresponding increase in the plasma β. As can be seen, 41

these periods are easily identifiable by the low values of the 42

anisotropy index (γ ≤ γth, in red in panel j of Fig. 6). The rest 43

of the shown interval is characterised by a strahl with outward 44

polarity and higher values of γ. 45

Using a threshold value of γ ≤ γth, a complete survey of 46

isotropic PADs was performed for the period under study. From 47

this survey, a list of isotropic periods lasting for at least 10 min 48

was compiled (see Sect. 3.5). 49

3.2.2. Characterising bidirectionality 50

In order to define a reliable criterion for the identification of 51

BDE periods, observations of suprathermal electron PADs from 52
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Fig. 7. Histograms of the calculated S/N24 for the selection of ICMEs
with longer periods of BDE (red, listed in Appendix A), and for quiet
SW (blue).

∼119 eV to ∼193 eV from ICMEs and from quiet SW are com-1

pared. A subset of ICMEs observed by both STEREOs with2

particularly long and clear periods of BDE was filtered by eye3

(Appendix A). After this selection, the data were filtered using4

the criteria of γ > γth (i.e. non-isotropic) defined in Sect. 3.15

and A2 > 0 (i.e. not peaking near pitch angle 90◦). Once they6

were filtered, the S/N24 was calculated. The same procedure was7

performed for the selection of quiet SW periods, defined as the8

whole period under study, removing the transit of the catalogued9

ICMEs + 12 h, SIRs± 12 h, and shock± 2 h (see Sect. 2).10

Histograms of the calculated S/N24 for each sample are pre-11

sented in Fig. 7. For the quiet SW (blue), the distribution is12

almost symmetric, centred at a mean value of S/N24 of −3.40 dB.13

As expected, the distribution for the selected ICMEs (red) is sig-14

nificantly shifted to higher values of S/N24, showing an asym-15

metric distribution with a mean value of 6.59 dB, and a median16

value of 5.79 dB of a total of 370 875 fits. Both distributions17

intersect near 0 dB and show some overlapping due to the occa-18

sional presence of BDE in the quiet SW (e.g. due to non-19

catalogued ICMEs, small-scale transients or post-ICME peri-20

ods showing significant bidirectionality; see Sect. 3.3) and the21

absence of BDE during certain periods of the selected ICMEs as22

well.23

In order to set a reliable identification criterion of periods24

with clear BDE, a threshold value of S/N24 corresponding to25

50% of the transit of the selected ICMEs observing BDE peri-26

ods was fixed (i.e. the median S/N th = 5.79 dB). This restrictive27

threshold does not imply that the values below do not correspond28

to bidirectional VDFs, but it assures that those above 5.79 dB29

are almost certainly bidirectional. The stated threshold (S/N th) is30

used in following the studies in Sects. 3.3–3.5. It should be noted31

that this selection threshold is always used for relative compar-32

isons of different periods, and not as an absolute indicator of33

BDE.34

3.3. Suprathermal electrons in ICMEs35

3.3.1. Bidirectionality36

During the transit of an ICME, s/c sometimes observe non-37

continuous or even non-existent periods of BDE (Larson et al.38

1997; Winslow et al. 2016). The BDE is mainly produced by the39

stream of suprathermal electrons from both foot-points of the40

ICME. As stated in Sect. 1, magnetically closed structures can41

Fig. 8. Histograms showing the mean value of the time-percentage of
BDE for each sector during all the ICMEs transits catalogued in the
ICME list, with shock at the beginning (top) and without (bottom). The
colours show the different catalogued regions (see text for more details)
and the labels correspond to equi-timed periods of the transit of those
regions (S – sheath, MO – magnetic obstacle, P – post-ICME). The error
bars indicate the standard error of the mean.

be gradually eroded by reconnection processes, with a conse- 42

quent loss of BDE. 43

In order to study how BDE is distributed during the tran- 44

sit of ICMEs, and in the immediately trailing region, a super- 45

posed epoch analysis was performed, considering all the ICMEs 46

catalogued on the ICME list observed by both STEREOs dur- 47

ing the period under study (317 ICMEs in total, excluding those 48

affected by data gaps). The superposed epoch analysis was per- 49

formed by dividing the ICME time-transit into different sections, 50

and the time-percentage mean value of BDE (where S/N24 is 51

higher than the previously defined threshold S/Nth) was calcu- 52

lated for each of them. Later on, the average of all the mean val- 53

ues in each section was obtained. The MO was divided into four 54

parts, while the sheath (if present), due to the lack of statistics 55

because it is shorter, was divided into thirds. The interval fol- 56

lowing the ICMEs (hereafter post-ICME) was studied, excluding 57

those cases where any other catalogued structure (ICME, SIR, or 58

interplanetary shock) is present. The duration of this final region 59

for each event was set as 1.2 times the total duration of each 60

ICME, and was divided into four chunks. This is the selected 61

value because it corresponds to the minimum time required to 62

recover the quiet SW time-percentage mean value of BDE for 63

the whole sample of ICMEs (not shown). Figure 8 shows cumu- 64

lative (using all the catalogued ICMEs) histograms of the time- 65

percentage mean value of BDE (calculated using the criteria 66

explained in Sect. 3.2.2). The ICMEs have been classified into 67

two different types: with and without shocks (top and bottom 68

histograms in Fig. 8, respectively) based on the catalogues used 69

throughout the study. The horizontal dashed line corresponds to 70

the time-percentage mean value observed in the quiet SW, as 71

defined in previous Sect. 3.2.2. 72

The average duration of the sheath region is 9.9± 0.5 h (15 73

events for ICMEs without shock, and 67 for ICMEs with shock), 74
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while the MO has a mean duration of 24.3± 0.8 h (139 events for1

ICMEs without shock, and 178 for ICMEs with shock). Finally,2

the post-ICME region lasts for 34.6± 2.0 h (45 events for ICMEs3

without shock, and 42 for ICMEs with shock). We note that post-4

ICMEs are not considered if another catalogued event overlaps.5

Based on the results shown in Fig. 8, there is a clear ten-6

dency for both types of ICMEs (with and without shock) to have7

a gradual increase in the time presenting bidirectionality until8

the end of the first half of the MO, where it starts to decrease.9

As shown in Feldman et al. (1999), among others, there is a ten-10

dency of BDE present inside of the ICMEs to be higher inside11

the MOs. The amount of BDE time-percentage becomes maxi-12

mum in the central part of the MO, which is more shielded from13

the surrounding fields. The presence of BDE inside the sheath is14

a likely indication of the existence of some closed loops in that15

region.16

In the case of ICMEs with shock, the MO presents longer17

periods of BDE and the difference between the amount of BDE18

inside the MOs and the sheath and post-ICME is clearer than19

in the case of ICMEs without shocks. A possible explanation20

is that those events driving an interplanetary shock constitute a21

subset of the fastest ICMEs, which consequently have less time22

for undergoing erosion during the interplanetary propagation to23

1 au.24

On the other hand, ICMEs without shock do not show a25

symmetric profile of the percentage of BDE inside the MO, as26

expected considering that they are composed of flux-ropes and27

the IMF lines crossed by the s/c are the same at the front and the28

rear part. In contrast, the first half of the MO shows more BDE29

than the second. This could be an indication of stronger erosion30

in the trailing edge of the expanding MO.31

In both cases it is notable that the post-ICME contains peri-32

ods with longer bidirectionality than the quiet SW, especially for33

the ICMEs without shocks, and that it decreases gradually. The34

existence of BDE at the post-ICME indicates the presence of35

either structures or special IMF conditions after MOs. Some of36

the multiple explanations to this may be the existence of isolated37

closed lines in post-ICME or the presence of uncatalogued flux38

ropes (in the ICME list) after the ones studied. Another expla-39

nation could be the reflection of strahl occurring in converging40

IMF lines around the ICME (or at the shock, if it exists).41

As an illustrative example, Fig. 9 shows an ICME with42

behaviour resembling the average profile of BDE time-43

percentage previously shown in Fig. 8, for the MO and the post-44

ICME period. The ICME is preceded by a simple strahl with45

inward IMF and followed by ∼1.5 days of BDE, and accompa-46

nied by a noticeable shock. The BDE during the MO and the47

post-ICME period are easily identified by the enhanced values48

of the S/N24 (panel k). As previously seen in Sect. 3, panel j49

shows the ripple γ. Periods corresponding to γ ≤ γth are in red50

(flagged as isotropic periods). In the plot, this corresponds to the51

midday of DoY 276 and during the sheath region of the ICME.52

Isotropy during and after ICMEs are discussed in the following53

section.54

3.3.2. Isotropy55

Similarly to Sect. 3.3.1, a study of the time-percentage of56

isotropy inside ICMEs and during the post-ICME region was57

performed.58

Figure 10 shows the same superposed-epoch sample of59

ICMEs presented in Fig. 8, but in this case representing the60

fraction of time showing isotropy, defined as γ ≤ γth. The grey61

dashed line marks the average percentage of isotropy observed in62

Fig. 9. STEREO-A observations during a period in October 2011 with
one of the studied ICMEs. The panel content follows the same format
as in Fig. 2.

the quiet SW (as defined in Sect. 3.2.2). The MO (blue) presents 63

the lowest probability of presenting isotropy, always below the 64

average isotropy in the quiet SW, while the sheath (red) and the 65

post-ICME (green) have higher values. Also, ICMEs with shock 66

show a higher rate of isotropy in the sheath. Since the sheath is 67

a compressed turbulent region (see e.g. Kilpua et al. 2017), this 68

isotropy could be partly due to enhanced scattering conditions. 69

The enhanced isotropy in the post-ICME region (clearer for the 70

ICMEs without shock) could be an indication of the presence of 71

formerly closed field lines that became fully disconnected from 72

the Sun at both ends. 73

The ICME event shown in Fig. 9 is a good example of the 74

existence of isotropy in the sheath region. Figure 11 shows one 75

of the studied ICMEs observed by STEREO-B during solar max- 76

imum (October 2013), which clearly shows isotropy in the post- 77

ICME region. That ICME is accompanied by a shock (vertical 78

green dashed line) catalogued in Shock list and presents clear 79

signatures such as decreasing SW speed, enhanced IMF, low 80

plasma β, low proton temperature, and BDE. The MO is shaded 81

in green. The sheath is between the shock and the MO, and the 82

post-ICME lasts until the end of 12 October (DoY 285). Panel 83

j shows the anisotropy index γ, and turns red when γ ≤ γth 84

(i.e. corresponding to isotropic periods). 85
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Fig. 10. Histograms of mean value of the time-percentage of isotropy of
each sector during all the ICMEs transits catalogued in the ICME list,
with shock at the beginning (top) and without (bottom). Colour-coding
and labels follow the same format as in Fig. 8.

3.4. Long-term variation of isotropy and bidirectionality1

In order to explore the solar-cycle dependence of suprather-2

mal electron bidirectionality and isotropy, the first four panels3

shown in Fig. 12 represent the time variation of the percent-4

age of isotropy (blue) and BDE (green) for both STEREOs, with5

moving windows of 3 months. The grey dashed lines show the6

mean percentage of the whole period under study. On the first7

two charts, the red line corresponds to the radial distance to the8

Sun of each s/c, while on the following two charts the green line9

indicates the time in hours per month of transit of ICMEs cata-10

logued in the ICME list. The bottom panel represents the daily11

average sun spot number (SSN) and the average tilt angle of the12

HCS (Hoeksema 1995). As previously explained in Sect. 2, the13

energy range used for the data product has a slight difference,14

covering from ∼127 eV to ∼180 eV instead of the nominal range15

from ∼119 to ∼193 eV. The two black lines of the first four pan-16

els indicate the period where this difference is present.17

In spite of the small angular separation between STEREO-A18

and STEREO-B (less than 11◦) during March–May 2007, sig-19

nificant discrepancies were observed in both isotropy and BDE.20

Some contribution of electrons escaping from the Earth’s mag-21

netosphere at STEREO-B (Opitz et al. 2014) or a shielding effect22

of the magnetospheric obstacle cannot be discarded as a possible23

source of this discrepancy at the earliest part of the plots.24

The isotropy (panels 1 and 2 in Fig. 12) show periodic fluc-25

tuations, roughly coincident with the orbital period for both26

s/c. However, while STEREO-B tends always to observe more27

isotropy when it is located farther from the Sun, the origin of28

the periodicity for STEREO-A is unclear and not obviously cor-29

related with the heliocentric distance, heliographic latitude, or30

planetary connections along the IMF (not shown in the figure).31

Since the amplitude of the heliocentric distance variation along32

its orbit is higher for STEREO-B than for STEREO-A, the recur-33

rence observed at STEREO-B could be the result of increas-34

ing cumulative effects of scattering and/or disconnection events;35

Fig. 11. STEREO-B observations during a period in October 2013 with
one of the studied ICMEs. The panel content follows the same format
as in Fig. 2.

however, given the narrow interval of variation of heliocentric 36

distances covered by both s/c (below 0.087 au for STEREO-B 37

and below 0.012 au for STEREO-A), the ultimate origin of the 38

quasi-periodic behaviour at both s/c requires further investiga- 39

tion. 40

Apart from this periodicity, there is no obvious trend corre- 41

lated with the evolution of the SSN, but a prominent increase 42

in the isotropy during late 2009 and early 2010 was observed 43

by both s/c, in coincidence with the quick increase in the HCS 44

tilt angle, which marks the end of the solar minimum and the 45

start of the rising phase of solar cycle 24. It should be noted that 46

suprathermal electron isotropy is frequently observed near inter- 47

planetary HCS crossings (Crooker et al. 2003), and is therefore 48

subject to the influence of the global HCS tilt angle and the s/c 49

latitude. 50

For both s/c, the isotropy is overall more frequent near solar 51

minimum (2008–2010) than during the increasing phase of the 52

solar cycle (2011–2014), although this tendency is weak com- 53

pared with the recurrent fluctuations. 54

The bidirectionality (panels 3 and 4 in Fig. 12) roughly fol- 55

lows an increasing trend with increasing solar activity level (SSN 56

and HCS tilt angle). This means that bidirectional periods are 57

longer and more frequent during solar maximum than near solar 58
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Fig. 12. Temporal variation of the time percentage during 3 months of
isotropic periods (blue) and bidirectional periods (green). From top to
bottom: percentages of time appearance calculated for a running win-
dow of three months of isotropy for STEREO-A, isotropy for STEREO-
B, and with the heliocentric distance of both s/c overplotted; BDE for
STEREO-A, BDE for STEREO-B, accompanied by the time transit of
ICMEs catalogued in ICME list; finally, SSN and latitudinal angle of
the HCS (see text for details).

minimum. At the same time, the fraction of time corresponding1

to ICME transits (solid line in panels 3 and 4) follows the same2

trend. This result matches what was expected, as one of the prop-3

erties of the ICMEs is to present BDE (Zurbuchen & Richardson4

2006), and the ICME occurrence rate increases during solar5

maxima (Owens et al. 2007; Richardson & Cane 2010; Li et al.6

2018). It is also notable that STEREO-A observed a local max-7

imum in the rate of BDE during late 2009 and early 2010, just8

after the quick increase in the HCS tilt angle.9

3.5. Catalogues of isotropic and bidirectional periods10

As seen in previous sections, the analyses of BDE and the11

isotropy provide substantial information about the topology of12

the IMF and the interaction processes, and about the identifica-13

tion of interplanetary structures such as ICMEs and HFDs.14

Taking advantage of the potential of the method and crite-15

ria explained in Sects. 3.1 and 3.2.2, two different catalogues16

(isotropy and BDE periods) for both STEREOs have been cre- 17

ated. These lists constitute a valuable data product for future 18

studies of the suprathermal electrons in the SW. 19

The procedure for the creation of the period lists is as fol- 20

lows. First of all, a moving window (∼20 min) calculates the time 21

percentage where the imposed threshold (γ ≤ γth for isotropy; or 22

A2 > 0, γ > γth and S/N24 > S/N th for BDE) is fulfilled. If the 23

condition is fulfilled for at least 10 min of that moving window, 24

the period is a candidate for the list. When two or more candi- 25

dates have a separation of less than 2 h, they are considered to be 26

the same event. 27

Four different catalogues (STEREO-A and STEREO-B for 28

isotropic and BDE periods) are available at the CDS, and con- 29

tain the following information. The beginning and the end of 30

each period is marked (first and second column), as well as its 31

duration (third column). Also, the column “Catalogued” shows 32

whether the corresponding period coincides with some of the 33

structures marked in the lists used in this work (ICME list, SIR 34

list, or Shock list; see beginning of Sect. 3). For the shocks 35

appearing in the Shock list, each shock is considered to affect an 36

interval with a duration of 2 h centred at the time of the shock. 37

FF represents fast-forward shocks, and FR corresponds to fast- 38

reverse shocks. The mean value of some physical parameters is 39

provided with their standard error of the mean for the rest of the 40

columns. 41

On the one hand, STEREO-A observed 2125 of isotropic 42

periods of at least 10 min during the seven years of observation 43

between March 2007 and July 2014, while STEREO-B crossed 44

2367, with an average duration of the periods of ∼150 min and 45

a mean anisotropy index γ of 17% for both s/c. On the other 46

hand, STEREO-A went through 1227 periods with BDE during 47

the interval under study, while STEREO-B crossed 1333. The 48

mean time duration is ∼200 min; S/N24 shows a mean value of 49

∼7 dB and the anisotropy index γ, ∼45%, for both s/c as well. 50

4. Summary and conclusions 51

The shape of suprathermal electron PADs in the SW carries rele- 52

vant information about the physical conditions at the solar source 53

and during the interplanetary propagation, and about the large- 54

scale topology of the IMF. In particular, the presence of BDE is 55

often a signature of closed magnetic field structures, while the 56

presence of isotropic periods could be an indicator of disconnec- 57

tion from the Sun by reconnection or of enhanced interplanetary 58

scattering. 59

The method presented in this work (see Sect. 3.1) is a new 60

approach to characterise the PAD shape, and allows us not only 61

to identify BDE and isotropy in the SW, but also to obtain the 62

intensity, the mean flux, the anisotropy, and to categorise differ- 63

ent types of PADs by comparing the Legendre polynomial fitting 64

coefficients. Previous methods, such as Anderson et al. (2012), 65

Chen et al. (2014), and Graham et al. (2017), were designed to 66

study a specific characteristic of the PADs instead of a global 67

characterisation of the PAD shape. 68

Two different thresholds (γth and S/N th) can be used for an 69

easy identification of isotropic and BDE periods. Isotropic peri- 70

ods are efficiently identified selecting those PAD with γ ≤ 15%. 71

The clearest BDE intervals can be selected using the combined 72

condition S/N24 > 0, γ > 15%, and A2 > 0. These cuts have 73

been validated using extensive samples of STEREO/SWEA data 74

during 2007–2014 (see Sects. 3.2.1 and 3.2.2). Although the 75

selected threshold criterion is very restrictive for BDE (i.e. there 76

are periods that could be not identified as such), establishing 77

common criteria allows us to compare the suprathermal electrons 78
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PADs in relative terms. The method is well suited for automati-1

sation, and can be used directly for space weather applications.2

As reported by previous studies, anisotropy anticorrelates3

with the plasma β and BDE are frequently found inside ICMEs.4

The S/N24 (indicator of the symmetry of PADs) is higher for5

periods of BDE, and is clearly distinguishable when an average6

ICME is observed. The mean value of the S/N24 for the whole7

period under analysis is negative, while for the ICMEs in the8

ICME list is positive.9

Using a superposed epoch analysis for a large sample of10

events, the amount of BDE and isotropy during ICMEs and in11

the post-ICME region has been analysed. The main conclusions12

of this analysis are as follows:13

– On average, the amount of BDE tends to gradually increase14

in the sheath (when it exists), reaching maximum values dur-15

ing the transit of the middle part of the MO. It drops at the16

exit of the MO and gradually decreases in the post-ICME17

period (defined as 1.2 times the duration of the ICME),18

which still shows a notable amount of BDE. The observed19

behaviour can be interpreted in terms of erosion by recon-20

nection with the ambient IMF, i.e. the intervals preceding21

and following the MO contain some closed field lines mixed22

with reconnected field lines that were formerly closed. Alter-23

natively, these BDE intervals could result from the reflection24

in converging lines around the ICME or at the shock or the25

sheath.26

– Contrary to Shodhan et al. (2000), we find the observations27

suggest that BDE periods have a tendency to concentrate28

in the middle part of MOs, rather than being randomly dis-29

tributed.30

– ICMEs with shock present a higher percentage of BDE31

inside MOs than those without shock. The distinction32

between MO and sheath and post-ICME in terms of BDE is33

also clearer for ICMEs with shock. This behaviour suggests34

that slow ICMEs (those not driving a shock) show a higher35

degree of erosion by reconnection due to their longer transit36

times to 1 au.37

– Isotropy is much less common inside the MO than in ambi-38

ent SW, and even less far from its boundaries. This can be39

interpreted as a direct consequence of the smooth magnetic40

field (weak scattering conditions) and predominantly closed41

topology (not reconnected) inside the MO. On the other42

hand, isotropy is more common in the surroundings of the43

MOs (sheath and post-ICME regions) than on average SW.44

This is a possible indication of the presence of disconnected45

field lines and/or stronger scattering conditions.46

The long-term behaviour of the fraction of time when the47

suprathermal electrons show isotropy or bidirectionality has48

been studied separately for STEREO-A and STEREO-B. This49

analysis draws the following conclusions:50

– Both s/c observe recurrent fluctuations of the isotropy, cou-51

pled with the orbital periods. Periodicity at STEREO-B is52

apparently related to the variation of heliocentric distance,53

but this is not the case for STEREO-A. The ultimate origin54

of this periodicity is uncertain and requires further investiga-55

tion.56

– The isotropy is overall more frequent near solar minimum57

than during the increasing phase of the solar cycle, although58

this tendency is weak compared with the recurrent fluctua-59

tions described above.60

– As expected, the BDE increases with the SSN at the same61

time as the number of ICMEs does. Nevertheless, the sudden62

change in the tilt angle of the HCS between late 2009 and63

early 2010 is accompanied by a large increase in the isotropy 64

rate observed by both s/c (which reach maximum values) and 65

in the BDE rate observed by STEREO-A. 66

– Previous works (e.g. Lavraud et al. 2010) clearly show more 67

BDE for STEREO-B than for STEREO-A. In this work, even 68

though the defined threshold does not allow us to compare 69

quantitatively the time-percentage of BDE, a clear tendency 70

to observe more BDE at STEREO-B than at STEREO-A is 71

found too. Also, since the imposed threshold is very restric- 72

tive, the time percentage is systematically lower than in the 73

mentioned study (15–20% versus 5–10%). 74

The catalogues of isotropic and BDE periods presented in 75

this work, and available at CDS, constitute a valuable data prod- 76

uct for future detailed studies of the behaviour and topology of 77

the IMF lines, apart from being a validation test for the method. 78

They also open the way for an automatic classification of dif- 79

ferent PADs and different structures of the SW. The isotropic 80

catalogue is useful for identifying HFDs, highly-scattered strahl, 81

or eroded IMF lines; the BDE catalogue is useful not only for 82

ICMEs analysis, but also for SIRs or the study of suprathermal 83

electrons around shocks. 84

The method presented here can be extended (using other har- 85

monics, their coefficients, and other S/N calculations) to charac- 86

terise other interesting PAD features (such as pancake) or their 87

properties (e.g. width of strahl). The decomposition into har- 88

monics is also a better approach for the application of machine- 89

learning based classifiers, instead of the PAD itself, as the num- 90

ber of coefficients is half of the number of points (which is eas- 91

ier to compute); the relation between them also adds substantial 92

information (rather than the relation between points of the VDF) 93

and the sign of each provides further information of the shape 94

of the PAD. The method has potential for automatic detection of 95

ICMEs or their different parts, using the identification of BDE as 96

a complement to other interplanetary signatures, as well as other 97

interplanetary structures in the SW, with great interest also for 98

space weather applications. An analysis of the data from future 99

missions like Solar Orbiter or the Parker Solar Probe will also 100

contribute to the understanding of the different PADs, and espe- 101

cially how the BDE and the isotropy vary with the heliocentric 102

distance and the heliographic latitude. The method opens up new 103

ways for a better understanding of the energy dependence of the 104

strahl, perform statistics of strahl width, and the calculated coef- 105

ficients can be correlated to other physical parameters, compared 106

to solar energetic particle events (e.g. when HFDs occur). Fur- 107

thermore, it allows us to study suprathermal electrons in other 108

different contexts such as planetary magnetospheres. 109
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Appendix A: Magnetic obstacle candidates1

showing longer bidirectionality periods2

Table A.1. Selection of the candidates with long and clear periods of
BDE observed by STEREO-A and STEREO-B.

Candidate no. Start date End date

1 2008-07-05 06:34 2008-07-06 18:00
2 2009-07-11 23:10 2009-07-13 05:45
3 2009-10-16 21:35 2009-10-17 22:16
4 2009-11-01 08:00 2009-11-03 02:00
5 2009-12-09 09:00 2009-12-10 23:13
6 2010-12-15 10:20 2010-12-16 04:00
7 2011-01-16 05:40 2011-01-17 10:10
8 2011-02-01 10:25 2011-02-02 18:40
9 2011-03-12 00:25 2011-03-12 16:47
10 2011-03-19 23:34 2011-03-21 01:30
11 2011-03-23 06:55 2011-03-24 23:17
12 2011-04-06 09:40 2011-04-06 23:41
13 2011-07-23 09:41 2011-07-24 11:45
14 2011-11-26 01:30 2011-11-26 13:30
15 2011-11-27 00:20 2011-11-28 05:00
16 2012-01-25 22:10 2012-01-26 22:00
17 2012-03-04 10:34 2012-03-04 22:00
18 2012-03-17 04:10 2012-03-18 06:00
19 2012-03-20 05:00 2012-03-20 14:45
20 2012-07-11 09:10 2012-07-13 04:00
21 2012-07-16 00:45 2012-07-16 18:00

STEREO-A 22 2012-07-17 03:40 2012-07-18 00:25
23 2012-10-05 16:10 2012-10-07 12:00
24 2012-10-11 22:38 2012-10-13 02:30
25 2012-11-12 15:23 2012-11-13 15:05
26 2012-11-26 15:00 2012-11-28 01:22
27 2013-04-23 00:00 2013-04-23 19:30
28 2013-05-03 05:50 2013-05-04 16:10
29 2013-06-27 16:17 2013-06-28 00:37
30 2013-08-10 17:24 2013-08-12 07:00
31 2013-08-22 23:15 2013-08-24 23:25
32 2013-09-21 18:20 2013-09-22 23:20
33 2013-10-23 04:12 2013-10-24 11:37
34 2013-11-04 20:00 2013-11-06 01:30
35 2013-11-12 02:00 2013-11-13 03:00
36 2013-11-14 09:00 2013-11-14 21:00
37 2013-12-02 06:00 2013-12-04 07:40
38 2014-02-06 11:34 2014-02-07 20:30
39 2014-02-16 15:06 2014-02-17 16:15
40 2014-03-08 02:38 2014-03-08 23:12
41 2014-04-10 06:05 2014-04-10 15:35
42 2014-04-12 11:40 2014-04-12 20:33
43 2014-06-10 04:10 2014-06-10 23:50

Table A.1. continued.

Candidate no. Start date End date

44 2008-10-19 01:02 2008-10-20 11:32
45 2008-12-31 02:00 2009-01-01 07:20
46 2010-09-19 23:22 2010-09-20 06:45
47 2010-12-02 09:55 2010-12-03 11:11
48 2011-01-18 00:00 2011-01-18 09:38
48 2011-03-07 19:10 2011-03-08 17:21
49 2011-03-11 15:18 2011-03-12 12:00
50 2011-04-01 04:00 2011-04-01 13:50
50 2011-06-01 17:35 2011-06-02 18:00
51 2011-06-17 07:40 2011-06-18 04:00
52 2011-10-04 02:00 2011-10-04 12:40
53 2011-12-02 16:03 2011-12-03 11:00
54 2012-01-11 17:43 2012-01-12 13:42
55 2012-01-17 07:30 2012-01-18 09:00
56 2012-01-19 01:46 2012-01-19 16:43
57 2012-03-09 01:00 2012-03-09 11:30
58 2012-03-11 01:34 2012-03-12 21:51
59 2012-03-30 01:37 2012-03-30 08:30
60 2012-04-17 09:40 2012-04-18 09:05
61 2012-05-09 13:30 2012-05-10 10:40
62 2012-05-13 03:00 2012-05-14 04:30

STEREO-B 63 2012-06-18 23:47 2012-06-20 10:00
64 2012-07-04 11:40 2012-07-05 12:50
65 2012-07-24 20:00 2012-07-25 12:00
66 2012-09-04 05:30 2012-09-05 20:58
67 2012-09-23 23:38 2012-09-24 09:46
68 2012-10-26 04:00 2012-10-27 10:00
69 2012-11-04 01:22 2012-11-05 18:00
70 2012-11-20 02:00 2012-11-20 12:40
71 2012-11-28 07:37 2012-11-29 07:00
72 2013-03-08 08:00 2013-03-10 08:45
73 2013-04-09 23:40 2013-04-10 14:00
74 2013-05-04 15:00 2013-05-06 09:40
75 2013-06-02 12:15 2013-06-06 08:52
76 2013-07-05 07:04 2013-07-07 01:47
77 2013-08-22 13:00 2013-08-23 07:00
78 2013-09-16 04:20 2013-09-17 00:25
79 2013-10-08 17:25 2013-10-09 23:35
80 2013-11-05 02:43 2013-11-05 23:47
81 2013-11-06 13:38 2013-11-07 14:00
82 2013-12-18 02:05 2013-12-20 15:00
83 2013-12-21 08:25 2013-12-22 00:00
84 2013-12-29 04:12 2013-12-30 14:00
85 2014-04-01 04:53 2014-04-01 21:37
86 2014-05-08 21:00 2014-05-10 08:23
87 2014-06-10 00:00 2014-06-10 17:10
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