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Abstract we present the first survey of hot flow anomalies (HFAs) at the bow shock of Venus, expanding
on our recent initial case study. A 3.06 sol (774 Earth day) survey of Venus Express magnetometer, ion
spectrometer, and electron spectrometer data was undertaken in order to identify Cytherian HFAs. Seven
events were discovered, corresponding to a statistical frequency ~1.2 + 0.8 per day, approximately

the same rate as at the Earth. All seven HFAs were centered on a discontinuity in the solar wind, with
inward pointing motional electric fields on at least one side, and exhibited electron and ion perturbations
consistent with heating. For one event the calculation of continuous electron moments is possible, revealing
that electron temperature increased from ~2 x 10° Kto 8 x 10° K in the HFA core (comparable to terres-
trial and Kronian HFA observations), and density increased from ~1 cm=3 to ~2 — 2.5 cm= in the bounding
compression regions. Cytherian HFAs were found to be physically smaller (0.4 — 1.7 Venus radii (R,)) than
their terrestrial or Kronian counterparts, although are much larger when compared to the overall size of the
system (~130% of the subsolar bow shock distance), and occur very close (1.5 — 3.0 R)) to the planet. Thus,
we hypothesize that HFAs have a much more dominant role in the dynamics of the induced magnetosphere
of Venus relative to the magnetospheres of magnetized planets.

1. Introduction

Hot flow anomalies (HFAs) are an explosive plasma phenomena found wherever there is an appropriate
interaction between a current sheet and a collisionless shock, wherein a pocket of reflected solar wind
plasma becomes heated and rapidly expands [Schwartz et al., 1988]. They were first discovered by the Active
Magnetospheric Particle Tracer Explorer - UK Satellite [Schwartz et al., 1985] and by the International Sun Earth
Explorers [Thomsen et al., 1986]. Typical properties are as follows: (1) HFAs are centered on [Schwartz, 1995;
Eastwood et al., 2008] or found near to [Omidi and Sibeck, 2007; Zhang et al., 2010] a discontinuity in the
Interplanetary Magnetic Field (IMF) in close proximity to the Bow Shock [Thomsen et al., 1988]. (2) A central
core region of hot rarified plasma [Paschmann et al., 1988], in which the magnetic field is noisy [Tjulin et al.,
2008], with an overall drop in the magnitude of the magnetic field (|B|) [Thomsen et al., 1986; Lucek et al.,
2004; Koval et al., 2005]. (3) Bounding compressive/mildly shocked regions of denser heated plasma associ-
ated with peaks in |B| [Onsager et al., 1990; Thomas et al., 19911]. (4) An overall deflection in solar wind flow
[Facskd et al., 2009; Masters et al., 2009].

HFAs are important at the Earth because they are common (x3 per day [Schwartz et al., 2000], ~2 per day
[Facské et al., 2009]), and can cause global effects on the magnetosphere and ionosphere [Sibeck et al.,
1998, 1999]. The large fluctuations in pressure associated with an HFA drive large outward motions in
the location of the magnetopause, resulting in measurable deflections in ground based magnetometers
[Eastwood et al. 2008]. This motion drives currents throughout the magnetosphere, precipitating particles
into the ionosphere resulting in auroral brightenings [Sibeck et al., 1999].

HFAs are thought to form as a result of shock reflected solar wind ions being focused onto the IMF discon-
tinuity through motional electric fields [Thomsen et al., 1988; Burgess, 1989; Thomsen et al., 1993; Omidi and
Sibeck, 2007]. Thus, an important requirement for HFA formation is thought to be motional electric fields
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pointing into the discontinuity on at least one size [Schwartz et al., 2000], although this is not always the
case [Schwartz et al., 2000; Wang et al., 2013]. The exact mechanism for plasma heating is currently unclear.
Gary [1991] postulated that ions are heated through ion-ion instabilities, whilst recently Zhang et al. [2010]
suggested that electron heating may be a result of hybrid waves. More recently, a new class of HFA-like phe-
nomena has been reported in both hybrid simulations [Omidi et al., 2013], and Time History of Events and
Macroscale Interactions during Substorms (THEMIS) observations [Zhang et al., 2013]. These so called “spon-
taneous hot flow anomalies” are thought to form as a result of foreshock cavitons interacting with the bow
shock, without the need for a tangential discontinuity. However, this study only considers “classic” HFAs
which form as a result of the interaction between a solar wind discontinuity and a standing planetary bow
shock. Following their initial discovery at Earth, HFAs have subsequently been observed at Saturn [Masters
et al., 2008, 2009] and at Mars [dieroset et al., 2001] (although no ion perturbations could be observed in this
case, since Mars Global Surveyor carried only an electron spectrometer).

Recently, [Collinson et al., 2012a] reported the observation of an HFA in the foreshock of the planet Venus,
following up on an HFA-like magnetic signature observed by the Mercury-bound NASA Mercury Surface,
Space Environment, Geochemistry and Ranging (MESSENGER) spacecraft [Slavin et al., 2009]. Collinson et al.
[2012a] used both field and particle measurements from the Venus Express [Svedhem et al., 2007] Magne-
tometer [Zhang et al., 2006] and the Analyzer of Space Plasmas and Energetic Atoms (ASPERA) [Barabash

et al., 2007] to unambiguously demonstrate the occurrence of HFAs in the Cytherian foreshock. The proper-
ties of this Cytherian HFA were consistent with those described above, and within the limitations of the data
set, appeared consistent with HFAs observed at other planets throughout the solar system.

While Collinson et al. [2012a] was able to confirm their occurrence, the paper was only a single case study
and thus was unable to comment on whether or not the observed event was typical, nor was it able to com-
ment on the general properties of Cytherian HFAs. Whilst heating was demonstrated in the compression
regions of the HFA, Collinson et al. [2012a] was unable to demonstrate the expected temperature increase in
the core, and was only able to speculate on changes in electron density. This was believed this to be due to
a data gap, the short timescale of the event, the low plasma flux in the region, and the low geometric factor
[Collinson et al., 2012b] (sensitivity) of the Venus Express ASPERA Electron Spectrometer (ASPERA-ELS) due to
errors during manufacture [Collinson et al., 2009].

In this paper we present our extension of the work of Collinson et al. [2012a] through a 3.06 Venus Solar day
(3.06 sol, 774 Earth days) Venus Express campaign to determine the typical properties of Cytherian Hot Flow
Anomalies so that they can be compared against their terrestrial and Kronian counterparts. Additionally, we
present evidence for the expected increases in plasma temperature and density in order to further confirm

their presence at Venus.

This paper is organized as follows. In section 2, we outline our survey and the criteria used for event selec-
tion. In section 3 we present full data sets from our best example of a Cytherian HFA which occurred on
26 February 2009, from which we were able to extract electron moments to demonstrate the expected
heating in the core, and density enhancements in the bounding compression regions. In section 4 we cal-
culate and compare the general properties of Cytherian HFAs to their terrestrial and Kronian counterparts.
The properties discussed are solar wind velocity during formation, frequency, size, observed direction of
motional electric fields, and speed along the bow shock. Finally, in section 5, we summarize our findings.

2. A Survey of Cytherian Hot Flow Anomalies

This survey used data from three instruments: The Venus Express Magnetometer (MAG) [Zhang et al., 2006];
Analyser of Space Plasmas and Energetic Atoms (ASPERA) Electron Spectrometer (ELS); and ASPERA lon
Mass Analyzer (IMA) [Barabash et al., 2007]. A brief description of each, together with their limitations in
measuring Cytherian foreshock phenomena can be found in Collinson et al. [2012a, section 2]. The Venus
Express is in an elliptical quasi polar orbit with a period of ~24 hours [Titov et al., 2006], and spends only
~10 min out of each orbit in the Cytherian foreshock, the region in which this investigation was focused.
Therefore, in order to obtain a reasonable chance of finding events, this necessitated a prolonged 3.06 sol
observation campaign of 744 orbits from 2008 and 2009. In order to match the rigour of Collinson et al.
[2012a], we required that a combination of field, electron, and ion measurements be available in order to
confidently identify HFAs from the plethora of other foreshock phenomena. Therefore, 129 orbits were
rejected because data from one or all of our three instruments were not available.
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Figure 1. Map showing the positions of hot flow anomalies at Venus in VSO cylindrical coordinates relative to an idealized Slavin et al.
[1980] bow shock. Units are in Venus radii.

For the remaining 615 orbits (2.53 sol), we monitored the ~30 min upstream of the Cytherian foreshock
for events with all three following characteristics: (1) A sudden change in magnetic field orientation
that might be associated with a solar wind discontinuity. (2) A perturbation in the ASPERA ELS electron
spectra which might indicate an increase in flux or temperature. (3) A perturbation in the ASPERA-IMA
ion spectra.

Our search uncovered seven candidate events (including HFA g, published in Collinson et al. [2012a]) and
several other dynamic foreshock phenomena, including the first observation of Short Large Amplitude Mag-
netic Structures at Venus (SLAMS) [Collinson et al., 2012c]. Each HFA candidate was given a Greek identifying
character in chronological order (@ — 7). Figure 1 shows a scale map of their positions relative to the planet
and an idealized bow shock according to Slavin et al. [1980]. The coordinate system used in this paper is
Venus Solar Orbital (VSO), where x points toward the Sun, y backward along the orbital plane of Venus, and
z completes the right hand set upward out of the plane of the ecliptic. In plotting Figure 1, we have taken
3-D positions in VSO and collapsed them into a special cylindrical 2-D co-ordinate system, where the x axis
points toward the Sun (as in VSO), and the y axis is the radius from the Venus/Sun line, R = 1/(y? + z?). This
is so that the relative positions and distances of each event from the bow shock can be more clearly plotted
in two dimensions. The units are Venus Radii (R,), where we have taken 1 R, = 6052 km.

HFA candidates are denoted in Figure 1 by a labelled gold circle, and the actual position of the correspond-
ing bow shock crossing by pink stars, although with an average 14 min time difference between HFA and
bow shock encounter, it is quite possible that the bow shock was not in the location shown in Figure 1 dur-
ing the HFA, especially given that HFAs are known to drive large-scale motions in the Earth’s magnetosphere
[Sibeck et al., 1999; Eastwood et al., 2008]. Each event is linked to its companion bow shock crossing by a blue
line, which is a plot of the orbital track of the Venus Express, with tick marks plotted at 1 min intervals. As can
be seen, HFA candidates were discovered throughout the foreshock. It is important to note that although
no events are shown within ~25° of the subsolar point (see angles marked on Figure 1), this is because the
Venus Express does not have access to these regions due to the nature of its orbit.

The further that Venus Express explored into the flanks, the further from the nominal position of the bow
shock it was possible to observe an HFA. Those discovered toward the subsolar point (a, 8, and ¢) were all
within ~10 min of the bow shock crossing, whereas in the flanks, events were discovered up to ~20 min
away from a bow shock crossing. With the exception of event §, flank HFAs were all further away from both
the observed bow shock position, and from the statistical nominal bow shock position [Slavin et al. 1980].
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Figure 2. Hot flow anomaly { as observed by the ESA Venus Express on the 26 February 2009. (a-d) The period from 06:50:00 to 06:53:00 Greenwich Mean Time. (e-h) The period from
06:50:00 to 07:00:00 Greenwich Mean Time so that the field and particle perturbations of HFA { can be more easily contrasted against normal solar wind conditions.

We posit that the reason for this is most likely due to the geometry of the foreshock, wherein (depending
on solar wind conditions) it is possible for the foreshock to extend farther from the bow shock on the flanks
than at the subsolar point [e.g., Eastwood et al., 2005, and references therein]. In addition, the presence of
magnetic wave activity on at least one side of each event, consistent with foreshock waves, leads us to con-
clude that all of our HFA candidate events must have magnetic connection to the bow shock on at least one
side. Thus, we conclude that all Cytherian HFA candidates were found in or on the edge of the foreshock, as
is the case at the Earth [Schwartz et al., 2000].
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3. Hot Flow Anomaly Zeta ({)—26 February 2009

Collinson et al. [2012a] established the existence of HFAs at Venus and presented a single case study of the
best example at the time. However, it was not possible to extract continuous plasma moments throughout
that event. In this section, we present a better example of a Cytherean HFA (Zeta - {) and use measurements
of the unique electron signature within the event to extract bulk electron temperature and density. Thus, as
further confirmation that these events are HFAs, we demonstrate the expected temperature increase in the
core, and density increases in the bounding compression regions.

Figure 2 shows event ¢ as observed by Venus Express on 26 February 2009. Figures 2a-2d cover the
period from 06:50:00 to 06:53:00 Greenwich Mean Time. Figures 2e-2h cover the period from 06:50:00

to 07:00:00 Greenwich Mean Time so that the field and particle perturbations of event ¢ can be more eas-
ily contrasted against normal solar wind conditions. Figures 2a and 2e show a color coded timeline of the
event. Periods when Venus Express was in the foreshock are blue, the core of the HFA in gold, and the bound-
ing compression regions in purple; Figures 2b and 2f show magnetometer data at 32 samples per second.
Each component is plotted separately with 6, the angle that the magnetic field vector makes with the
normal to the bow shock of Venus (using the Slavin et al. [1980] bow shock model), plotted beneath;
Figures 2c and 2g show data from ASPERA-IMA, with time/energy spectrogram on top, and correspond-
ing electrostatic deflection angle [Barabash et al., 2007; Collinson et al., 2012a] plotted beneath; Finally,
Figures 2d and 2h show data from ASPERA-ELS, with spectrogram on top, and corresponding density and
temperature plotted beneath. We shall now examine the measurements made by each of these three
instruments in turn.

3.1. Magnetometer

Figure 2b shows observations made at 32 samples per second by the Venus Express Magnetometer (MAG).
There is a clear change in the orientation of the IMF from 06:50 to ~06:52, largely evident in a change in By
from 0 to around +4 nT. The bottom panel shows a plot of the angle (,) that the magnetic field makes with
the bow shock of Venus, and exhibits a deflection of approximately 30°, consistent with the presence of a
discontinuity in the solar wind. Interestingly, after ~06:52:15, the IMF rotates back to its original orientation,
and is the only event which does not exhibit a lasting change in IMF orientation before and after. Given that
the presence of a tangential discontinuity is a known formation requirement for HFAs, we speculate that
whilst a discontinuity was present, Venus Express only briefly encountered it.

As with event g that was published in [Collinson et al., 2012a], event ¢ exhibits a magnetic signature with
all the main features of an HFA. Within the core of the event, |B| drops from =5 nT in the foreshock to close
to zero. On either side of the core the field strength is enhanced from 5 nT in the surrounding foreshock, to
8—9 nT. We attribute these magnetic signatures to a weakly shocked plasma that is being compressed as
the HFA rapidly expands into the solar wind.

3.2. lon Mass Analyzer

lon observations of Cytherean HFAs are limited by the 192s temporal resolution of IMA, corresponding to
the period required for the electrostatic deflector plates to scan through —45° = +45° of elevation. This is
longer than the ~55s required for Venus Express to cross through the core region of event {, meaning that
extracting reliable ion moments would be very challenging. However, we are still able to present evidence
for the expected deflection in ion flow.

Figures 2c and 2g show data from the ASPERA lon Mass Analyzer (IMA), with time/energy spectrogram on
top (units of log counts per bin), and electrostatic deflection angle plotted beneath. Note that IMA was oper-
ating in a mode wherein counts from neighboring deflection states were summed in order to reduce the
amount of data telemetered back to Earth. The solar wind ion population (most easily seen in Figure 2g)
appears regularly between deflection angles of —5° and 22.5°, centered on a deflection angle of ~5° and an
energy of ~1 keV.

A new population of ions appears during the core of event ¢, centered at ~1000 eV, spanning the two
time bins between ~06:50:50 and ~06:51:40. As these time bins correspond to approximately —30° to —10°
electrostatic deflection angles, these ions are therefore coming from a different direction than those in the
Solar Wind. Since this population is not observed at any other time in the Solar Wind on this day, as with
HFA B, we assert this to be qualitatively consistent with that of a deflection in plasma flow associated with
an HFA. Whilst we only present IMA data for event ¢, this signature ion perturbation was observed for each
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temperature plotted below. White vertical bars
in the spectrograms are data gaps. ELS has a very limited field of view, and thus, these should be regarded
as pseudo-moments where isotropy has been assumed. Additionally, these data products have been pro-
cessed by removing background counts and spacecraft photoelectrons, and then smoothed (by averaging
every two energy sweeps) to improve counting statistics, so that the overall bulk changes can be more
easily observed.

By comparison to the solar wind, the electrons within the core of the events are distinctly energized. The
peak of the distribution increases from ~20 eV in the solar wind, to ~100 €V in the core (note that the space-
craft potential is approximately 10 eV). Like event g, there is enhanced flux in the compression regions,
which Collinson et al. [2012a] suggested was consistent with the expected increase in plasma density. Anal-
ysis of event ¢ confirms this hypothesis, with increases from ~1 cm= to 1.7 cm™ in the first compression
region and ~2.5 cm in the second compression region. Furthermore, we are now able to demonstrate the
expected electron heating in the core of a Cytherian HFA, with an increase in temperature from ~2 x 10°K to
8 X 10°K in the HFA core, which is comparable to terrestrial and Kronian HFAs.

This energized electron spectra is unique to event ¢, with all other events presented in this paper having
the same signature as that presented in Collinson et al. [2012a] (and therefore not shown for the sake of
brevity). At present, we can only speculate on why event ¢ has this electron population. It is possible that ¢
may represent a more developed example, and this is a signature of a more mature HFA. Alternatively, given
that event ¢ was observed very close to the bow shock, perhaps this population is due to shock-reflected
electrons, or other such localized phenomena which can only be seen when in close proximity to the

bow shock.

4. General Properties of Cytherian Hot Flow Anomalies

4.1. Solar Wind Velocity During HFA Formation

Figure 3.2 shows a normalized histogram of the peak bulk solar wind velocity at Venus as measured by
ASPERA-IMA over 2008-2009 (the period of the HFA survey). The velocity of the solar wind during each of
the 7 HFAs is overplotted in gold, and also shown in the fifth column of Table 2. In all cases, we observe that
the solar wind velocity was higher than the mode of ~275 km/s, and no HFAs were observed when the solar
wind was slower than 370 km/s. Additionally, whilst solar wind velocities greater than 600 km/s make up
only 3% of all solar wind measurements during 2008-2009, two of the HFAs (a, and ) were observed during
these exceptionally fast and rare solar wind conditions. These observations are consistent with the conclu-
sions of Facskd et al. [2009, 2010], who reported that an apparent formation condition for HFAs at Earth is
that the solar wind velocity must be faster than average by ~100 = 200 km/s.
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Figure 4. Magnetic magnitude for all seven Cytherian hot flow anomalies, with vertical grey lines at 10 s intervals so that relative
durations can be compared.

4.2. Frequency of Occurrence

Based on 30 events, Schwartz et al. [2000] calculated that HFAs occur at Earth at a rate of ~3 HFAs per day.
More recently Facské et al., [2009] (a survey of 124 HFAs over 3 years) reported a rate of ~2d™", or specifically
2.2 +1.2d7"in 2003, 2.5 + 1.5d" in 2006, and 2.1 + 1.5d™" in 2007. At Venus, seven HFAs were found in
615 orbits (1 orbit taking ~24 hours). However, it does not follow that HFAs only occur at Venus once every
hundred days. This is because, out of the ~24 hours orbit, the Venus Express only spends a few minutes in
the foreshock. Thus, in order to make a first approximation for the frequency of HFAs at Venus, we must first
estimate how much time (out of the 2.53 sols of usable data) was spent monitoring the region where there
is even a theoretical possibility of encountering an HFA.

The period between bow shock crossing and HFA encounter was highly variable, being as brief as 3 min and
16 s (3:16) for HFA §, to 23 min and 2 s (23:02) for HFA . However, on average, the HFAs were observed within
14 min of the bow shock (with a standard deviation of 7.5 min). Thus, for a rough first-order approximation
of the frequency of Cytherian HFAs, let us assume that the Venus Express has only a 14 min window of obser-
vation per orbit (Note that although there are two bow shock crossings per orbit, inbound and outbound,
typically only the upstream crossing was examined unless the orbit was close to the flanks). Therefore,

the total time spent in this region was approximately ~5.98 Earth days (615 orbits X 14 min). Seven HFAs
equates to 0.85 days per HFA, or ~1.2 + 0.8 HFAs per day.

However, if it is assumed that, as for Earth, a minimum solar wind velocity is required for HFA forma-

tion [Facskd et al., 2009, 2010], then this must also be taken into account. Given that all seven HFAs were
observed when the velocity of the solar wind at Venus was faster than 370 km/s, let us assume this to be the
minimum threshold required for Cytherian HFA formation. Using this as a lower limit of integration of the
velocity distribution function shown in Figure 3.2, we find that solar wind velocities above 370 km/s were
only encountered 28% of the time. Thus, even though Venus Express spent ~5.98 Earth days in the region
where it is possible to observe an HFA, on average the solar wind may only have been fast enough to gen-
erate one 28% of the time. If this assumption is made, then the total period of observation when it was
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Table 1. Average Magnetic Conditions Before (ﬁpre) and After (ﬁpost) the Cytherian HFAs, Showing Change in Mean
Field Direction (A6ég), the Change in Angle Which the Corresponding Current Sheet Makes With the Bow Shock Normal
(A6,), and the Angle Between the Current Sheet Normal and the Sun-Venus Axis (6; 3)

Bye B

ROt Abg Ab, 0 <
Event B, B, B, B, B, B, ) ) ©)
a -0.9 —-0.34 0.25 —-0.91 0.35 0.23 41 30.8 91
i -0.73 —-0.49 -0.47 -0.59 0.44 —0.69 42 31.8 20
y -0.7 -0.05 0.71 -0.73 -0.51 -0.45 77 1.57 67
1) 0.67 0.57 —-0.48 0 0.73 —0.68 42 338 93
€ 0.83 -0.23 0.5 -0.8 0.53 0.3 129 90.7 115
¢ -0.91 -0.14 -0.38 -0.96 0.23 -0.18 24 15.2 74
n -0.83 0.36 -0.41 -0.54 0.7 —-0.47 26 2.7 74

theoretically possible for Venus Express to encounter an HFA was ~1.7 Earth days. Under this regime, then
the frequency of HFAs at Venus is described by the expression below.

42+2.7d7" if(V,, > 370 km/s)
Frequency =
0 otherwise

4.3. Magnetic Observations

Figure 4 shows a plot of the variations in the magnitude of the magnetic field strength (|B|) during each
event. Whilst there is a good degree of variability between each, all have the same overall signature as
events f and ¢. First, each exhibits a drop in field strength below ambient solar wind values and magnetic
pulsations in the core. Second, each is bounded by a pair of magnetic field strength enhancements associ-
ated with the bounding compressive regions. An exception to this is event delta (§), which on first glance
appears to be a “double” HFA, with two distinct cores separated by a large spike in field strength to ~25 nT.
We speculate that the most likely explanation is a double encounter with a single HFA, much in the same
way that Venus Express can make multiple “early” bow shock crossings in a single orbit [e.g., Collinson et al.,
2012c]. This overall HFA signature is very similar to those observed at Earth [Thomsen et al., 1986; Lucek et
al., 2004] (etc), Saturn [Masters et al., 2008, 2009], Mars Jieroset et al. [2001], and that observed at Venus by
MESSENGER [Slavin et al., 2009].

Each event is associated with an abrupt change in the magnetic field orientation across each event, consis-
tent with a discontinuity in the IMF. The mean unit vector of the field direction before (ﬁpre) and after (ﬁpre)
the HFA is shown in the second and third columns of Table 1. The corresponding change in magnetic field
direction for the seven events A8y is shown in the fourth column of Table 1. The average change in field
direction was 54°, not inconsistent (given there are only seven events) with the average change reported at
Earth of between 60° [Facské et al., 2008] and 70° [Schwartz, 1995; Facské et al., 2010]. Theory predicts that
the events occur at the intersection of tangential discontinuities with the bow shock. Assuming this to be

the case, we calculated normals to the discontinuities (i) using equation (2) after Hudson [1970].

X B oy M
)

ncs Bpre
n ni

where B is the average magnetic field vector before and B, the average field after. As with Collinson et
al., [2012b], knowing i, we assumed the discontinuity to be a flat plane, and using geometry determined
whether it intersected with a nominal bow shock as described by Slavin et al. [1980]. Thus, we were able
to determine that in all cases that the underlying discontinuity was in contact with the bow shock, a key

requirement for HFA formation.

Another known requirement for HFA formation is that the current sheet must be oriented to lie roughly
parallel to the Sun-Venus line. This is so that there is sufficient time for the current sheet to interact with the
bow shock and for the HFA to form before the current sheet is swept off into interplanetary space by the
advection of the solar wind. Thus, in the VSO co-ordinate system, fi should be roughly perpendicular to x.
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Table 2. Properties of Known Cytherian HFAs?

Date Duration Cross Section [V ]sw E Field Toward Speed Ratio Ocs.Bs
Event  (dd/mm/yyyy) (=) (km) (Ry)  (km/s)  Current Sheet?  (Before)  (After)  (deg)
a 20/2/2008 26 4,345 0.7 615 Both sides 0.32 0.17 106
p 22/3/2008 19 4,411 0.7 658 Both sides 0.31 0.48 69
y 10/5/2008 19 2,433 0.4 373 Both sides 0.22 0.21 70
1) 6/8/2008 38 3,531 0.6 405 Before 0.12 0.14 103
€ 26/8/2008 41 3,874 0.6 472 Both sides 1.36 3.11 102
¢ 26/2/2009 55 10,360 1.7 398 Before 0.33 0.45 62
n 21/3/2009 27 5,688 0.9 389 After 0.47 0.49 57

aImportant outliers discussed in this study are in bold.

The right hand most column of Table 1 shows the angle (6, ;) between the current sheet normal and the x
axis. In all cases, the value calculated was close to 90° (the mean is 81° +21°), which is in agreement with this
known formation requirement for HFAs.

4.4. Duration and Size

Using a method similar to that described in Masters et al. [2009], we used a combination of magnetome-
ter and ASPERA-IMA data to estimate the cross-sectional thickness of each HFA-candidate in the direction
normal to the current sheet associated with each event. We assumed that the spacecraft is essentially sta-
tionary when compared to the supersonic flow of the solar wind. Next, we assumed that Cytherean HFAs
are centered on the current sheet, and are “highly elongated”, as described by Koval et al. [2005], who made
multipoint observations of HFAs from the INTERBALL-1 and MAGION-4 spacecraft. Simulations by Omidi and
Sibeck [2007] support this, showing HFAs which appear as tapering elongated fingers of hot plasma that
extends along the tangential discontinuity and convects with the solar wind flow. It is important to note that
with only a single spacecraft measurement, it was not possible to accurately determine the rate of expan-
sion of the HFA, and thus, all sizes determined here represent the spatial extent of the HFA as observed by
Venus Express.

First, using data from the Magnetometer, we measured how long it took for the core of each HFA to pass
over the spacecraft (see third column, Table 2). Next, we calculated the orientation of the associated cur-
rent sheet (1) using equation (2). Then, we obtained the local average solar wind velocity vector (VSW) using
observations by IMA, whose 27 field of view makes it ideal for this purpose. Using VSW and the duration, we
calculated the size of the HFAs in the direction of the solar wind flow. Then, by taking it - VSW and by using
simple trigonometry, we estimated the thickness of the HFAs in the direction of i, as shown in the fourth

column of Table 2 in both kilometers, and Venus Radii (R,).

Figure 5 compares the relative sizes of HFAs at Venus, Earth, and Saturn. Figure 5d shows the physical sizes
of HFAs (in kilometers) at each of the three planets. The diameter of each planet is also marked for scale.
With thicknesses in the plane of the current sheet of ~2400 km (Event y) to ~10,000 km (Event ¢), Cytherean
HFAs tend to be physically smaller than their terrestrial counterparts. At Earth, where the solar wind obstacle
is almost ten times larger, Thomsen et al. [1986] reports HFAs between 2551 km = 44,008 km across. The
monstrous Kronian HFA reported by Masters et al. [2009], at ~270,000 km across, dwarfs those observed in
the inner solar system and is by far the largest HFA encountered to date. Thus, there appears to be some
correlation between the size of the solar wind obstacle, and the size which an HFA can attain.

One possible explanation for this is that the larger the obstacle to the solar wind, the longer a discontinuity
in the solar wind may remain attached, growing in response to additional reflected and energized solar wind
plasma. The time taken () for a current sheet to cross the bow shock from one side to the other (flank to
flank) is given by equation (3).

2.BS
=2 3
f Iszl cos eﬁ.f( ( )
where 6,  is the angle between the current sheet normal and the x axis, advecting with the solar wind at
velocity V,,, and BS is the distance to the flanks from the center of the planet to the bow shock (in VSO
coordinates, the radius of the bow shock where x = 0, not the subsolar standoff distance). Assuming 6,
~80°, and using typical dimensions of the bow shocks at each planet (BS,..,,, = 7.9 x 10® km,

BS;w = 1.4 X 10° km, and BS 1.5 x 10® km) and typical solar wind velocities (|V

Saturn sw |Venus
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Kronian HFAs
[Masters et al., 2009]

Diameter of Saturn

Earth — Thomsen et al. [1986]

Terrestrial HFAs
[Thomsen et al., 1986]

Diameter of Earth
Diameter of Venus

Venus HFA {

Venus HFA ¢

Figure 5. Comparing the relative sizes of HFAs to their parent magnetospheres, plotted to relative scale in planetary radii, but with

the orientation of each HFA artificially shifted and rotated to lie along the planet/Sun line: (a) Venus (this study); (b) Earth according to
Thomsen et al. [1986]; (c) Saturn according to Masters et al. [2009]. (d) Scale showing actual diameters (in kilometers) of Venus, Earth, and
Saturn, and HFAs at each.

~275 km/s, |V, lern &390 km/s, and |V, ~400 km/s), then to cross the bow shock from one flank
to the other will take ~5 min at Venus, ~1 h at Earth, and =12 h at Saturn. Whilst this duration will vary
greatly by 0, , (especially when close to 90°), they are qualitatively indicative that the larger the bow shock,
the longer that an HFA has to grow, and thus the greater the size an HFA can attain. Thus, if and when HFAs
are discovered in the foreshock of Jupiter, this would suggest that they will be the largest at any planet in
the solar system. Another likely factor which drives the physical size of an HFA is the local ion gyroradius,
which is ~50 km at Venus, ~80 km at Earth, and ~1000 km at Saturn (based on typical solar wind and IMF
properties in the literature, e.g., Slavin and Holzer [1981]).

sw | Saturn

However, a more useful and meaningful comparison of scale can be made by depicting HFA sizes relative
to those of the magnetospheres where they form. Figures 5a-5c show plots of the bow shocks of Venus
(according to Slavin et al. [1980]), Earth [Slavin and Holzer 1981], and Saturn [Arridge et al., 2006]. Each mag-
netosphere has been scaled to appear at approximately the same relative size on the plot. Units are in
planetary radii. The largest and smallest HFAs reported at each planet have been plotted in gold with red
borders. Note that they have been artificially rotated to lie along the Sun-planet line so that the relative scale
of each can be more easily compared.
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Although Cytherean HFAs (Figure 5a) are the smallest in absolute terms, they are in fact by far the largest
when compared to the size of the local system. The ~1.7 R, estimated diameter of Event { is ~130% of the
subsolar standoff distance of the bow shock (L ~1.3 R, [Zhang et al., 1990]). For comparison, Saturn’s seem-
ingly titanic ~4.6R, HFAs are actually far less dominating when compared to the overall size of the Kronian
system (Figure 5¢), being only 17% to 26% the subsolar standoff distance (17.7R; < L < 26.3R, depending
on solar wind dynamic pressure [Arridge et al., 2006]. The possible implications of this will be discussed later.

4.5. Motional Electric Fields

Past work indicates that inward pointing motional electric fields are required for HFA formation [Schwartz et
al., 2000]. Collinson et al. [2012a] found that for HFA g, motional electric fields pointed inward on both sides
of the current sheet. However, this was just a single case study, and Collinson et al. [2012a] was unable to
comment on whether or not this was common at Venus. Therefore, we have calculated the motional electric

field vector before Epre and after Epost according to equations (4) and (5).

E, . =-V,%xB (4)

E = _esw X Bpost (5)

post
We can confirm that in all cases, motional electric fields pointed inward toward the current sheet on at least

one side, further supporting the theory that this is important for HFA formation. The fifth column of Table 2
lists on which side(s) the fields pointed inward: before, after, or on both sides.

4.6. Speed of Discontinuities

Another condition believed to be required for HFA formation is that the point at which the discontinuity
intersects the bow shock must move along the bow shock at a sufficiently slow speed enabling the particles
reflected by the bow shock to have an effect on the discontinuity. According to Schwartz et al. [2000], to ful-
fill this condition, the ratio of the transit velocity of the discontinuity (V,) to the gyrovelocity of the reflected
ion (V,) must be less than 1, as below in equation (6).

COs HCS'SW
= i <1 (6)
2 cosf sin@, sin0

Vrr
VQ

bs:sw cs:bs

The results can be seen in the sixth column of Table 2, which lists the values both before and after the HFA.
Note that the value listed for HFA g is an update from Collinson et al. [2012a], because actual IMA solar wind
velocity vectors were used instead of a simple assumption of antisunward flow. In all but one case, this rela-
tionship holds true. However, in the case of event epsilon (¢), the speed ratios before and after are 1.36 and
3.11, respectively. On first inspection, this appears to be in contradiction to the current theory of HFA for-
mation. However, we believe there is a simple explanation for this. From Figure 1, it can be seen that event
€ was observed deep into the flanks of the Cytherian foreshock (>90° longitude), and at a radial distance
of ~2.8 R,. Given that this is downstream, and event € was ~0.6 R, in spatial extent even at this relatively
great distance from the planet (for an HFA), we posit that it is very likely that event e has been swept into the
flanks, and was observed shortly being swept off of the bow shock and into interplanetary space. It is there-
fore not unreasonable that this event violates the Schwartz et al. [2000] HFA formation criterion, because we
do not believe that event ¢ formed in this location.

5. Summary

Using data from the Venus Express magnetometer, ion spectrometer, and electron spectrometer, and
expanding on an initial case study of a single event [Collinson et al., 2012a], we undertook a 3.06 sol

(774 day) survey of Hot Flow Anomalies at the bow shock of the planet Venus (of which 2.53 sols (615 days)
contained sufficient data, other orbits being rejected). Our findings have led us to the following conclusions:

1. HFAs are common at Venus, occurring on average approximately once or twice every 24 hours.

2. In every case motional electric fields pointed inward toward the discontinuity on at least one side, and
the fields pointed inward on both sides in over half the cases, consistent with our understanding of
HFA formation.
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3. For all but one event, the velocity of the current sheet across the bow shock was calculated to be beneath
the threshold for HFA formation described by Schwartz et al. [2000]. However, given that HFA ¢ violates
this condition, we have shown that it is possible to observe HFAs with velocity ratios V, /V, > 1, and that
this condition breaks down as HFAs are swept across the flanks of Venus.

4. Electron density was enhanced in the compression regions of HFA ¢ from ~1 cm=3 to ~2 — 2.5 cm~3,
Electron temperature increased from ~2 x10°K to 8 x 10°K, consistent with observations of HFAs at the
Earth and at Saturn.

5. Cytherian HFAs are physically smaller than their terrestrial or Kronian counterparts. However, they are
very large when compared to the scale of the local (induced) magnetosphere, and occur very close to
the planet.

On average, the frequency of HFAs at Venus was ~1.2 + 0.8 HFAs per day. Given the assumptions made
and the very limited statistics available, this is consistent with the rate of ~2 day~' reported by Facskd et al.
[2009], and thus, we conclude that HFAs occur at Venus at approximately the same frequency as at the Earth.
Given that Zhang et al. [2008] reported that discontinuities in the solar wind are observed by the Venus
Express magnetometer at a rate of approximately 3.5 day™', a subsequent rate of one or two HFAs per day
seems plausible as a rough first-order estimation, given that not all discontinuities will generate an HFA.

All HFAs were observed when the solar wind was faster than average, and in two cases under exceptionally
fast (> 600 km/s) conditions. These observations are consistent with the findings of Facskd et al. [2009, 2010]
who reported that a requirement for HFA formation at Earth is a faster than average solar wind, although
ideally more than seven events would be required for a rigorous examination of this condition at Venus.
However, if this assumption is true, then this implies that just as at the Earth, HFAs can only form when the
solar wind velocity is greater than a certain threshold. Our observations allow us to put an upper limit on
this theoretical threshold of $373 km/s, the slowest solar wind in which an HFA has been so far observed
at Venus (HFA y). An additional consequence of this would be that HFAs should be more common at solar
maximum than at solar minimum (the dates arbitrarily chosen for this survey, 2008-2009, corresponded to
the later).

Collinson et al. [2012a] speculated that; given the location of the bow shock and ionopause at Venus is
known to be highly variable and dependent on solar wind dynamic pressure [Brace et al., 1980; Slavin et al.,
1980; Russell et al., 1988; Martinecz et al., 2008; Zhang et al., 1990; Brace and Kliore, 1991]; and that large pres-
sure variations within HFAs drive large motions in Earth’s Magnetopause [Sibeck et al., 1999; Jacobsen et al.,
2009]; HFAs may play a very dominant role in the dynamics of the induced magnetosphere of Venus. In par-
ticular, it predicted HFAs drive significant motions in the bow shock and ionopause, and may possibly cause
a disruption of orderly ionosheath flow.

This study has shown that HFAs are a common occurrence at Venus, that they are very large when com-
pared to the size of the system (up to ~130% of the subsolar standoff distance), and they occur very close
to the planet (between 1.5 R, and 3.0 R,). This adds weight to our hypothesis, suggesting that HFAs are a
very important mode of interaction between the solar wind and the Cytherean bow shock, and may drive
widespread global effects throughout the induced magnetosphere and possibly into the ionosphere. How-
ever, it is not possible to directly study the effect of an HFA on the ionosphere with a single spacecraft, and
therefore, this remains an open question for future studies or simulation.
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