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Abstract We investigate the structure of the Venusian magnetotail utilizing magnetic field and electron
density measurements that cover a wide range of distances from the planet, from the first two Solar Orbiter
Venus flybys. We examine the magnetic field components along the spacecraft trajectory up to 80 Venus radii
down the tail. Even though the magnetic field behavior differs considerably between the two cases, we see
extended electron density enhancements covering distances greater than ~20 R, in both flybys. We compare
the magnetic field measurements with a global hybrid model of the induced magnetosphere and magnetotail
of Venus, to examine to what degree the observations can be understood with the simulation. The model
upstream conditions are stationary and the solution encloses a large volume of 83 R,, X 60 R,, X 60 R, in which
we look for spatial magnetic field and plasma variations. We rotate the simulation solution to describe different
stationary upstream IMF clock angle cases with a 10° step and find the clock angle for which the agreement
between observations and model is maximized along Solar Orbiter's trajectory in 1-min steps. We find that in
both flybys there is better agreement with the observations when we rotate the model for some intervals, while
there are parts that cannot be well reproduced by the model irrespective of how we vary the IMF clock angle,
suggesting the presence of non-stationary features in the Venus-solar wind interaction not accounted for in the
hybrid model.

1. Introduction

Early Venus missions, such as the Veneras and the Mariners, revealed the presence of a bow shock around
Venus that encloses a smaller volume and is located much closer to the planet compared to Earth's bow shock,
even though the two planets are of similar size, indicating the ionosphere of Venus as the effective obstacle to
the solar wind (Russell et al., 1979a). Pioneer Venus Orbiter (PVO) probed the lower ionosphere and the solar
wind-planetary interaction region (Luhmann & Cravens, 1991; Russell et al., 1979a). It was the first mission
able to determine, by investigating the nightside of the planet and more specifically the planetary wake, the
absence of an intrinsic magnetic field at Venus, through measurements of the magnetic field magnitude and
direction which suggested a non-planetary origin of the magnetic field (Russell et al., 1979b). Even though the
topology of the induced magnetotail is dictated by the orientation of the draped interplanetary magnetic field
(IMF) (Russell et al., 1981), magnetic field variations were observed in the Venusian magnetotail that remained
unexplained at the end of the PVO era (Phillips & McComas, 1991). Hemispherical plasma physical asymmetries
were investigated intensively by using PVO observations (Luhmann, 1986; Russell et al., 2006) and thereafter
with self-consistent kinetic computer simulations (Jarvinen et al., 2013; Kallio et al., 2006). The structure of the
induced magnetotail and ion escape in the tail, and their dependence on the IMF orientation was investigated
through PVO measurements by Slavin et al. (1989). More than a decade after the end of the PVO mission,
Venus Express observations in the near-Venus magnetotail revealed the details of the plasma sheet formation
and its dependence on the solar wind electric field (Dubinin et al., 2013), and IMF orientation and draping
pattern (Masunaga et al., 2011). The hemispheric asymmetry caused by said dependence was further investi-
gated by Rong et al. (2014), who additionally estimated the thickness of the current sheet. Furthermore, Zhang
et al. (2009) have shown via a magnetohydrodynamic (MHD) simulation that if the IMF is aligned with the solar
wind flow, then the whole induced magnetosphere disappears. Venus Express magnetic field measurements also
enabled studies of the flapping motion in the Venusian magnetotail such as the work of Rong et al. (2015), where
it was shown that the flapping can tilt the current sheet.
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Since 2018, a series of Venus gravity assist maneuvers by NASA's Parker Solar Probe (PSP), ESA-JAXA's Bepi-
Colombo and ESA's Solar Orbiter (SolO) missions have been providing new observations of the magnetotail at
great distances from the planet. During PSP's fourth Venus flyby on 20 February 2021, the spacecraft crossed the
wake region (Collinson et al., 2022). Collinson et al. (2022) present a revised structure of the induced magneto-
tail of Venus based on the observations of PSP compared with past studies with PVO, and results from a hybrid
simulation. PVO first saw the filamentary nature of the nightside ionosphere at high altitudes comprised of
comet-like tail rays, which may act as pathways for ion escape, however, it could not search for these structures at
altitudes higher than 3,000 km (Brace et al., 1987; Collinson et al., 2022). The main tail rays signatures identified
were electron density enhancements of cold ionospheric plasma, high plasma beta and rotations of the sunward
component of the magnetic field (Brace et al., 1987; Collinson et al., 2022). These structures seen by PVO were
also produced by a hybrid simulation by Brecht and Ledvina (2021). The simulation showed the formation, in
the Venusian wake, of a single, broader tail ray the location of which is controlled by the IMF orientation in the
ionosphere (Brecht & Ledvina, 2021; Collinson et al., 2022). Collinson et al. (2022) proposed the formation of
a single tail ray as a transient phenomenon in the induced magnetotail and they showed that such a structure
can reach altitudes of 7,800 km, greater than one Venus radius, R, where R, = 6,052 km is the radius of Venus
used in this work. BepiColombo during its first Venus flyby on 15 October 2020, traveled along the magne-
totail, down to 48 R, (~300,000 km), in contrast to PSP trajectory that only crossed it (Mangano et al., 2021;
Volwerk, Sanchez-Cano et al., 2021). Due to a coronal mass ejection (CME) preceding BepiColombo's first
flyby, a particularly active magnetotail was recorded with a flapping motion of a ~7 min period (Volwerk,
Séanchez-Cano et al., 2021).

The SolO mission plans include a total of seven Venus flybys from which the first two occurred on 27 Decem-
ber 2020 and on 9 August 2021 (Miiller et al., 2020). Rare measurements deep in the induced magneto-
tail, down to at least 80 R,, provide us with the opportunity to look at the structure of the far magnetotail,
a region only probed before by Mariner 10, Galileo and BepiColombo (Kivelson et al., 1991; Lepping &
Behannon, 1978; Volwerk, Sdnchez-Cano et al., 2021). In these first two flybys, SolO travels through the
magnetotail for several hours unlike PSP which was located in the wake for approximately 10 min (Collinson
et al., 2022; Miiller et al., 2020). During the first flyby the Radio and Plasma Waves (RPW) instrument
(Maksimovic et al., 2020) detected electromagnetic whistler waves, electrostatic electron phase-space holes,
ion acoustic waves and Langmuir waves for the first time continuously from the bow shock to the far tail
region (Hadid et al., 2021). Suprathermal energetic ions were measured throughout the first flyby and various
particle acceleration processes were observed (Allen et al., 2021), while the structure of the bow shock was
studied in detail by Dimmock et al. (2022). Additionally, magnetic field observations were carefully analyzed
by Volwerk, Horbury, et al. (2021), revealing various structures such as flux ropes and magnetic reconnection
sites.

The SolO flybys in the distant tail could possibly reveal the location of a boundary region where the induced
magnetotail ends and the undisturbed solar wind dominates again. What's more, utilizing magnetic field data, we
will be able to spot the locations, if any, where boundary crossings occurred throughout the flybys, due to either
expansion or shrinking of the interaction region, while density observations could point to density blobs indicat-
ing plasma escape. The first two Venus flybys investigated in this study are unique in that SolO travels along the
magnetotail to great distances, whereas in future scheduled SolO Venus flybys as well as in PSP and BepiCo-
lombo Venus flybys the spacecraft either does not reach that far in the magnetotail or only travels across the tail.

The far Venus magnetotail remains mostly unexplored due to the lack of measurements. Limited modeling work
has been done there because of the computational expense of the large simulation domains, and even so, there has
not been much data with which to compare it. In this paper, we take advantage of the new SolO flyby data to shed
light on this region. We examine electron density and magnetic field measurements from the first (Venus Gravity
Assist Maneuver—VGAM1) and second (VGAM?2) SolO Venus flybys and compare the observations with a
hybrid simulation. In Section 2, we present SolO's observations in the induced magnetotail of Venus, in Section 3
we describe the hybrid simulation, the results of which we utilize to obtain a clearer picture of the tail through
the comparison with the data and to see how well the data can be interpreted with the model in this region, and
in Section 4 we explain the process we follow to compare the measurements with the model. The results of the
comparison between the observations and the model are shown in Section 5, while in Sections 6 and 7 a discus-
sion of the results and the final conclusions of the study follow, respectively.
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2. Observations

We use SolO electron density data and magnetic field measurements from VGAMI1 on 27 December 2020 and
VGAM?2 on 9 August 2021. The fluxgate magnetometer (MAG) on board SolO, which consists of two sensors
mounted on the spacecraft boom, is dedicated to measuring the IMF vector with a nominal resolution of 4 pT
while in the range of +128 nT, and it can produce up to 128 samples/sec depending on the mode it operates
(Horbury et al., 2020). In this study we use “normal” mode measurements of 8 samples/sec. The electron density
data utilized throughout this paper are derived from the probe-to-spacecraft potential measured by the RPW
instrument (Maksimovic et al., 2020) as described by Khotyaintsev et al. (2021).

In Figure 1, we show the trajectories of the flybys in the planet centered Venus Solar Orbital (VSO) coordinate
system, where the X, axis points toward the Sun, the Z,, axis is oriented parallel to the normal vector of
Venus' orbital plane and the Y, axis completes the right-handed system pointing approximately antiparallel to
the orbital velocity of Venus. VGAMI1 and VGAM?2 are presented in blue and red, respectively in (a) cylindrical
VSO coordinates, in the (b) XY VSO plane and in the (c) XZ VSO plane. The solid and dotted lines represent the
bow shock and the upper mantle boundary (UMB), respectively, based on the model by Martinecz et al. (2009).
We also mark with X symbols the time on the trajectories for both flybys every 80 min as in Figure 1 by Hadid
et al. (2021), and with star symbols two features and three rotations in the first and second flyby, respectively,
the details of which will be explained in the next paragraphs. SolO crosses the bow shock during VGAMI1 in
2020-12-27 at ~12:40 UTC and during VGAM?2 in 2021-08-09 at ~04:41 UTC. Looking at Figures la and 1b
we notice that the trajectories of the two flybys are outwardly similar to each other. However, Figure 1c reveals
a significant divergence between the two flybys in the Z, 4, direction. In both cases SolO flew along the Venu-
sian magnetotail before eventually leaving the system after it has passed through the bow shock. SolO remained
marginally closer to the central axis of the tail (Yo = Zyo = 0) during VGAMI1 compared to VGAM?2 in the
inbound segment of the flyby, to distances of ~22 R, down the tail. Here, we only analyze data coming no farther
than X4, = —80 R,.

An overview of the VGAMI1 measurements is illustrated in Figure 2. We present time series of the electron
density, n,, in Figure 2a, and of the magnetic field components, By, B,, B,, and magnitude, |Bl, in Figures 2b—2d
and 2e, respectively, as the spacecraft travels toward Venus. The dashed vertical line represents the bow shock
crossing at ~12:40 UTC. Below the time axis, we also indicate the X, coordinate in R,. The 8 Hz MAG data
has been re-sampled, thus the data displayed in all panels is of 1 Hz cadence. Beyond ~—60 R, the magnetic
field appears rather steady, resembling the upstream solar wind in both magnitude and orientation, while closer
to the planet, fluctuations in the magnetic field with amplitudes of a few nT are present up to the bow shock,
consistent with passage through the downstream Venusian magnetosheath. These fluctuations are interrupted
at least on two occasions by short undisturbed intervals, most easily noticed in the B, component, at approxi-
mately few minutes before ~06:00 UTC and a few minutes after ~08:00 UTC indicated in Figure 2b by I and
II, respectively. The beginning of the former interval coincides with a jump in electron density. A substantial
deviation in both magnitude and orientation of the field associated with the near-field of Venus-solar wind
interaction is seen at closest approach, and has been studied in more detail, for example, by Volwerk, Horbury,
et al. (2021).

In Figure 3, VGAM2 measurements are presented following the same format as previously in Figure 2. The
structure of the magnetic field is steadier than in VGAMI, and there is not a clear point beyond which the
magnetic field behavior changes, particularly with respect to the higher-frequency components of the field. Thus,
we cannot make any assumptions about the distance where the solar wind starts to dominate, and transition
from the unperturbed solar wind far downstream from Venus to the shocked solar wind of the magnetosheath
is not identifiable. Three distinct rotations can however be seen in the field data shown in Figure 3b in the B,
component (a rotation can be identified as a change in vector components with the total field magnitude staying
~constant), at approximately ~20:00 UTC, a few minutes before ~00:00 UTC and a few minutes before ~03:00
UTC, denoted in Figure 3b by L, II and III, respectively. The interval between the two latter rotations coincides
with an increase in the electron density, and a dip in electron density occurs during the second rotation as shown
in Figure 3a. Having only single-point measurements available for both these flybys and no real-time knowledge
of the upstream conditions, we instead turn to a detailed comparison with the outputs of a simulation of the
Venus-solar wind interaction to further analyze and interpret these observations as well as test the validity of the
model.
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Figure 1. The first (VGAMI, 27 December 2020) and second (VGAM?2, 9 August 2021) SolO Venus flyby trajectories in blue and red, respectively, in VSO (a)

cylindrical coordinates where p =4/Y2 + Z2, (b) projected on the XY plane and (c) projected on the XZ plane. The solid and dotted lines depict the bow shock and the
upper mantle boundary (UMB) based on the model by Martinecz et al. (2009).
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Figure 2. Time series of (a) electron density, (b)-(d) magnetic field components and (e) magnitude from the first SolO Venus flyby (VGAM1). The dashed vertical line
shows the time of the bow shock crossing by the spacecraft at ~12:40 UTC. An axis showing the X4, component along the trajectory has been added below the time one.

3. Model

In addition to the SolO observations, the results of the global hybrid simulation RHybrid, described in Jarvinen
et al. (2018), are utilized as a means to further investigating the structure of the magnetotail of Venus and the
Venus-solar wind interaction through the comparison with the real data. The model setup is similar to earlier
studies (Jarvinen et al., 2020, 2022) except here we use a larger simulation domain than before to allow the anal-
ysis of the far Venus tail. The Lorentz force determines the motion of solar wind and planetary ions, which are
treated as macroscopic particle clouds (macroparticles), while electrons are modeled as a charge-neutralizing and
massless adiabatic fluid (Jarvinen et al., 2020). Ion dynamics are self-consistently coupled with the evolution of
the magnetic field via ion electric charge density and ion electric current density in the electric field in Faraday's
law. This means that, for example, the solar wind mass-loading by planetary plasma is included in the model
self-consistently. The solar wind ion species consist of protons and 4% of alpha particles. Exospheric photoions
are created from the hydrogen and oxygen neutral corona, and ionospheric oxygen ions are emitted from model's
inner boundary (Jarvinen et al., 2018, 2020). The solar wind and IMF conditions are assumed to be stationary and
the upstream IMF vector is determined by SolO measurements, specifically the 10 minute average value in the
upstream solar wind after the spacecraft crossed the outbound bow shock. The model was run until the solution
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Figure 3. Time series of (a) electron density, (b)-(d) magnetic field components and (e) magnitude from the second SolO Venus flyby (VGAM?2). The dashed vertical

line shows the time of the bow shock cross
time one.

ing by the spacecraft at ~04:41 UTC. An axis showing the X, component along the trajectory has been added below the

reached a quasi-stationary state of development where there were no evident changes occurring. The analyzed
simulation variables were averaged over 50 s in internal simulation time to smooth noise associated with statis-
tical macroparticle fluctuations. The upstream magnetic field and solar wind conditions (Dimmock et al., 2022)
and details of the simulation run setup are given in Table 1. In Figure 4, we show the overview of the simulation
results including the solar wind proton density, n (Figures 4a—4c), magnetic field magnitude, |1BI (Figures 4d—4f),
and the X component of the magnetic field, B, (Figures 4g—4i). Note that the coordinates are in the VSO system.
The ~6° aberration caused by Venus' orbital motion is neglected. The unit of length is the radius of Venus (R,).

In this large simulation domain, the bow shock is readily identified in all panels as an increase in plasma density
and magnetic field strength. Moreover, it appears modestly asymmetric with respect to the solar wind density in
the XY plane (Figure 4a) owing to the non-zero B, component present in the IMF. The rarefaction in the imme-
diate wake of Venus is also clearly present out to the boundary of the simulation domain. The so-called magnetic
“lobe” structure in the X-component of the magnetic field can also be identified, generated as part of the draping
of IMF field lines around and through the Venusian ionosphere, forming a bi-polar signature in By, in the induced
magnetotail. Again, this feature is modestly asymmetric owing to the non-zero B, component of the IMF, leading

STERGIOPOULOU ET AL.

6 of 20

85U8017 SUOWWOD dAIERID 3|qeoljdde 8Ly Ad peusenob a1e SaIe VO ‘8N 0 S9IN 104 Akeiq1 T 8UIIUO AB]IA UO (SUORIPUOD-PUR-SLLBIALID™A8 | IM"ARIq 1[BuUO//Sty) SUOIPUOD pue sULB | 8y} 89S *[£202/70/6T] uo Areiqiauluo A8|im ‘ekog ules Aiseaun eresddn Aq £20TE0WZ202/620T 0T/I0p/woo A im Akeaqijpuluo'sandnfe//sdny woly pepeojumod ‘g ‘€202 ‘20v669T2



A7 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2022JA031023

Table 1

Global Hybrid Model Setup, Undisturbed Upstream Solar Wind (SW) and
Interplanetary Magnetic Field (IMF) Conditions

Parameter

Value

Box size X X Y X Z) [R)]
Number of grid cells (ny X n, X n,)
Grid cell size

Number of macroparticles
Timestep

SW bulk velocity vector [vy, vy, v,]
H{, temperature

He;} temperature

H{, density

He!; density

Electron temperature

IMF vector [By, By, B,]

IMF magnitude Bl
Superconducting shell radius (R,)
Obstacle resistivity (r <R,)
Plasma resistivity (r > Rn)
Particle absorption radius

H{,, photoion prod. rate

Of, photoion prod. rate

O} ionospheric emis. rate
Ionospheric emis. radius

Solar EUV photon rates

(—=80...3) x (=30...30) x (—30...30)
332 x 240 x 240

(1512.95km)’ = (Ry /4)

106 per cell on average

to a relatively smaller volume of positive (sunward) fields in the tail than
negative (anti-sunward) fields. This asymmetry is particularly evident in the
rightmost panels, showing a planar cut through the tail at X = —10R,,.

To better visualize the draping of the IMF around Venus and the extent of
the influence of the planetary obstacle on the solar wind, we illustrate, in
Figure 5, the IMF lines around Venus, extracted from the simulation domain
shown in Figure 4. Specifically, in Figures 5a and 5b we show field lines
draping around the planet from the dayside near the planet, where the
strongest draping occurs, to far down the tail, where the field lines curva-

0.s ture releases. In Figure 5a these are shown from a 3-D view angle from the
[—325,0,0] km/s dayside toward the planet, along with color-coded magnetic field strength in
10°K the XY and XZ planes, while in Figure 5b the same field lines are shown in

3.5 % 105K a view angle straight toward the plane containing the undisturbed IMF and
20 om=? solar wind velocity vectors. In Figures 5c and 5d, the field line tracing starts
along the SolO VGAM1 trajectory, noting that this plane is not perfectly flat.

i G Thus, these panels give the magnetic field connection to the spacecraft within
10K the simulation domain. As is seen upstream, these field lines are regular and
[-2.1,7.9,3.4] n'T straight in the IMF, prior to their interaction with the Venus system, while
8.85 nT they become draped, piled up and distorted as they interact with the iono-
6351.8 km = R, + 300 km sphere, before eventually largely ‘straightening out’ again some 10s of R,
0 down-tail. However, perturbations in these field lines are still evident in these

simulation results out to the bow shock, throughout the simulation domain.
Figures Se and 5f show 100 field lines the tracing of which started on the
spherical surface with radius r = R, + 500 km. These field lines are connected

4.2 X 1073 X pyAx* At
6251.8 km = R, + 200 km

6.42 x 10* 57! near the inner boundary of the model and imply a magnetic connection to the
4.09 x 1024 5! ionosphere. The field draping around the obstacle shows a typical structure
1.0 x 105 s-! of the Venusian induced magnetosphere (Jarvinen et al., 2013; McComas
R, + 400 km et al., 1986; Saunders & Russell, 1986; Terada et al., 2009). Figures 5e and 5f

show that the SolO VGAMI trajectory does not cross field lines connected

solar minimum near the model's inner boundary and the ionosphere. Furthermore, these field

lines do not extend far in the deep tail.

4. Comparison Between Observations and Model

The simulation of the Venus solar wind interaction presented in Section 3 is now used as a “reference” against
which the observations made by SolO can be quantitatively examined. Differences between the model-predicted
and observed magnetic field in the Venus tail can be caused by many factors, most notably time-variations in the
upstream conditions (IMF strength and direction, and bulk solar wind parameters such as density and velocity).
However, Venus' lack of any internal magnetic field, rapid response to solar wind variations and axially symmet-
ric inner boundary and planetary upper atmospheric conditions (dependence only on the solar zenith angle) in the
analyzed hybrid model run make it justifiable to “approximate” different stationary IMF clock angle (the orienta-
tion of the IMF component perpendicular to the upstream solar wind velocity) cases by simply rotating the simu-
lation solution about the X-axis by an appropriate angle @, avoiding the need to completely re-run the simulation
to examine the results of such rotations. Applying such a rotation can equally well be interpreted as rotating the
entire trajectory of SolO about the X-axis by an angle —a and transforming the vector fields accordingly with an
opposite rotation. Note that rotating the simulation solution can only describe changes in the IMF clock angle in
a stationary sense and no possible dynamical interactions associated with them are included. Moreover, changes
in the upstream IMF B, component, the Parker spiral angle or the IMF magnitude cannot be estimated like this.

In order to compare the model magnetic field data with the SolO observations, we extract the simulation results
at the location of SolO throughout the flybys. Specifically, we extract bulk parameters by interpolating the simu-
lation results along the SolO trajectories, after rotating the simulation domain about the X-axis through angles o
in 10° steps from 0° to 350°. We calculate the mean values of the measured magnetic field components for each
minute along the trajectories and compare them with the same spatial averages of the model data. The upstream
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Figure 4. Simulation results of the solar wind-Venus interaction. Solar wind density in XY, XZ and YZ VSO planes in (a)—(c), magnetic field magnitude in (d)—(f) and
the X component of the magnetic field, By, in (g)—(i).

conditions are not substantially different during the two flybys (VGAM2, B = [-3.0, 6.6, 0.6] nT), thus we use
simulation data from the same run (Table 1) to compare with both VGAM1 and VGAM2.

Having generated model data for different IMF clock angles (simulation solution rotated with an angle o around the
X-axis) with respect to the upstream IMF orientation that range from 0° to 350° with a 10° step, besides compar-
ing the observations to the default simulation data, which corresponds to rotation angle zero (@ = 0), we also look
for the optimal rotation angle, «,,,, at each point along the trajectory. While various alternative schemes can be
used, we here chose to define ,, as the model rotation angle for which the angle 6 between the rotated model

magnetic field vector (B, and the measured magnetic field vector (B T
opt | 1Pobs
Ideally, 6, should be equal to 0° but this is not always achieved. A similar analysis and comparison between

Venus data and a hybrid simulation can be found in the work of Dimmock et al. (2018).

B
) 1S Minimum, G, = arccos( L"bs)

In Figure 6, we show, for simplicity, the projection of the magnetic field vectors to the YZ VSO plane, and the
aforementioned angles between the model and the observations, valid at any moment within the flyby. B is the
vector of the magnetic field measured by SolO, B, ., is the default magnetic field vector from the simulation run
in the stationary state without any additional rotation of its components (a = 0) and B, is the model magnetic
field vector which best agrees with the observed magnetic field, that is, the vector that forms the smallest angle,
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Figure 5. Illustration of 3-D IMF field lines in the Venusian induced magnetosphere in the global hybrid simulation. (a) and (b) give an overview of the field lines'
morphology, while (c) and (d) show the field lines' tracing beginning along SolO's VGAMI trajectory, which is depicted as black dots. Panels (e) and (f) show the field
lines connected on the R = R, + 500 km sphere. The magnetic field strength is represented color-coded on field lines and surfaces (panelsaande: y =0 and z =0
planes, panel c: y = 0 plane).
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Figure 6. Measured B, default model B, ., and optimum model B,
magnetic field vectors projected in the YZ VSO plane for a random moment
along the spacecraft trajectory. Note that we analyze a stationary simulation
solution and thus, B, and B , are time independent. The angles ¢, 6,y
and a,,, are the measured clock angle, the minimum possible angle between
observations and model and the additional rotation of the model about the
default model vector, respectively.

both the “default” model output B

model results Bop‘,

model®

6., With the observed magnetic field. The angles ¢, 6,.;,, and a,,, depicted
in the Figure are the clock angle of the measured magnetic field, the mini-
mum possible angle between the observed and the model magnetic field, and
the optimum rotation of the model magnetic field with respect to the default

one, respectively.

To further clarify the derivation of a,,, we present, in Figure 7, example
calculations performed at a specific moment of VGAMI1 (2020-12-27,
11:03:00 UTC). We plot the modeled magnetic field components, By, B,, and
B, as blue, red, and yellow dots, respectively, versus the rotation o applied to
the simulation. On the same plot we superimpose the magnetic field meas-
ured by SolO, By By . and B,
lines, respectively._ For each rotation a, corresponding to a rotation of the

obs> as blue, red and yellow horizontal
location of SolO, a new magnetic field value is extracted from the simulation,
and the angle 6 between the magnetic field vector from SolO (solid lines in
Figure 7) and the model magnetic field vector is calculated. The minimum
value of 0, (0,
and the observed field that can be obtained by this rotation process, found

), thus defines the best possible agreement between the model

after a rotation we label a,,,. The dashed vertical gray line in Figure 7, indi-

cates a, , which is 30° in this example. The angle 6_. that we use to evaluate

opt® min
the agreement between observations and data in this example is 6, = 48°

(not shown in the figure).

5. Results
5.1. VGAM1

Having derived a_, 6

opts Ornin and Bop[ as described above, we then proceed to

compare the magnetic field components SolO measures during VGAM1 with
having had no rotation applied (i.e., @ = 0 at all times), and the optimized

as composed only by the values evaluated after the optimum rotation «,,, is applied for each

one-minute interval along the flyby trajectory. We show in Figures 8a and 8b, the electron density (with 1 Hz

cadence) and the one-minute averages of the magnetic field components and magnitude from SolO, respec-

Uopt VGAM1
o
1
6 T .
1
| .
+
4 5 .
1 -
T .
2 1 . . .
— 1
= LI t
o oot .
m i )
-2 ? . PRI NS
| .y e .
i . Bx
-4 1 * By
1 . Bz
i : 1! ° . : . ® Bx_obs
-6 H T By_obs
i Bz_obs
0 50 100 150 200 250 300 350

Figure 7. Example of a magnetic field snapshot of a selected moment
(2020-12-27, 11:03:00 UTC) during VGAM1. The modeled magnetic field
components versus the rotation, o, applied to the simulation are depicted as
blue (By), red (By), and yellow (B,) dots. The blue (By, ), red (By ), and
yellow (B, ) solid lines show the observed magnetic field components for
the specifié moment. The dashed vertical gray line represents a,,, derived from
the magnetic field vectors as described in the text.

tively. The solar wind density from the model as well as the density based
on the optimized magnetic field vectors are superimposed in Figure 8a. In

Figure 8c, a,, is plotted with @ _. shown color-coded for each point along

opt
the spacecraft's trajectory. Thus, intervals for which a good agreement with
the model was obtained after a rotation was applied are shown with blue

colors (low values of 6 ), while intervals where only a poor agreement
could be obtained even after optimizing the rotation angle are shown with

red colors (high values of 6_. ). We note that, as follows from the definitions

min

above together with the selection of the upstream parameters for the under-
lying simulation run, both 6,

win & 0° and & 0° in the solar wind upstream,
indicating (unsurprisingly) that a good agreement between the modeled and

observed fields exists here.

In Figures 8d-8f, we show in blue, red and yellow the measured magnetic
field components, and in each panel the optimum magnetic field component
and the model magnetic field component for zero rotation angle (a = 0) are
over-plotted as thin and thick gray lines, respectively. Additionally to the
UTC time of the flyby as the X axis, a secondary axis demarcating the X\,
component of SolO's trajectory is displayed. Based on the observations and
the 6, angle we note with five black lines labeled 7,,-7 5, the points where
both the behavior of the magnetic field and the degree to which there is agree-
ment between the model and the observations change, indicating possible
transitions between different regions in the interaction, or transient variations
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Figure 8. VGAM1 Observations-model comparison. SolO's (a) electron density (1 Hz), derived from the spacecraft potential
(Khotyaintsev et al., 2021) and (b) 1 minute averages of the magnetic field components and magnitude. The default modeled
and optimized proton density are also overplotted in (a). In (c) we plot model's a,, with 8, color-coded and in (d)—(f) the
measured magnetic field components Bx,, By, and Bz, as blue, red, and yellow solid lines, respectively with the model's
default (BX,401s BYmodets BZmoder) @0d optimum (Bx,,, By, Bz,,) components as fade thick and thin gray lines over-plotted
are presented, respectively. UTC time of VGAMI is plotted as the main X-axis, while the X, coordinate is displayed as a
secondary axis. The five black vertical lines labeled #,,-t ; indicate the points where the magnetic field behavior changes and
the black dashed line represents the bow shock crossing.
in the upstream conditions. These transitions have been determined purely by eye, based on the data shown.
Finally, the dashed line farthest to the right represents the bow shock crossing by the spacecraft at ~12:40 UTC.
Looking at the observed magnetic field in Figure 8b, we notice that prior to 7, the magnetic field components
resemble the IMF in the sense that they appear steadier and with fewer fluctuations. What is more, the values of
By, B,, and B, are similar to the ones upstream. The same pattern is observed in Figure 8a, where the electron
density does not fluctuate as much as it does closer to the planet and values farther ¢, are similar to the ones we
see upstream. The density jumps abruptly, where line 7, is drawn, to more elevated densities which are observed
until 7 ,. The modeled plasma density appears steadier and for the greater part of VGAMI1 lower than the observed
electron density. The region bounded by ¢, and # , shows high 6_, (Figure 8c), up to 60°, which means that no
matter how much we rotate the magnetic field, the simulation results cannot accurately reproduce the observed
magnetic field in this interval. Meanwhile, the observed magnetic field in the interval between 7, and ¢, in
STERGIOPOULOU ET AL. 11 of 20
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Figure 9. Simulation results of the evolution of the B, component of the magnetic field during VGAMI. In (a), By is shown color-coded in the XY VSO plane, with
five cuts in the YZ plane at different locations superimposed. The same five YZ plane cuts are presented in (b)—(f), with B, color-coded. The black line in (a) depicts
the VGAMI trajectory, while the black circles and triangles in the sub-panels in (b)—(f) represent the actual position of SolO and its “optimized” location after rotation

around the x-axis, respectively.

Figure 8b, becomes somewhat steadier with time and with decreased fluctuations compared to the preceding and
following intervals, and at the same time the electron density shown in Figure 8a is slightly decreased with respect

is also elevated at ~50° in the interval between ¢, and 7 5, and the
observed magnetic field again is reasonably steady. Overall, a,, in Figure 8c ranges between —50° and 50° for the

to the surrounding regions. Similarly, 6,

min

greater part of the spacecraft's trajectory, while 8,

is mostly smaller than 40° with higher values observed only
between 7, and 7,

with the modeled components, we notice that there is generally better agreement between Bz, and Bz, than the

and 7, and 7 5. In Figures 8d-8f, where we overplot the observed magnetic field components

other two components of the magnetic field.

In Figure 9 we show the simulation results again during VGAMI, concentrating on the evolution of the B,
component of the magnetic field during the flyby. Specifically, in Figure 9a, B, is shown color-coded on the XY
VSO plane, along with five cuts through the domain in the YZ plane at different locations down the tail. These
same five YZ plane cuts are then depicted in 2-D in Figures 9b-9f for clarity, again with the component B,
displayed color-coded. The black line in Figure 9a represents the VGAMI trajectory in the VSO frame. In each
sub-panel (Figures 9b—9f) we show the position of SolO as a black circle at the VSO location at which it traversed
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this plane, and as a black triangle at the ‘optimized’ location, that is to say the position of the spacecraft in the
rotated simulation domain (i.e., having the same cylindrical distance from the X-axis, but having been rotated

through a clock angle ).

Our interpretation of the plasma environments and regions encountered by SolO during VGAMI is then as
follows. Prior to 7, at 03:55 UTC, SolO is in the solar wind, albeit solar wind that is likely no longer “pristine,”
and may even have transitioned the shock and been part of the sheath, but has likely now returned to substantial
fraction of solar wind background velocity, and magnetic fluctuations have been damped or dispersed to the point
that they are no longer significant (cf., Figure 2). This is moreover consistent with being in a region, irrespective
of any rotation applied, where the traced magnetic field lines resulting from the situation are essentially straight
and aligned with the unperturbed IMF upstream, indicating that little to no stress is being applied, and the plasma
flow velocities on the field lines are everywhere similar.

to ¢

a2’

is a,, = 0° that is, the clock angle of the magnetic field is equal to the upstream IMF, and moderately good

model-data agreement can be obtained, 6, ~ 27°. The B, component is more strongly negative in the observa-

From ¢ SolO traverses the magnetosheath. Here, the median value of the necessary rotation applied

al

tions, possibly indicating that the “draping” of the IMF around the ionosphere and through the magnetosheath is

stronger than predicted by the simulation. Between ¢, and 7 ,, we see a signature that could indicate a possible

a3
excursion into the Venus plasma wake, or an effective motion of the spacecraft closer to the central axis of the
interaction region. This is the same interval identified as a “tail lobe” by Hadid et al. (2021). While no substantial
rotation is necessary to provide good model-data agreement upon crossing ¢, (indicating reasonably steady IMF
orientation at this interface), there is a difference in (.- of 50° across 7. Taken together, this could indicate a
reduction in dynamic pressure or the IMF cone angle (the angle between the IMF vector and the X-axis) moving
past Venus at ¢ ,, effectively expanding the size of the interaction region, and moving the “wake” boundary
across the location of SolO, giving rise to larger B, values observed than are predicted in the model, and a more
“lobe-like” field geometry. Then, at 7 ,, there is evidence for a rotation in the IMF, and better model-data agree-

ment is obtained following this, suggesting SolO re-crosses the UMB and is once again in the magnetosheath.

At ~09:32 UTC there is a significant discontinuity seen in the values of a, that persists only for 4 min. This corre-
sponds precisely to the approach to a magnetic reconnection site identified by Volwerk, Horbury, et al. (2021)
labeled as “ST2”. While such an explanation is found to be consistent with observations here, we do note however

that continued good model-data agreement is seen in our results, with 6

i €ssentially consistent immediately

before and after, and during this discontinuity in «__, suggesting that the observed field is equally consistent also

opt?
with a very brief but significant IMF rotation passing through the system. Accompanying changes in the solar
wind plasma conditions can easily account for the minor variation noted in electron density during this interval.

In the interval between ¢, and 74,

By, being larger than predicted by the simulation for any stationary IMF clock angle case. The plasma density

we see again generally poor model-data agreement, primarily the result of
does appear also to drop at 5, which could correspond to the spacecraft moving into the immediate wake region
of Venus. We note, as did Volwerk, Horbury, et al. (2021), that the upstream IMF was slightly less radial than
nominally expected from the Parker Spiral, so a more radial field at earlier times is more likely, and consistent
with such a change toward more nominal conditions prior to 7 ;. Finally, the interval studied by Volwerk, Horbury,
et al. (2021) labeled “ST4” (~12:20 UTC) and suggested to evidence ““‘overdraping” in the field can, again,
equally well be interpreted as a transient rotation in the IMF clock angle at the same time.

5.2. VGAM2

We now follow the same process for VGAM?2, again noting that we utilize the same global hybrid simulation run
for data-model comparisons in this initial analysis. We believe this to be justified since the difference in the IMF

magnitude and cone angle is a difference of ~18% and 10°, respectively, where the cone angle is 6. = arccos ( %XI )
The solar wind speed for VGAM?2, measured approximately 5 hr after the shock, is ~300 km/s, which is similar
to the value estimated for VGAMI1 (325 km/s), and it remains at this value for several hours afterwards. Further-
more, since both flybys occurred during solar minimum we assume that small differences in the solar EUV
photon rates would not significantly affect the outcome. Hence, fortuitously, the upstream conditions Venus
experienced were sufficiently similar that introducing a new model run was not deemed necessary, and moreover

affords direct comparison between the two flybys, by taking the same simulation run results as a starting “‘guide.”
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Figure 10. VGAM2 Observations-model comparison. Data are presented in a similar manner to Figure 8. The eight black
vertical lines labeled #,,-1, indicate the points where the magnetic field behavior changes.
In Figure 10, data from SolO and simulation results are presented in the same format as used in Figure 8. The
electron density, in Figure 10a, after the spacecraft crosses the bow shock is of insufficient quality for further
analysis due to instrumental problems in that interval, and hence is shown red in the plot. Utilizing the same
approach applied for VGAMLI, we again obtain estimates of the optimum IMF clock angle (rotation angle «,,)
that may be applied to the simulation to minimize the angle between the observed and modeled magnetic fields,
6_..,» with the results shown by the colored points in Figure 10c. Throughout Figure 10 we draw eight lines labeled
1,,-1,5 to note the regions of interest, again based purely on visual inspection of these data. The outbound bow
shock crossing in VGAM2 is clearly identified at ~04:41 UTC. That the upstream IMF conditions do not differ
substantially between VGAM1 and VGAM?2 is evident by the low values of 6 . obtained on VGAM2 once SolO
has crossed the bow shock and entered the upstream solar wind.
During the inbound part of VGAM2, the observed magnetic field, shown in Figure 10b, does not exhibit any obvi-
ous transition from a regime resembling the solar wind as demonstrated for VGAMI1 in Figure 8b. As was shown
previously in Figure 3, the amplitude of magnetic field fluctuations remains lower for VGAM2 than for VGAMI1,
suggesting that SolO is not encountering a typical turbulent magnetosheath plasma but instead may remain rela-
tively closer to the center of the tail and the Venus plasma wake. This is entirely possible, that is, as a result of
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a relatively lower dynamic pressure and a more expanded interaction region during the earlier part of the flyby,
leading to SolO being further from the bow shock despite the marginally different trajectory in this respect. Only
poor agreement is found between the optimized and measured magnetic fields, 6, being greater than ~50° prior

to t,5, with only a brief drop in values between #,, and #,,. The apparently bi-modal values found for o, prior to

opt
1,, also indicate that no consistent agreement between the model and observations can be found for any Ilp\/IF clock
angle. This is largely the result of the persistent mismatch present in the B, component, seen between the dark
gray Bx,, trace and the observed Bx,,. values themselves. Indeed, the agreement achieved in the B, component
remains generally poor throughout the whole of VGAM?2. This is again consistent with the input conditions to the
simulation comprising an IMF with somewhat smaller radial component than is typical at the orbit of Venus, and

hence the resulting modeled By, values being everywhere smaller in magnitude than the observations.

Following 7,;, the value of a, evolves smoothly throughout the remainder of the flyby, except for brief drops
from values of ~—50° to ~—100° between lines #,5 and t,,, and 7,; and 7,,. Meanwhile, the observed By, values
change from positive to negative, and remain so except within these two brief intervals. Each of these two short

intervals is again coincident with an increase in the value of 8,

indicating relatively poor agreement between the
model and the observations, and each interval is also found at the boundary of a region where the observed plasma
density reaches a local maximum, between f,¢ and #,,. Complete, but transient, reversals in the X-component of
the magnetic field are present in each case, consistent with SolO briefly crossing between the opposite “lobes”
of the induced magnetotail. Despite the similar geometries of VGAM1 and VGAM?2, only VGAM?2 displays

these transient apparent rotations and directly associated reductions in data-model agreement.

Interestingly, the best overall agreement between the observations and the optimized modeled components of the
magnetic field is seen in B, in Figure 10f, as was the case in VGAMI1. While the simulation results can be rotated
to reproduce the observed B, values in both sign and magnitude throughout most of the flyby, this is only true to
a lesser degree in the case of the Y-component data shown in Figure 10e, and only for a few short intervals in the
case of the X-component shown in Figure 10d. The local minimum in plasma density found around 7,, suggests at
least an approach into the immediate plasma wake of Venus by SolO, at around the same distance 5-10 R,, down-
tail from the planet as was found in VGAMI. Apart from the interval between #,, and f,,, the modeled solar wind
density in Figure 10a looks similar to the electron density from SolO.

Despite the similarities with VGAMI in the upstream conditions, it seems clear that again a more radial IMF is
dominant throughout the majority of the flyby, leading to under-predicted values of B, throughout. While, again,
no clear inbound shock crossing is detectable at large distances down-tail, SolO does appear to be in a regime
dissimilar from the IMF and affected at least in part by the draping of IMF field lines around the planet through-
out the interval shown in Figure 10. Overall, however, the interpretation of these data is more challenging than
was found in the case of VGAMI1. Looking at the magnetic field at the start and the end of the plot, we notice
that they are different, particularly the B, component. For completeness, in Figure 11, modeled B, is presented in
the same manner as in Figure 9, with sub-panels showing cuts through the simulation domain. The black line in
Figure 11a represents the VGAM2 trajectory.

6. Discussion

In this study we are exploring a region where there are extremely limited observations and we take this oppor-
tunity to learn more about the tail structure. Because of the lack of measurements, we rely heavily on models to
study the far tail, thus, it is important to assess the model performance in these regions using the limited data
available. The two SolO Venus flybys, on 27 December 2020 (VGAM1) and 9 August 2021 (VGAM?2), contrib-
uted to our view of the structure of the Venusian magnetotail, providing us with rare magnetic field and electron
density data from as far as 80 R, down the magnetotail of Venus. While future Venus flybys will be conducted
with SolO, these first two are the only planned “tail” encounters; the remaining flybys will be more suited to
investigate the dayside and plasma interaction regions closer to the planet itself. In this study, we analyze and
compare these observations with the results of a hybrid model of the induced magnetosphere of Venus utilizing
as initial conditions the upstream observations of SolO during VGAMI1.

As shown in Figure 1, the two flybys have similar trajectories in the XY VSO plane, however they differ signif-
icantly in their Z coordinate. SolO upstream measurements from both flybys reveal similar IMF cone angles in
the two cases, along with broadly similar solar wind densities and velocities, which allows the comparison of
both flybys with the same simulation run using VGAM1's upstream conditions. The magnetic field measurements
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Figure 11. Simulation results of the evolution of the B, component of the magnetic field during VGAM2, presented in a similar manner to Figure 9.

presented in Figures 2 and 3 cannot establish a consistent picture for the structure of the magnetotail, in that
no immediately apparent transition from a solar wind-like field regime into a more magnetosheath-like regime
is present during the inbound part of either flyby. While in VGAMI1 the shape of the magnetic field changes
beyond ~ —60 R, and more fluctuations are present the closer we move to the planet, in VGAM2 there is no such
an attribute seen. However, there exist in VGAM2 three regions where the B, component changes sign abruptly
implying crossings of a current sheet for a short interval before changing back.

We compare 1-min averages of the magnetic field vectors of both flybys with the vectors from the model for all
the different IMF clock angles, with a 10° step, with respect to the upstream average clock angle. Collecting only
the simulation vectors for which the angle between the observations and the model is minimum, we construct

an optimum modeled magnetic field B, ,. Based on the value of 6, ,, and the observed magnetic field behavior

min

we also spot several regions of interest in both flybys, where the stationary change of the IMF clock angle in the
simulation is not adequate to reproduce the measured magnetic field orientation.

In both VGAM1 and VGAM?2, displayed in Figures 8 and 10, respectively, the model rotated to optimum clock
angle seems to agree with the observations only for the B, component and in a lesser degree for the B, component.
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The relatively poor agreement that can be obtained in the B, component likely indicates that the IMF vector that
was input to the initial simulation, while accurately reflecting the upstream conditions for VGAM!1 post-encounter
where they could be directly measured by SolO, nevertheless overestimates the “true” cone angle in the IMF for
the inbound part of VGAMI1 and VGAM?2. A different approach where we set By = 0 in the model to investigate
the degree to which the B, component influences the structure of the induced magnetotail after comparison for
example, with Venus Express data might be useful, however in this study since there is no evidence in SolO data
of the X component of the magnetic field being O for long intervals, it did not seem necessary to attempt it.

In both VGAMI1 and VGAM?2, enhanced plasma densities are observed at closest approach, which, although
not the focus of this paper, indicate SolO encountering the upper reaches of the planet's ionosphere, or at least
approaching the density gradient at the ionopause without fully crossing it. Of more relevance here is the preced-
ing local minimum in plasma density that is observed in case of VGAMI in Figure 8a, approximately 8 hr prior
to closest approach, at distances of ~55 R,, down-tail, suggestive of the spacecraft moving at least partially in
toward the Venus plasma wake formed toward the center of the induced magnetotail. However, that an extended
but nevertheless constrained plasma structure, having a local maximum along the spacecraft trajectory, is then
found tailward of this wake encounter in both VGAM1 and VGAM?2 could be evidence of some detached escap-
ing plasma structure, as has been found, for example, at Mars (Brain et al., 2010; Stergiopoulou et al., 2020),
Titan (Coates et al., 2012; Edberg, Gren, et al., 2011) and previously at Venus (Brace et al., 1982; Collinson
et al., 2022), albeit at closer distances. An interesting follow-up study could be a comparison with similar obser-
vations during solar maximum to see in what way the solar cycle may affect these plasma structures and if there
is a correlation with the observed decrease of the escape rates of H* and O* during solar maximum (Persson
et al., 2018).

The features observed in the magnetic field in the distant tail are rather different in the two flybys. In VGAMI1,
there appear generally steady rotations with almost constant magnitude of the magnetic field only in the IMF
seen from the model-data comparison, however a distinct rotation occurs around ¢ 5, possibly following a drop
in dynamic pressure (Figure 8). Structures such the ones studied by Volwerk, Horbury, et al. (2021) could be
explained as transient rotations in the IMF. In VGAM?2, there is a poor model-data agreement inbound prior to
1,5, again possibly due to the underestimated IMF radial component (Figure 10). We see three distinct rotations of
the B, component of the magnetic field (Figures 10b, 10d) and a slow change of B, sign between #,;-t,,, but with
reasonably constant clock angle rotation after 7,5, besides the two short intervals between #,5-1,, and t,,-1,., where
poor model-data agreement occurs. Changes in B, in the induced magnetotail could be both due to rotations in
the IMF as well as changes of IMF B, and there is no way to distinguish between those two. A time-dependent
model—as opposed to the static model used in this study—could additionally demonstrate the evolution of the
draped fields in the induced magnetotail of Venus particularly when features as CMEs and Corotating Interaction
Regions (CIRs) encounter the planet as shown by Edberg, Nilsson, et al. (2011).

Similar features and structures in the distant magnetotail have only been observed a few times before SolO's
Venus flybys, by missions such as BepiColombo and Mariner 10, which reached distances of 48 and 100 R, down
the tail, respectively. Lepping and Behannon (1978) examined Mariner's 10 measurements (5 February 1974) and
reported some “disturbed” regions with rotations, increased fluctuations, and decreased magnetic field magni-
tudes compared to the adjacent regions, the majority of which were located no farther that 50 R,. BepiColombo,
during its first flyby, traveled in the Venusian magnetotail approximately 2 months before SolO (15 October
2020) and saw an active magnetotail with B, rotations and flapping (Volwerk, Sdnchez-Cano et al., 2021). Obser-
vations from its second flyby, albeit not from the distant induced magnetotail, were compared with a different
global hybrid model in a study by Aizawa et al. (2022).

7. Conclusions

Using magnetic field and electron density observations of the first two SolO's Venus flybys and comparing them
with a 3-D global hybrid simulation for the Venusian solar wind interaction, we have found that.

1. The process we follow, rotating the simulation solution to different stationary IMF clock angles, comparing
with the observed magnetic field and deriving the optimum magnetic field, results in a better data-model
agreement for some intervals of the flybys implying that certain features seen in the induced magnetotail can
be ascribed simply to changes in the IMF clock angle.
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2. In VGAMLI at distances beyond 60 R, from the planet, solar wind starts to dominate. We see evidence that
there is a transition from what appears to be more sheath-like plasma closer to the planet to the solar wind,
suggesting the shock may sometimes still be present at these large distances, or at least a discontinuity remains
separating these two regions.

3. In both flybys there are extended regions covering distances greater than 20 R, where modest plasma
density enhancements are observed, separated by local minima from the highest densities seen closer to the
planet. These could be interpreted as detached escaping plasma “blobs” seen frequently in other induced
magnetospheres.

More generally, we have shown that the unexplored distant tail is highly structured but that this structure is diffi-
cult to uniquely characterize using measurements from a single spacecraft. For similar future studies, we suggest
to use hybrid or similar models to help to interpret the data, in particular by exploiting the possibility of rotating
the simulation to accurately simulate time-variations in the IMF clock angle. Future studies should adopt similar
approaches, where conventional trajectories and orbits can be derived that provide a more accurate model-data
comparison, and may also perform higher resolution runs to provide comparisons on smaller scales. Ultimately,
we also demonstrate the essential need for coordinated multi-spacecraft missions at non-terrestrial environments
if we are to properly understand and interpret observations.

The understanding of small-scale features such as waves, reconnection sites, and current sheets also depend on the
larger scale understanding of the system, such as identifying the correct region, and ruling out externally-imposed
rotations due to changes in the IMF. Thus, this study also contributes to understanding the dataset as a whole
and therefore benefits any future use of these data on small or large scales. Due to only limited single spacecraft
observations from the distant induced magnetotail of Venus (and induced magnetotails in general), its structure
and response to the solar wind variations has not been yet thoroughly described. Global simulations with time
dependent upstream conditions and large simulation domains resolving the Venus-solar wind interaction from
the dayside in the deep tail are needed. Future flybys and Venus dedicated missions, as well as multi-spacecraft
missions with solar wind monitors, are essential to gaining a comprehensive understanding of the processes driv-
ing the topology of the distant Venusian induced magnetotail.
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simulations were performed using the RHybrid simulation platform, which is available under an open-source
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https://github.com/fmihpc/rhybrid/

The simulation code version used in this study is archived (under https://doi.org/10.5281/zenodo.7554587).
Figures 4, 5, 9 and 11 were created using the Vislt open-source visualization tool (Childs et al., 2012). We
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