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Abstract

A comet ion tail extend behind the comet to really long distance. Some unexpected crossing
of spacecrafts with ion tails in the past opened new opportunities of studying the physics of
these structures. All the conditions that must be ful lled to have the comet and spacecraft at
the right time and position to have an encounter were analysed in previous works and some
predictions were obtained. Following their steps, this project has consisted in developing a new
Python program to nd possible encounters that happened or will happen in the future. We
have updated the previous works providing lists of possible future encounters for Solar Orbiter,
Parker Solar Probe, JUICE, Earth and Mars. These predictions enables operations planning
for the instruments of the spacecrafts to get as much data as possible and study better the ions
tails. We also present overview plots of key parameters for some of the possible encounters
in the past, though deeper analysis would be needed to nd if there indeed are comet ion tail
signatures in these events.
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1 Introduction

When thinking about comets, one consider them among the most spectacular objects in the sky.
From the Ancient Greece where they were thought to be exhalations of the planets catching fire
high in the atmosphere until nowadays, comets have been fascinating objects which have woken
up the curiosity of the astronomers. Kepler and Newton defined the comets’ orbits and, by use of
Newton’s methods, astronomer Edmond Halley determined the orbits for 24 observed comets, which
he published in 1705. He also noted that there were several comets that had remarkably similar
orbits and had appeared at approximately 76-year intervals. His suggestion that it was really one
comet was confirmed when it was seen again at the predicted time he said, and was named in his
honour comet Halley, being the first recognised periodic comet. As the time went by, the study of
the comets benefited greatly from the improvement in the quality and size of telescopes and the
technology for observing them. In 1858, artist William Usherwood took the first photograph of a
comet, Comet Donati (C/1858 L1) [1].

The 20th century saw continued progress in cometary science. Spectroscopy revealed many of
the molecules and ions in the coma and tails of the comets. An understanding began to develop
about the nature of cometary tails, with the ion tails resulting from the interaction of ionized
molecules with some form of “corpuscular radiation,” possibly electrons and protons from the Sun,
and the dust tails coming from solar radiation pressure on the fine dust particles emitted from the
comet. In fact, in 1951 astronomer Ludwig Biermann used comet tails to conclude the existence of
solar wind, which was directly detected 8 years later [I].

Another big question was the origin of the comets, which had mainly three possible answers:
comets were captured from interstellar space, or erupted out of the giant planets, or they were
primeval matter that had not been incorporated into the planets. Theories about the nature of
the comets have succeeded each other through time. Oort’s paper, published in 1950 [2], and two
months later a paper on the nature of the cometary nucleus by Fred Whipple [3], suggested that
the cometary nucleus was a solid body made up of volatile ices and meteoritic material, popularly
known as the “dirty snowball” [I].

During the later half of the 20t century, a massive leap forward in the understanding of the
solar system took place as a result of spacecraft visits to the planets and their satellites. Comets
were not less important and the return of Halley’s Comet in 1986, provided substantial motivation
to begin using spacecrafts to study comets. The first comet mission was the International Cometary
Explorer (ICE) spacecraft’s encounter with Comet 21P/Giacobini-Zinner in 1985. A bit later, in
1986, five spacecrafts were sent to encounter Halley’s Comet. The next comet mission was not
until 1998, when NASA launched Deep Space 1, a spacecraft designed to test a variety of new
technologies. The NASA Stardust mission was launched in 1999 with the goal of collecting samples
of dust from the coma of Comet 81P/Wild 2. In 2005 NASA launched another comet mission,
called Deep Impact. The spacecraft flew by Comet 9P/Tempel 1 and released an impactor that
would be deliberately crashed into the comet nucleus. The impactor produced the highest-resolution
pictures of a nucleus surface ever for that time. In 2004, ESA launched Rosetta on a trajectory
to Comet 67P/Churyumov-Gerasimenko. Rosetta carried a spacecraft called Philae that landed on
the nucleus surface on November 12, 2014. It was the first mission to orbit and land on a cometary
nucleus. Its two years of detaliled studies of the nucleus and the coma provided a huge data set
still being analyzed [I].

Even though there are specific missions for comets research, some unexpected crossing of other
spacecrafts with comets tails provided some farther opportunity to study such structures. One of
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the most highlighted ones was the unexpected encounter Ulysses spacecraft had with Comet C/1996
B2 Hyakutake, in 1996 [4], [5]. It was reported that the density of protons seen at Ulysses data
dropped dramatically for several hours on May 1, 1996, while the O* density drastically increased,
a good signature of an ion tail. Convinced the were in front of an ion tail and, therefore, looking for
the source of it, they saw that no comets were close to the spacecraft at that time. They realized
that comet Hyakutake had crossed the Sun-Ulysses line around April 23, 1996. Checking the radial
position and the expected size of the tail by the amount of gas that was given off by the comet so
days before, they confirmed it was its tail. The most remarkable result of this event is that the tail’s
length was at least 3.8 AU, being the longest that has been measured, and the most productive
comet ever to have been encountered by a spacecraft. This event provided unique information
about the conditions within cometary ion tails when very far downstream of the nucleus.

Finding and identifying encounters has interested in the past, and two other previous student’s
projects have worked on it and found promising results [6], [7]. Rosetta, Ulysses, Cassini and Earth
Satelite have been the spacecrafts studied in the reports. They have provided guidelines and have
been of great help when developing these project.

In order to update these works, and because it is one of the latest ESA missions sent into space,
Solar Orbiter has been the principle target to find encounters with in this project. In addition,
Solar Orbiter has the advantage of the close distance it has to the Sun during its trajectory and,
as it will be explain later, ion tails are more intense for comets close to the Sun. These aspect
and the compilation of the relevant instruments it carries, makes Solar Orbiter to be worth finding
encounters with. Once these work was done, other spacecrafts, Parker Solar Probe and JUICE, and
then Earth and Mars, have also been studied in these project.

This report starts with an introduction to the comets in Section 2: their components, orbits and
orbital elements. In Section 3, an explanation of the physics of the solar wind and the interaction
of it with the comets its described. Following this, a brief summary of the Solar Orbiter mission is
provided in Section 4. One of the main things done in this project is the creation of a Python script
to find encounters between comets and spacecrafts so, an extended description of the necessary
conditions to have this situation and of the different sections of the script follows in Section 5.
Once the script its done, the results of the possible encounters that already happened and the
predictions of futures ones are obtained and showed in Section 6. Finally, it was possible to do a
brief analysis of some of the data for some encounters and it is described at the end in Section 7. The
complete script and information and representations of the encounters appears in the appendices.
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2 Comets

2.1 Components of the Comets

Comets are believed to be one of the most accessible remains left from the formation of the Solar
System. They are small bodies travelling through space captured by the Sun gravitation, making
them orbit it. A comet consists of three main parts: the nucleus, the coma and the tails.

The comet nucleus is made mostly of ice, rock and dust, seen as a cosmic snowball. As the
comet gets closer to the Sun, it starts to heat up and the ice particles of its surface turn to gas (by
sublimation) and leave the nucleus. This gas detached from the nucleus expands outward, carrying
dust grains with it. Its expansion forms a giant gas envelope around the nucleus, known as the
coma. This can be larger than a planet and it is the origin of the tails [g].

The tails are formed due to solar radiation pressure and the solar wind, and one can distinguish
two most common types, pointing in different directions. The dragged dust follows a long curved
path behind the comet. This is mainly the comet’s trajectory, even though it is affected by the solar
radiation pressure. Part of the gas released from the nucleus becomes ionized, by solar ultraviolet
radiation and energetic particles. These cometary ions are then accelerated to solar wind speed by
electromagnetic fields, resulting in an ion tail pointing almost radially away from the Sun [I].

Figure 1: Picture of Comet Mrkos on August 13, 1957, showing the coma and two tails. Im-
age source: Photographed by Alan McClure at the north of Los Angeles, California in 1957.
https://www.rocketstem.org/2020/08/08/ice-and-stone-comet-of-week-33/

2.2 Comet Orbits and Types

The principles of orbit determination of the comets were mainly discovered by Kepler and Newton.
The comets travel through the Solar System in orbits around the Sun. However, these bodies not
only feel the gravitational interaction of the Sun, but also of other planets, leading to modifications
of their orbits. Considering the two-body problem, the comets orbit in elliptic orbit with well-
defined periods. In this work, we are going to focus in this scenario, but one has to be aware that
this can change and orbits can become parabolic and hyperbolic if another mass (as one of a planet)
enters the problem. Orbits can be very elongated and comets can spend hundreds and thousands
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of years out in the depths of the Solar System before they return to the inner parts of the Solar
System at their perihelion [€].

The most famous short-period comet is the comet Halley, which travels in a very inclined orbit
from the ecliptic with a period of 76.2 years. After it, there is de ned the Halley-type comet
prototype. These comets have orbital periods between 20 and 200 years, and orbits which can be
highly inclined from the ecliptic. These bodies are thought to originate further out in the Solar
System, speci cally in the spherical shell known as the Oort Cloud. The icy bodies that make up
the Oort Cloud may be perturbed by a passing star or a giant molecular cloud, setting them on
highly elliptical paths possible taking them through the inner Solar System. If they are in uenced
by the gravitational eld of, for example, Neptune or Uranus during their journey, their orbit may
be altered so that their aphelion distance, and hence, orbital period, is shortened. If their orbit
around the Sun is not signi cantly in uenced by the gravity of the giant planets, these objects will
remain long-period comets, and will not be considered Halley-type comets [10].

The other important class of short-period comets is the Jupiter-family type. With orbital
periods of less than 20 years and inclinations no more than 28from the ecliptic, they travel not
much farther out than from the Jupiter orbit. However, these comets are thought to be originate
from the Kuiper Belt, a circumstellar disc in the outer Solar System, extending from the orbit of
Neptune at 30 AU to approximately 50 AU from the Sun, which are launched towards the Sun by
the gravity of Neptune and further perturbed by the gravity of Jupiter. After the rst disturbance
by Neptune, they acquire highly elliptical orbits but later, they become tighter and with short
periods as they approach Jupiter. These two type of comets are the ones we have been used in
our project, because they are the ones possible to predict when they appear due to their relationdy
short periods [11].

() (b)

Figure 2: NASA llustration of the orbit of Comet 1P/Halley, an example of a Halley-type comet
(a), and of the orbit of Comet 2P/Encke, an example of a Jupiter-family comet (b). Images source:
https://ssd.jpl.nasa.gov/sbdb.cgi?

2.3 Comet Orbital Elements

In order to describe the motion of a comet, several parameters known as orbital elements are needed.
These orbital elements describe the plane in which the comet is moving in reference to the plane of
the ecliptic [7]. The two elements that describe the shape and size of the ellipse are:
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" Eccentricity e: describes the shape of the ellipse, describing how much it is elongated compared
to a circle.

~ Semimajor axisa: the sum of the periapsis and apoapsis distances divided by two.
The two elements that describe the orientation of the orbital plane are:

" Inclination i: vertical tilt of the ellipse with respect to the reference plane, in this case, the
ecliptic plane.

~ Longitude of the ascending node : the angle between the ascending node (direction where the
orbit passes upward through the reference plane) and the reference frame's vernal point.

The last elements are:

" Argument of periapsis : the angle measured from the ascending node to the periapsis (the
closest point the satellite object comes to the primary object around which it orbits). It
de nes the orientation of the ellipse in the orbital plane.

~ True anomaly f: the angle that de nes the position of the body in its orbit at a speci c time,
between periapsis and the position of the comet.

In this report, the distance between the Sun and the periapsis is calle@R.

Figure 3: Drawing of the intersection of the comet's plane with the ecliptic plane. Image source:
Drawn by the author.
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3 Generation and Physics of the lon Tails
3.1 Solar Wind

The solar wind is an out owing plasma, a state of matter governed by its own set of physical laws
just as solids, liquids, and gases are, released from the Sun's corona, its upper atmosphere. It
consists of charged particles, mainly electrons, protons and alpha particles, but it also includes a
small fraction of heavy ions. This stream of out owing particles, however, is far from uniform or
constant: it comes mainly in two varieties, "fast" (about 750 km/s) and "slow" (350 to 400 km/s),
which depends on the source region in the solar atmosphere. The fast wind emanates mainly from
coronal holes, regions often found near the poles caused when the magnetic eld lines coming out
from the Sun do not fall back, allowing the solar wind to escape along the magnetic eld lines.
On the other hand, the slow and denser wind usually comes from near the equator. During high
activity, the particles can escape the Sun's gravity as a supersonic wind due to the high energy
resulting from the extremely high temperature of the corona. It travels approximately radially
outwards from the Sun [12].

The solar wind carries into space the Interplanetary Magnetic Field (IMF), which is said to
be frozen-in it. The Sun is not a solid, but a giant ball of gas, and di erent parts of it rotate at
di erent rates. The equatorial region spins faster than the poles. Because of the solar rotation, the
magnetic eld rotates as well, forming a spiral known as the Parker spiral. Over time, the Sun's
di erential rotation rates cause its magnetic eld to become twisted and tangled. In this process,
very strong concentrations of magnetic eld are formed, known as sunspots. These produce solar
ares and coronal mass ejections, which are the peaks of action in the 11-years cycle. Once it is
nished, the polarity of the magnetic eld changes and the cycle starts again [13].

(@) (b)

Figure 4: Drawing of (a) the behaviour of the magnetic eld due to the Sun's rotation.Image
source: https://courses.lumenlearning.com/astronomy/chapter/the-solar-cycle/ and (b) the Parker
spiral that magnetic eld lines form. Image source:
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3.2 Solar Wind Interaction With the Comet

The absence of an intrinsic magnetic eld, the small size of the nucleus, and its extremely low
gravity combined with its highly elliptical orbit result in the continuous escape of the plasma of the
coma from the comet, dragged away by the magnetised stream of solar particles. These properties
result in one of the largest obstacles to the solar wind in the solar system. Magnetic eld lines are
unable to penetrate the sphere of ions that envelopes a comet nucleus, and so they pile up in front
of it and drape around it. As a result, the ion tail appears on the comet's side facing away from
the Sun. The ions ow away from the Sun along the oppositely directed magnetic eld lines in the
tail.

Figure 5: Drawing of draping of the magnetic eld lines around the comet. Image source: https :
==ase:tufts:edu=cosmos=viewicture:asp?d = 734

Once the neutral particles are released from the nucleus by sublimation, the ions are produced by
photo-ionisation. These particles known as the cometary plasma, are an obstacle for the solar wind.
The ions are trapped by the magnetic eld lines, by a phenomena calmass loading Comparing the
speeds of both the ions and the solar wind, one can consider newborn ions are almost stationary
(having the neutral out ow speed of about 1 km/s), causing the slow down of the solar wind when
it faces the ions. The decrease of the solar wind speed leads to a creation of a magnetic barrier in
front of the comet, including a bow shock. In this region, the ow is mass-loaded with the cometary
ions. From the point of view of a new-born cometary ion, the solar wind is a conductor moving
in a magnetic eld, so it experiences and induced electric eld. That is why, cometary ions are
accelerated anti-sunward, forming the famous ion tail. As we have mentioned before, the ions are
trapped in the magnetic eld lines, and they are accelerated to the solar wind speed by the transfer
of momentum from the solar wind via the magnetic eld. The draping of the magnetic eld lines
results in two tail lobes, each of it with opposite magnetic eld direction. Inevitably, there is the
neutral sheet, a current sheet between them. Also, the pile-up can, at a su ciently active comet,
create a cavity around the nucleus of the comet known as the diamagnetic cavity [14].
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Figure 6: lllustration of the magnetic eld and plasma con guration in the neighborhood of a
comet. Image source: J. A. Van Allen, 1999. Planetary magnetospheres and the interplanetary
medium, in "The New Solar System".

4 Solar Orbiter

Solar Orbiter is one of the most complex and especial missions ever sent to investigate the Sun, as
it will be taking images of the Sun from closer than any other spacecraft before and, at the same
time, investigate the plasma and electromagnetic eld in the solar wind at the spacecraft location.
In addition, it will look at the, so far unexplored, polar regions of it. It is a cooperative ESA and
NASA mission that is aiming to resolve some questions about how the Sun creates and controls
the constantly changing space environment throughout the Solar System, as how the solar wind is
produced, what heats up the the corona or what drives the 11 years cycle. To do so, it carries 10
di erent instruments that complement each other to create a picture of our star and measure the
magnetic eld, waves and plasma emanating from it, among others. One of the goals is to analyse
these di erent aspects of the solar wind close to its origin, minimizing the possible changes it can
su er travelling the long journey throughout the space.

The spacecraft was launched in February 2020 and it is expected to operate around the Sun
for more than ten years, reaching the closest point from the Sun at 42 million km from it (0,28
AU). Completing 22 orbits around the Sun and using gravity from Venus and Earth, it is gradually
lifting itself out of the ecliptic plane, getting its maximum inclination (see Section 2.3) at 33° from
the Sun's equator [17], [18].

As the Sun is the core of the mission, the spacecraft is always travelling within the space between
Sun and Earth, which covers a radial distance of 1 AU. There is an exception around 2021 and
2022, when Solar Orbiter goes far to 1.02 AU, but this small increase is irrelevant to our study, and
we will still focus it on comets that will approach the Sun as close as 1 AU or less.
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(a) Distance in AU from Sun of Solar Orbiter (b) Ecliptic latitude of Solar Orbiter since its
since its launch until 2030 launch until 2030

@ (b) (©)

Figure 8: Solar Orbiter's trajectory in the heliocentric ecliptic coordinate system, since its launch
until 2030. View in 3D (upper graphic) and 2D for every set of two coordinates: (a): Y vs X, (b):
Zvs X and (c): Zvs Y. The Sun is represented by the orange dotlmages source: Python program
by the author.

Thanks to the di erent instruments Solar Orbiter carries, it could be possible to identify comets'
tails by measuring the conditions around the spacecraft. For the ion tail, the MAG instrument,
the Solar Orbiter Magnetometer, might detect the variation of the interplanetary magnetic eld
because of its interaction with the ions of the tail (pointing toward or away from the sun, then at
best also changing direction 189 if we cross the center of the tail), while the Solar Wind Analyser
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SWA could directly capture some of the tail particles. Comets mostly emit H20, so higher than
usual ares of H20+, H30+, OH+ or O+ is a good sign of a tail [18].
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5 Method to Search For Possible lon Tail Encounters

5.1 Necessary Conditions

In order to nd a good time when there would be a good change of an ion tail encounter, some
conditions need to happen.

The plasma in the ion tails of the comets move in the anti-sunward direction, following the
radial direction of the solar wind. Therefore, the spacecraft must be farther from the Sun than the
comet was some time before, and has to be placed in the same direction of the line connecting the
Sun and the comet. Following this, we know all the possible encounters will happen at a distance
(from the Sun) equal or smaller to the longest distance from the Sun the spacecraft has. To ful ll
this condition, we consider the fact that the perihelion of an orbit is the closest position to the
Sun one body reaches. So, we must only study those comets whose perihelia are smaller or equal
to this spacecraft's distance (di erent depending on the spacecraft). However, this does not assure
the spacecraft is crossing the tail, because it could be in a higher or lower position compared to it
at the time of an actual crossing. It must be in the same plane of the orbit of the comet, or very
close to it.

Finally, an encounter is de ned by the spacecraft crossing (or being su ciently close to it) the
comet orbital plane at the right time, meaning that the time that has passed since the comet passed
between the encounter point and the Sun is just right for the solar wind to travel the distance to
the encounter point. As will be discussed in Section 5.2.2, this can be formulated as a criterion on
solar wind speed. Figure 9 will be explained in detail in that section.

Figure 9: Drawing of the disposition of the spacecraft and the comet, showing the ion tail, at an
encounter. Image source: Drawn by the author.

Then, the necessary conditions for encounters to happen, and hence, used to select relevant
comets are:

" Spacecraft's orbit (at the encounter position) bigger than comet's orbit (at the ion tail pro-
duction position).
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~ Perihelion of the comet longest distance from the Sun of the spacecraft.

The necessary conditions that must be calculated are:

Spacecraft crosses the orbital comet plane (or is close to it).

Spacecraft and the comet on the same side of the Sun.

Same radial direction between comet and spacecraft (not at the same time)
lon tail production date before the spacecraft's encounter position date

Reasonable soar wind speed of the ions to reach the spacecraft's position from their produc-
tion's position.

5.2 Python Script Description

In order to get the possible encounters, we have created a Python script with all the steps to follow.
The code has been validating by obtaining some already predicted encounters in previous works.
For Solar Orbiter there was a prediction of an encounter last year on 3% May 2020 [5], and is the
rst encounter we study in this project. Also, checking the rst encounters with Rosetta predicted

in one of the previous student's project P], we see that we get them as well with our program.
Also, that previous student project has been a big help when developing the Python script.

In addition to this main script, another parallel one to obtain the list of the wished comets
kernels for each spacecraft has been developed. The script reads all the locally available comets
kernels and, by checking the perihelion distance each one has in the comment section, it adds to
a new metakernel the comets les that satis ed the perihelion distance the user has chosen. For
example, if we are looking for comets with a perihelion distance smaller or equal to 1 AU, the
script will ask us what maximum distance we want. We introduce 1, and the metakernel with these
comets will be created.

Going back to the main script, the algorithm of the main function is:

1. load _comet _SolarOrbiter : The metakernel with the comets les and the Solar Orbiter
metakernel are opened.

2. read _handle : Get the handles (the identi er of each comet le).

3. read _comet _SolarOrbiter : We choose the time and we obtain the positions of Solar Orbiter
and every comet in the ecliptic coordinate system.

4. The spice kernels have been cleaned at the end of step 3, so we load again thad _handle
function to get the handles again.

5. We start a loop and we get the rst comet handle and positions.

6. orbital _elements : The orbital elements necessary for the coordinate transformation are
taken from the comet le.

7. coord _transf : Transformation of the Solar Orbiter coordinates into the comet orbital coor-
dinate system (which we de ne as a heliocentric coordinate system with the X and Y axis
along the major and minor axis, respectively, of the comet trajectory). We use the Euler's
angles rotation.
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8. encounter : Finds the possibles encounters.

9. The loop continues with the handle and positions of the next comet and the program starts
again from step 5. It continues until all the comets are evaluated.

Now we describe in detail some of the functions created.

5.2.1 Function coord _transf

As we have said, our goal is to have Solar Orbiter in the comet orbital system, so that we conve-
niently can nd the points where they both are in the same plane, or close to it.

To do so, we use the Euler's angles rotation [15]. The Euler's rotation theorem states that any
rotation may be described using three angles. In terms of matrix, the rotation can be written as
the multiplication of the three angles rotation matrix:

0 1
a1 a2 a3
A=BCD = @ay, ayp axpA @)

dz; adz2 ass

In our case, the angles are:OM : longitude of ascending nodeW : argument of periapsis and
IN : inclination. The rst rotation is by the angle OM about the z-axis usingB, the second one is
by IN about the x-axis using C and nally, the third rotation is by the angle W about the z-axis.

Figure 10: Representation of the three rotations of the Euler's rotation theorem. Image from:
https : ==link:springer:com=chapter=10:100/978 94 007 5006 73

The rotation matrices are:

0 ) 1
cosOM sinOM O

D=@ sinOM cosOM OA 2)
0 0 1
0 1
1 0 0
C=@ cosIN sinINA (3)

0 sinIN  cosIN

1

cosW sinW 0
B=@ sinW cosw O0A (4)

0 0 1
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Then, the transformation from the ecliptic coordinate system to the plane-of-orbit system is:

23 0 1 23
X aj; a2z a3 X
4y5 = @ay; @y anA 4yd (5)
plane orbit 831 832 a8 z ecliptic
@) (b)

Figure 11: Drawings of the interaction between the comet plane, the spacecraft plane and the
ecliptic plane. (a) represents the interaction before the transformation (point of view from the
ecliptic), and (b) after the transformation (point of view from the comet orbital system). Images
source: Drawn by the author.

The python function calculates the three angles in radians and uses a SPICE function to get the
rotation matrix A. Both the spacecraft and the comet coordinates are transformed, as it is necessary
for both objects to be in the same coordinate system. By the de nition of the comet orbital plane
system, the comet should have always been at z=0. However, as we use the same transformation
for all the orbit, which can cover many years, there can be perturbations to the orbital plane due to
third body interactions. This can be seen in several of the orbits plots we produce, and introduces
a small error we have not corrected for.

5.2.2 Function encounter

Once we have both the comets and Solar Orbiter in the same coordinate system, it is time to nd
those points where they are in the same plane, or close to it. To do so, we take only those positions
of Solar Orbiter with the z coordinate between -0.15 AU and 0.15 AU, selecting this value as one
relatively close to the plane. We obtain then, its radial distance from the Sun for each point.

For each point on the spacecraft trajectory, this radial line crosses the comet's orbit at one
point. That points corresponds to the position of the comet at the production of the ion tail that
later arrives to the Solar Orbiter location. The radial line creates an angle with the direction
of the periapsis of the orbit, known as true anomaly,f. It is calculated inside a function called
true _anomaly and it is de ned by:

f = arctan Yso (6)

Xso

At the same time, knowing the eccentricity, EC, and the perihelion distance of the comet,QR,
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Figure 12: Drawing of the disposition of the spacecraft and the comet, showing the ion tail, at an
encounter. Note that, for reasons of gure clarity, the comet has been drawn as moving at almost
as high speed as the solar wind. A more realistic relation between the speeds will give an almost
radial tail, but the principle is the same. Image source: Drawn by the author.

we can calculate the semi-major axis of the orbit,a:

QR
1 EC )

These values allow us to get the radial distance from the Sun of the comet,_comet, and nally
obtain the desired x-y positions of the comet:

a1 EC?
r-comet= TFC cost ®
X =r cosf 9
y=r sinf (20)

The next step is to ful ll the condition of Solar Orbiter being outside the orbit of the comet,
so we get the radial distance between both of themd, and we reduce the possible encounters by
taking only those comet's positions where it is bigger than zero.

By an interpolation of the time for each comet position known by the comet les, we obtain the
instant when the comet is in the production ion tail's position. The di erence in time between the
Solar Orbiter's position when crossing the plane, or close to it,T, and the time of the production
ion tail, t, is the time the ions need to take to travel to Solar Orbiter's location if a tail crossing

shall occur:
tgelay = T ¢ (11)
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Finally, the necessary solar wind velocity can be calculated by this time delay and the radial
distance between the comet and the spacecraft:

V= g (12)

If the velocity has a reasonable value of the range of the solar wind speed, we have found a
possible encounter between Solar Orbiter and the comet. All these points are saved for their later
analysis of the measurements.

Finally, there is the function crossing, that gets the date and solar wind speed at the points
where the spacecraft crosses the plane of the orbit of the comet. Also, the functidintail calculates
the positions of the ion tail.

5.2.3 Function crossing

Another class of interesting events are the exact crossings of the spacecraft with the plane of the
orbit of the comet. To nd these, we read the z coordinate vector of the spacecraft and stop when
the sign between two consecutive values is di erent. By interpolation, the time when Solar Orbiter
is at z=0 is calculated. The x and y coordinates are obtained by interpolation as well, and the radial
distance of Solar Orbiter to the Sun and the true anomaly at that position are calculated. The next
step is to nd the comet's time at the position with the same true anomaly as the spacecraft. As
we did with the encounters, we interpolate the comet's true anomaly values. In this case, we have
done it looking backwards in time. In other words, we look for the moments before the spacecraft's
crossing date when the comet has had the same true anomaly as Solar Orbiter. As we did with
the encounters, knowing the time delay between these two dates and the distance between both
objects, we obtain the respective solar wind speed.

5.2.4 Function ion talil

Once the possible encounters are obtained, it is very useful to get a plot illustrating the positions of
the comet, spacecraft and ion tail, and see how the ion tail looks in those situations. To represent
this, the time range we have chosen goes from the date when Solar Orbiter crosses the ion tail until
3 years before (running the time array backwards).

The ion tails travels radially outwards from the Sun, pushed by the solar wind. However, the
comet is moving through the space at the same time, so, when observing it, the ion tail curves itself
due to the movement.

To calculate the ion tail's position for each time, we rst get the position the comet had when it
produced these ion tail particles the spacecraft is crossing. For this position, we can calculate the
longitude and latitude. As we know, any position is de ned by the three spherical coordinates. As
the ion tail is connected radially with the comet, the latitude and longitude of the tail are the same
as for the comet in this position. Finally, the radial component is calledd and we have de ned it
as the distance between the comet and this ion tail position. This distance is:

d= Vsw tgelay = Vsw (tstart tcomet ) (13)

Being tsiart  the time Solar Orbiter nds the ion tail, tcomet the time of this ion tail production
and ts@art teomet - With all this set, the nal step is to add to this position, the one of the comet,
as the origin of the coordinate system is the Sun, and not the comet.
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Figure 13: Drawing of the position of a point of the ion tail at a speci c time. Image source: Drawn
by the author.

The comets and each spacecraft les are SPICE data which can be downloaded from [16]. We
have used a local copy maintened at a server at IRFU Uppsala.
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6 Possible Found Encounters

As we have seen by the necessary conditions that must happen at the same time, the probability
of nding an encounter between a spacecraft and a comet is low, but we have found some possible
candidates to analyse. Even though they satisfy the conditions, not all of them can be considered
as good ones. The distance between the comet and the spacecraft is one of the main values that
establish if the probability of having an actual encounter is high, but at the same time, there is no
established range of it. As it has been mentioned before, in general, the ion tail has an observed
length of 0.6 AU, but some longer ion tails have been detected in the past. For example, the
Hyakutake tail encounter by Ulysses at 3.8 AU distance [4]. In this work, we have considered good
encounters the ones with a distance up to 0.6 or 0.7 AU, having in mind that some others with
bigger values could result equally good. The other important value is theare angle (abbreviated

in results tables to angle), de ne as the angle between the spacecraft, at the encounter time, and
the comet, at the ion tail production time. Even though the ion tail travels in the comet's plane,

it expands itself in the space below and above this plane, as well as in the plane, due to thermal
motion of ions, solar wind turbulence and other processes. However, the extension is not very big,
and we have consider a limit of 8 or 10° up (or down) the plane. Mixing these two conditions, the
best possible encounters have been selected and written down in bold font in the tables to follow
below.

In the tables we can sedate : the date when the spacecraft crosses the ion taiDate Comet :
the date when the comet produced the ion tail,t delay ; the time delay between these two datesSW
Speed: the speed the ion tail particles have dspacecrart ¢ : distance between the spacecraft and the
comet in these two positions. The spacecrafts are denominated aSO: Solar Orbiter, PSP: Parker
Solar Probe,J: JUICE, E: Earth and M : Mars. Continuing with the table we have dspacecraft  7:
the distance between the spacecraft and the tail. These is the same as the z coordinate of the
spacecraft, the vertical distance between the spacecraft and the comet orbital planéingle : angle
between the spacecraft at the encounter position and the comet at the ion tail production position,
dspacecraft 5@ distance from the Sun to the spacecraft in the crossing point, anddc s: distance
from the Sun to the Comet in the ion tail production point.

6.1 Solar Orbiter Encounters

Knowing that Solar Orbiter will almost never be outside the Earth's orbit, another necessary
condition for our particular study is that the encounters must happen at a distance smaller or equal
to 1 AU (distance between Sun and Earth).

We have mentioned before that the comets considered for encounters with Solar Orbiter must
necessary be the ones with a perihelion distance smaller or equal to 1 AU.

The encounters found for these comets are shown in table 1. All the dates are at 00:00 am. The
full interval in which the encounter criteria are satis ed is given in Appendix A.2, with 24 hours
time resolution. From this, we have chosen the best value for each comet which is know presented
in Table 1 (and in the later tables for each spacecraft).
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t delay SW Speed dso ¢ dso T Angle dso s dc s

Comet Date SO | (gays) | mis) | (AU) | (AU) | (deg) | (AU) | (Au)
C201aY4-C | 2020 MAY 31 | 1.048 | 495 | 0299 | 0.119 | 23.548| 0554 | 0.255
323pP 2021 JAN 20 | 2771 | 327 | 0523 | 0.015 | 1.686 | 0.569 | 0.047
342p 2021 O0CT 21 | 3297 | 349 | 0662 | 0.019 | 1.619 | 0.753 | 0.091
322P 2023 AUG 25 | 3.021 | 387 | 0.674 | 0.097 | 8.245 | 0.760 | 0.086
321pP 20230CT 29 | 2180 | 377 | 0473 | 0.087 | 10.598| 0.524 | 0.051
P_2008.Y12 | 2025 MAR 09 | 2.343 | 325 | 0.438 | 0.065 | 8.471 | 0.526 | 0.087
P2002S7 | 2025NOV 08 | 3540 | 370 | 0754 | 0.129 | 9.869 | 0.808 | 0.055

Table 1: Comets' encounters with Solar Orbiter.

6.2 Other Spacecrafts Encounters
6.2.1 Parker Solar Probe Encounters

Parker Solar Probe is a NASA mission that will travel the closer to the Sun than any other spacecraft
before, up to 0.04 AU close to the Sun, well within the orbit of Mercury. The spacecraft was launched
on August 12h 2018 and since then, it is using Venus' gravity during seven ybys over nearly seven
years to gradually bring its orbit closer to the Sun, staying near the ecliptic plane [19].

@) (b) (©

Figure 14: Parker Solar Probe's trajectory in the heliocentric ecliptic coordinate system. View in
3D (a) and Z vs X (b).The Sun is represented by the orange dot.Images source: Python program
by the author.

Due to its trajectory, the comets analysed do not have a perihelion distance bigger than 1 AU.
The time range used goes from August 1 2018 until August 31th 2025.
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t delay SW Speed dpsp c dpsp T Angle dpsp s dc s

Comet Date PSP | qays) | mis) | (AU) | (AU) | (deg) | (AU) | (AU)
C2002R5 | 2019 DEC 15 | 2939 | 449 0.760 | 0048 | 3599 | 0834 | 0.073
321P 2020 JAN 19 | 1.208 | 438 0.305 | 0078 |14.713| 0364 | 0.059

P 2002 S7 | 2020 JAN 25 | 0539 | 511 0159 | 0018 | 6.425 | 0212 |0.053
P 2003T12 | 2020 APR 18 | 0.944 | 299 0.163 | 0087 |32344| 0844 | 0.681
342pP 2021 OCT 16 | 2.104 | 374 0453 | 0117 |15.013| 0.731 | 0.278
320P | 2023 AUG 23 | 2.864 | 386 0.637 | 0.028 | 2485 | 0.721 |0.085
249pP 2025 FEB 08 | 0.642 | 572 0212 | 0146 |43.741| 0731 | 0519
323P | 2025 MAR 16 | 1.383 | 338 0260 | 0035 | 7.492 | 0314 |0.045
P 2008Y12 | 2025 MAR 02 | 1.629 | 336 0.315 | 0138 |25981| 0590 | 0.275

Table 2: Comets' encounters with Parker Solar Probe.




6 POSSIBLE FOUND ENCOUNTERS 25

6.2.2 JUICE Encounters

One interesting spacecraft to look for encounters with is JUICE. This ESA's mission is planned
for launch in September 2022 and arrive at Jupiter in October 2029. After that, it will spend at
least three years making detailed observations of the giant gaseous planet and three of its largest
moons, Ganymede, Callisto and Europa. It will travel through the Solar System so, nding possible
encounters, will allow to see how comets behave far from the Sun [20].

@) (b) (©

Figure 15: JUICE's trajectory in the heliocentric ecliptic coordinate system. View in 3D (a), Y vs
X (b) and Z vs X (c).The Sun is represented by the orange dot.Images source: Python program by
the author.

The comets observed for these encounters have a maximum perihelion distance of 5.2 AU (the
distance from Jupiter to Sun). Our observations go from September # 2022 to July 16" 2031.

tdelay | SW Speed| dj ¢ | d;y 1+ | Angle | d; s | dc s

Comet | Date JUICE | (jve) | kmis) | (AU) | (AU) | (deg) | (AU) | (AU)
364 | 2023 APR 30 | 0.862 | 500 | 0.248 | 0.040 | 9.197 | 1.082 | 0.834
322 | 2023AUG 24 | 3.898 | 418 | 0.938 | 0.110 | 6.764 | 1.026 | 0.088
323P | 2025MAR 17 | 3288 | 443 | 0.840 | 0.068 | 4.645 | 0.888 | 0.048
P_2002S7 | 2025 NOV 10 | 3.996 | 388 | 0.894 | 0.149 | 9.599 | 0.989 | 0.095
320P | 2026 JUL 12 | 1.794 | 408 | 0.421 | 0.039 | 5.344 | 1.423 | 1.002
169P | 2026 SEP 03 | 1.844 | 418 | 0.444 | 0.051 | 6531 | 1.164 | 0.720
2p 2027 FEB 15 | 4.346 | 421 | 1.053 | 0.049 | 2.644 | 1.389 | 0.336
197P | 2027NOV 14 | 5.410 | 429 | 1.336 | 0.101 | 4.346 | 2.409 | 1.073
73P 2027 DEC 15 | 5.644 | 432 | 1.403 | 0.024 | 0.983 | 2.406 | 1.003
P 2028 MAR 11 | 2.968 | 414 | 0.708 | 0.109 | 8.875 | 2.270 | 1.563
81P 2029 JUL 15 | 3533 | 403 | 0.820 | 0.113 | 7.894 | 2.513 | 1.693

P 2014C1 | 2030 FEBO6 | 7.825 | 442 | 1.994 | 0135 | 3.891 | 3.851 | 1.857
117P | 2030 MAY 22 | 4.442 | 448 | 1.146 | 0.105 | 5.268 | 4.328 | 3.182
94P | 2030NOV 30 | 6.677 | 475 | 1.826 | 0.081 | 2.545 | 4.925 | 3.099
80P 2031 FEB 14 | 12.743| 466 | 3.421 | 0.028 | 0.469 | 5.075 | 1.654
414P | 2031 MAR 26 | 6482 | 452 | 1.688 | 0.112 | 3.810 | 5.136 | 3.447

Table 3: Comets' encounters with JUICE.
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6.2.3 Earth Encounters
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As several spacecrafts orbit the Earth, we have look for comets encounters with our planet. As we
know, the Earth is orbiting the Sun at 1 AU, so the candidates comets have a perihelion distance
smaller or equal to 1 AU. The time range chosen in this case is from July 16 2000 to July 1™

2025.

(As it happens with Solar Orbiter and Parker Solar Probe, the advantage in these encounters
is that comets are closer to the Sun, so the ion tail is more intense.)
23 are the possible encounters that have been found.

tdelay | SW Speed| dg ¢ | de 7 | Angle | de s | dc s

Comet Date Barth | (yve) | (kmis) | (AU) | (AU) | (deg) | (AU) | (AU)
322P 5003 SEP 12 | 3.930 | 413 | 0.936 | 0.041| 2,504 | 1.007 | 0.071
P 2003T12 | 2003 OCT 13 | 1.937 | 371 | 0.414 | 0.077 | 10.678| 0.998 | 0.584
289P 2003 DEC 14 | 0.050 | 872 | 0.025| 0.022 | 61.625| 0.984 | 0.959
300P 2005 JUL 10 | 0.735 | 334 | 0.141 | 0.021 | 8.489 | 1.017 | 0.875
169P 2005 AUG 20 | 0923 | 355 | 0.189 | 0.097 | 30.857| 1.012 | 0.823
P.2005T4 | 20050CT02 | 1.655 | 334 | 0319 | 0.098 | 17.833| 1.001 | 0.682
342P 2005 NOV 27 | 3.899 | 413 | 0.928 | 0.083 | 5.104 | 0.987 | 0.059
249P 2006 SEP 12 | 1.658 | 444 | 0.424 | 0.138 | 19.010| 1.006 | 0.582
322P 2007 SEP 13 | 3.437 | 473 | 0936 | 0.034 | 2.057 | 1.006 | 0.070
P_2007.T2 | 2007 SEP 15 | 1.297 | 409 | 0.305 | 0.034 | 6.389 | 1.006 | 0.700
323p 2008 JUN 03 | 3.983 | 419 | 0.960 | 0.090 | 5.351 | 1.015 | 0.054
321P 2008 SEP 21 | 3.821 | 434 | 0.955 | 0.082 | 4.914 | 1.004 | 0.048
210P 2008 DEC 25 | 1.647 | 465 | 0.441 | 0.002 | 0.234 | 0.983 | 0.543
222P 2009 AUG 17 | 0948 | 354 | 0.193 | 0.061 | 18.371| 1.012 | 0.819
322P 2011 SEP 09 | 3.691 | 440 | 0.935 | 0.048 | 2.966 | 1.007 | 0.072
323P 2012 AUG 23 | 3520 | 479 | 0971 | 0.011| 0.664 | 1.011 | 0.040
P2002S7 | 2014 APR20 | 3.242 | 462 | 0.863 | 0.079 | 5.253 | 1.005 | 0.142
322P 2015 SEP 06 | 3.784 | 428 | 0.933 | 0.059 | 3.645 | 1.008 | 0.075
321P 2016 MAR 31 | 2.825 | 283 | 0.460 | 0.149 | 18.885| 0.999 | 0.539
323P 2016 NOV 28 | 3776 | 400 | 0.870 | 0.090 | 5.942 | 0.986 | 0.116
op 2017 MAR 14 | 3.027 | 375 | 0.655 | 0.069 | 6.029 | 0.994 | 0.340
322P 2019 SEP 02 | 3333 | 485 | 0931 | 0.074 | 4.537 | 1.009 | 0.078
249pP 2020 JUN 21 | 2.047 | 399 | 0.471 | 0.076 | 9.283 | 1.016 | 0.546
342P 2021 0CT21 | 4051 | 391 | 0.913 | 0.059 | 3.685 | 0.995 | 0.082
322P 2023 AUG 23 | 3.901 | 411 | 0923 | 0.108 | 6.698 | 1.011 | 0.088

Table 4; Comets' encounters with Earth.
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6.2.4 Mars Encounters

Mars is one of the main goals for NASA and ESA missions. The red planet is 1.5 AU far from the
Sun, so the comets it might cross can not have a bigger perihelion distance than this one. The time
range is the same as for the Earth. The possible encounters found are 36.
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t delay SW Speed du ¢ du T Angle du s dc s

Comet Date Mars | “jays) | (kmis) | (AU) | (AU) | (deg) | (AU) | (AU)
P2003Ti2 | 2003 OCT 07 | 2.972 | 450 | 0.770 | 0.018 | 1.305 | 1.391 | 0.622
323pP 2004 MAR 25 | 5451 | 414 | 1.301 | 0.077 | 3.388 | 1.581 | 0.280
308P 2004 MAY 24 | 1.078 | 367 | 0.228 | 0.077 | 19.754| 1.638 | 1.410
P_2009WX51 | 2004 SEP 26 | 3305 | 427 | 0812 | 0113 | 8.019 | 1.654 | 0.842
300P 2005 AUG 26 | 2120 | 383 | 0.468 | 0.104 | 12.858| 1.392 | 0.924
169P 2005 SEP 13 | 3.252 | 415 | 0.777 | 0.049 | 3.595 | 1.404 | 0.627

P 2005.T4 | 2005 SEP 28 | 3.035 | 397 | 0.694 | 0.055 | 4545 | 1.417 | 0.723
342pP 2005 NOV 29 | 5977 | 414 | 1.426 | 0.074 | 2.986 | 1.488 | 0.062
294p 2008 APR 12 | 0.923 | 394 | 0.210 | 0.130 | 38.406| 1.661 | 1.452
C.2002R5 | 2008 JUN17 | 5592 | 468 | 1.506 | 0.103 | 3.938 | 1.660 | 0.154
364P 2008 AUG 10 | 2297 | 455 | 0.602 | 0.144 | 13.824| 1.627 | 1.025
398P 2009 DEC 22 | 1.188 | 375 | 0.256 | 0.126 | 29.382| 1.620 | 1.364
27p 2011 JUL 23 | 2.507 | 485 | 0.701 | 0.150 | 12.351| 1.491 | 0.790
414p 2011 SEP 11 | 4.438 | 393 | 1.006 | 0.095 | 5.444 | 1.556 | 0.550
C.2011.S2 | 2011 OCT 06 | 1.546 | 475 | 0.423 | 0.060 | 8.197 | 1.585 | 1.162
45p 2011 OCT 16 | 3.622 | 469 | 0.978 | 0.015 | 0.888 | 1.596 | 0.618
49pP 2011 DEC 04 | 0.700 | 315 | 0.127 | 0.001 | 0.530 | 1.640 | 1.513
323P 2012 AUG 24 | 5609 | 450 | 1.452 | 0.125 | 4.952 | 1.512 | 0.060

P 2007 T2 | 2013 FEB 27 | 2.704 | 445 | 0693 | 0.010 | 0.786 | 1.390 | 0.697
46P 2013 JUL 06 | 2.444 | 333 | 0.469 | 0.071 | 8.703 | 1.526 | 1.057
C.2002R5 | 2014 MAR 24 | 5139 | 456 | 1.350 | 0.022 | 0.951 | 1.634 | 0.284
P2002S7 | 2014 APR22 | 5523 | 466 | 1.483 | 0.138 | 5.348 | 1.609 | 0.126
15pP 2014 DEC 05 | 1.585 | 385 | 0.352 | 0.066 | 10.775| 1.382 | 1.030
19P 2015JUN 17 | 0973 | 318 | 0179 | 0.102 | 34.913| 1.557 | 1.378
323p 2016 NOV 28 | 5127 | 455 | 1.344 | 0.103 | 4.413 | 1.388 | 0.044
45pP 2016 DEC 18 | 3.130 | 430 | 0.776 | 0.072 | 5360 | 1.399 | 0.623
P2002S7 | 2020 FEBO02 | 5105 | 444 | 1.307 | 0,001 | 0.059 | 1.551 | 0.244
C.2019Y4-C | 2020 JUNO4 | 4753 | 421 | 1.154 | 0.061 | 3.030 | 1.406 | 0.252
141P 2021 JAN 07 | 2.953 | 384 | 0.654 | 0.064 | 5.644 | 1.518 | 0.865
414pP 2021 JAN18 | 3777 | 443 | 0964 | 0009 | 0.509 | 1.533 | 0.569
323P 2021 JAN 24 5.084 472 1.383 | 0.108 | 4.476 | 1.540 | 0.157

P _2020_T3 2021 FEB 13 0.415 437 0.104 | 0.017 | 9.643 | 1.565 | 1.461
342pP 2021 OCT 26 | 6.282 | 409 | 1.481 | 0.104 | 4.022 | 1.613 | 0.131
169P 2022 JUN 16 | 2.834 | 371 | 0605 | 0.148 | 14.123| 1.381 | 0.776
339P 2023 AUG 23 | 0.950 | 555 | 0.304 | 0.028 | 5318 | 1.631 | 1.327
79P 2023 0CT 19 | 2.020 | 367 | 0.427 | 0.083 | 11.133| 1.574 | 1.146
222p 2024 MAY 02 | 2192 | 460 | 0.581 | 0.027 | 2.645 | 1.382 | 0.801
P2003T12 | 2024 JUN26 | 2.975 | 464 | 0.796 | 0.023 | 1.655 | 1.399 | 0.603
P2019Y3 | 2025MARO2 | 2931 | 440 | 0743 | 0.083 | 6.452 | 1.656 | 0.913
P 2008Y12 | 2025MAR11 | 5755 | 478 | 1.586 | 0.139 | 5.041 | 1.660 | 0.074

Table 5: Comets' encounters with Mars.
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Mars Express was Europe's rst mission to this planet. It launched on June 2¢ 2003 and it
entered orbit around Mars on December 2% 2003 [21]. Mars Atmosphere and Volatile EvolutioN
(MAVEN) is a spacecraft developed by NASA to investigate the upper atmosphere and ionosphere
of Mars and how the solar wind strips volatile compounds from this atmosphere. It was launched
the 18" November of 2013. As we have mentioned before, the importance for the spacecraft of not
passing through the magnetosphere of the planet is crucial as, if this happens, it is not possible to
distinguish possible changes in the data that will con rm the comet's existence.
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7 Data overview

7.1 Signatures of lon tails

Following what it has been mentioned in Section 3, the di erent aspects that should be re ected in
the data when crossing and ion tail are:

" Particles composition

Comets are mainly ice and they emit mostlyH 0. After the photo-ionization and charge exchange
processes happen, ares of H20+, H30+, OH+ or 0+ appear. Water and oxygen (another big
component of the cometary plasma) have masses of 18 and 16 times the mass of the hydrogen, so,
the ions originated will be heavy ions.

" Density :

{ Proton: The solar wind proton density (and alpha particles) should show a decrease due
to the charge exchanges happening in the coma during the creation of the new ions.
However, because of the mass loading and consecutive, slow down of the solar wind, the
proton density can also show a small increase to compensate this phenomena.

{ lons: lons are created in the process so, there should be an increase of their density.

Speed: The solar wind faces the mass loading and, as a consequence, its speed decreases.
The solar wind should be lower than the surrounding solar wind speed. On the other hand,
the newborn ions are trapped by the magnetic eld lines and, later, pushed and accelerated
by the solar wind. That is why, ions speed could show and increase from a very low value to
the solar wind speed. Nevertheless, some slow down could be expected even at large distance

Temperature : It should increase as a result of wave activity, but it is not that clear.
Magnetic Field

{ Direction: The magnetic eld in the solar wind has a complex nature and can be very
hard to predict. Others solar wind disturbances can be happening at the same time
as the crossing, so the data may not show clear signatures of the ion tail. Moreover,
the magnetic eld changes depending on where the encounter is happening: center of
the tail or in the lobes. One thing one may assume is that, as the magnetic eld lines
are draped around the comet, they become more radial than usual, pointing towards
or away from the Sun. This can be represented by an increase in the magnetic eld
component X in the GSE Coordinate System. Another aspect of the magnetic eld is
that it changes directions in the ion tail, existing a current sheet at the center of the
tail between the two regions of the magnetic eld. If the current sheet is passed, the
magnetic eld components should change senses.

{ Magnitude: Due to the draping of the magnetic eld lines, the magnitude of the eld
should be increased compare to the surrounding magnetic eld. Also, the value in the
lobes comparing it with the value in the center of the tail (current sheet) should be
higher.

We will now present some overview data from the indentifed encounter candidates for which
data are available at CDAWeb (Coordinate Data Analysis Web) from NASA [22].



7 DATA OVERVIEW 31

7.2 Solar Orbiter data

From among the comet's encounters with Solar Orbiter, only two of them have happened already.
Unfortunately, there is data available to the public only for the encounter with comet C_2019Y4-C
at 2020 MAY 31.

" C_2019_Y4-C at 2020 MAY 31

The only data available and suitable from analysing an encounter with the comet is the magnetic
eld data. It has been taken from the le SOLOL2MAG RTN NORMAL 1 MINUTE
and is represented in the RTN coordinates. Magnetic eld data from the 2020 MAY 31 was not
available to the public, so that is why we took the day after. However, it is to be noted that, if
an encounter would happen so late, the table in Appendix A.2.1, on pag®?2019Y4-C/ SolO.,ws
that the solar wind would either need to be very slow (which we can see in gure 16 that it was
not) or very much non-radial in direction. Any encounter signature in this time range is therefore
very unlikely.

Figure 16: Magnetic eld coordinates measured by Solar Orbiter in 2020 JUN 01.

Around 12:00:00 on 2020 JUN 01 we can see in Figure 16 on page 31 a reverse in the senses of

magnetic eld components B; and B,. However, it is know that magnetic eld has a very complex
nature and the changes of its values could be because of other events rather than because of an
encounter with a comet tail. Also, with just one parameter as we have here is not possible to
con rmed any crossing.

7.3 Parker Solar Probe data

During the time we had for the analysis of the data, it was not able to nd suitable data of Parker
Solar Probe. Data of some interesting parameters was available but the resolution was 1 hour.



7 DATA OVERVIEW 32

Considering that some previous works have seen crossing lasting a few hours, this resolution is
consider too big and no signatures of ion tails are probably going to be successfully identi ed.

7.4 JUICE data

JUICE has not been launched yet, so there is no data available to look at. These encounters will
have to be analyse in the future.

7.5 Earth data

There are several spacecrafts orbiting the Earth from which we can get data from. OMNI is
an hourly resolution multi-source data set of near-Earth solar wind's magnetic eld and plasma
parameters spanning the period from November 1963 to today. OMNI provides the IMF (magnitude
and vector), ow velocity (magnitude and vector), ow pressure, proton density, alpha particle to
proton density ratio, and several additional parameters. Spacecraft data used for compiling the
OMNI solar wind reference include IMP-8, ACE, Wind, ISEE-3, and Geotail. ACE and Wind are
orbiting at the L1 Lagrange point. For the best possible encounters, this is the data we have found.
The magnetic eld coordinates, temperature, solar wind speed and proton density data have been
obtained from the le OMNI _HRO_1MIN. The data of the ions composition is crucial in the analysis
of the crossings, as it is very characteristic. Unfortunately, is not available.

" 300P at 2005 JUL 10

The encounter with 300P is shown in Appendix A.2.1 on page??. The data shown in Figure 17
on page 33 covers two days. We can observe some changes in the region between 02:00:00 and
11:30:00 of JUL 10. At 02:00:00 there is an increase of the magnetic eld magnitude, which is
something that would happen if there is a draping of the magnetic eld lines (consequence of a
comet). Also, there is proton density and an increment in the temperature. However, we can
observe a signi cant increase in the solar wind speed, being totally contrary of what is expected
when encountering a comet. These changes can make us think we are in front of a solar wind
disturbance, and not an encounter.

" P_2007_T2 at 2007 SEP 15

As the previous one, it is shown in detail in Appendix A.2.1 on page??. The data for this
encounter is not clear either. During the two days, SEP 14 and SEP 15, we can see in Figure 18
on page 34 two moments where some signi cant changes take place. Around 17:00:00 on SEP 14
there are some good indicators of an ion tail: increase of the magnetic eld magnitude, reverse
sense of components x, and y of it. The increment of proton density could be a consequence of the
solar wind slow down. The suppose increment of the temperature is not as clear, but it is a slightly
increase, and there is no a clear solar wind speed decrease either. The ions composition data could
clarify if there is an encounter, but again, it is not available. Later, around 00:00:00 on SEP 15,
there are some particular changes worth to analyse. There is a peak in the magnetic eld where it
becomes very radial, and the reverse on the senses of components x and z. A signi cant increase of
the temperature and a decrease of proton density. However, again the ow speed increases, contrary
to what it is suppose to happen, probably showing a solar wind disturbance. In the future would
be interesting to nd ions data and see if at 17:00:00 on SEP 14, the data is showing an ion tail
crossing.



7 DATA OVERVIEW 33

Figure 17: Magnetic eld magnitude, magnetic eld coordinates, solar wind speed, proton density
and temperature from OMNI for date 2005 JUL 10.

~ 210P at 2008 DEC 25

For these encounter, presented on page? in Appendix A.2.1, at rst the data was loaded during
an interval of 4 days, and checking the results predicted with the Python program, the crossing
should be sometime between DEC 24 and DEC 25. Analysing the data of DEC 24 in Figure 19
on page 35, we see it is very changeable and no big conclusions can be made. At 11:00:00 we can
see some ion tail signatures, as the reverse of the sense of the three components of the magnetic
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Figure 18: Magnetic eld magnitude, magnetic eld coordinates, solar wind speed, proton density
and temperature from OMNI for date 2007 SEP 15.

eld, and the decrease in the ow speed and proton density. However, there is no clear change and
then come back to normal situation and, with more reason no having the ions data, nothing can be

con rm.
" 2P at 2017 MAR 14

The data shows an interval of three days, MAR 13, MAR 14 and MAR 15, chosen as the best
dates with reasonable solar wind speed described in detail on pag® in Appendix A.2.1. At MAR
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Figure 19: Magnetic eld magnitude, magnetic eld coordinates, solar wind speed, proton density
and temperature from OMNI for date 2008 DEC 25.

13 13:00:00 in Figure 20 on page 36, we found what could be a sign of an ion tail, identifying all the
changes one should expect. The magnetic eld is very radial and its components y and z reverse
their senses. Also there is a little decrease of the solar wind speed, and an increment of both the
proton density and the temperature. Also, we see that the data changes and goes back , more or
less, its previous values. Hopefully, if it is able to have ions data, these could help or even con rmed
if we are in front of an ion tail.
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Figure 20: Magnetic eld magnitude, magnetic eld coordinates, solar wind speed, proton density
and temperature from OMNI for date 2017 MAR 14.

" 249P at 2020 JUN 21

In Figure 21 on page 37 for the encounter shown in pag@? in Appendix 2.2.1 we see the data
for the day 2020 JUN 21. We can highlight a drastic drop of proton density at 12:00:00. Also,
there is an increment of the magnitude of the magnetic eld and we see how the components y
and z of this eld reverse their sense, even though the magnetic eld does not seem to be radial.
There is also a little increment of the ow speed and temperature. With this, we can see there are
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Figure 21: Magnetic eld magnitude, magnetic eld coordinates, solar wind speed, proton density
and temperature from OMNI for date 2020 JUN 21.

almost every signature we expect to nd in a crossing, but, as we have mentioned before, these is
not necessary to con rmed the presence of an ion tail.

7.6 Mars data

Mars Express: no data available to the public.
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8 Discussion and Conclusions

The aim of this work was to calculate possible ion tail encounters with spacecrafts in order to dis-
cover more by analysing the data for the ones that already have happened; and plan the instruments
to get data when the future predicted encounters will happen. To this aim, a Python code using
orbital data for spacecrafts and comets from the NASA SPICE system was written.

From the date of its launch, 10" February 2020 until 20" November 2032, 7 encounters with
Solar Orbiter have been found, which 2 of them have already happened. For these two, only
magnetic eld data is available to the public for the encounter with comet C_2019Y4-C in 315
May 2020, and unfortunately only for the end of the encounter. No con rmations of an actual
encounter have been able to be recognized on it and also, it is not enough data to conclude we are
in front of an encounter. A promising encounter has been predicted on 21 October 2021, when
Solar Orbiter will be at 0.66 AU from the comet, creating an angle of 1.8, and the comet at a
distance of 0.09 AU from the Sun. This last value makes the ion tail be very intense because of the
close the comet is to the Sun. The prediction of the event gives the opportunity to tune in at this
date and hopefully get data. Seeing the predictions were done for Solar Orbiter, we thought it was
useful to apply the Python program also to other spacecrafts.

For Parker Solar Probe we have found 6 encounters, which 3 of them are of special interest,
during the nearly 7 years it is expected to travel. This comets are P2002S7, 322P and 323P.

For JUICE, there are predicted 16 encounters during the expected almost ten years the spacecraft
will be traveling. The amount of comets one can encounter with JUICE is bigger than with most
of the spacecrafts out in the space, but there is the disadvantage of the distance to the Sun these
comets will have during these events. Under this condition, one can expect the signatures in the
data might be harder to see. We expect comets outside 3-5 AU to have insigni cant tails, and all
the predicted encounters are inside this limit so, hopefully will be some, not that intense, traces of
comets tails in the data.

With Earth, 23 encounters have been found from July 2000 until July 2025, and we have
highlighted 4 as the most promising ones. Data of OMNI has been analysed for them. As it has
been explained in detail in section 7, some indicators of ion tails have been recognized but, the
missing ions data available makes impossible to con rmed we are actually seen the e ect of the ion
tail in the data. Also, some data have showed solar wind disturbance rather than the encounters,
con rming once more that the probability of actually identifying the tails is low.

Mars was the last one to look for encounters with, which were 37, 10 of them more likely to
happened. The time range was the same as for Earth. A problem here is that the two suitable
spacecrafts, Mars Express and MAVEN, both spend only a small part of their time in the solar
wind, so the change of a good encounter is small despite the large number of candidates.

After the little analysis of the data that has been done, it has been con rmed the di culty in
nding and identifying the encounters on it. Trying to change these, the importance of having the
predictions of these events, will make us 'be prepared' to get as much data as possible, turning on
the corresponded instruments of the spacecrafts for the wanted dates. However, determining ion
tails in the data is a very rough task and not only one, but several parameters must be analysed to
see if all the signatures appear at the same time. An ion tail provokes changes in these parameters
during some few hours, and then the data must show a similar behaviour as the one it had before
the event. Mayor and permanent changes are probably not due to a one event of this kind. The
ions composition is the most important parameter in these cases, and the rst one one should
look at. When crossing an ion tail, very characteristic heavy ions as H20, C* or 0" should
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appear. Once we recognize this, then its time to look for the rest of the data, as magnetic eld
data. These are as needed as the ions composition, but can su er of more changes with an origin
di erent than an encounter with an ion tail. As an example, magnetic eld su ers from a lot of
solar wind disturbances that could cover the signatures of the ion tail or confuse when arriving into
conclusions.

Hopefully in the future it will be able to get some data and identify the predicted encounters,
and continue using the method to nd encounters with as much future spacecrafts with the right
instruments as possible to discover and continue advancing in the path of studying these particular
and spectacular objects.



9 ACKNOWLEDGEMENTS 40

9 Acknowledgements

This project has been fascinating and very productive. | would rst like to thank Yuri Khotyaintsev
for giving me the opportunity to work at the Swedish Institute of Space Physics in Uppsala and
develop this project. It has been very exiting and ful lling. Thanks to my supervisor Anders
Eriksson, | have learned a lot and worked with positivism. | am very grateful for all the help and
encourage he has given me and for been always available and very attentive.

On the other hand, | thank David Andrews for the help given at the beginning of the project
with Python knowledge. Also, thanks to Thomas Nilsson, who got the amiability of downloading
the comets kernels into the IRFU server according to what it was needed for my project, and help
me with my questions and issues with these les; and to Konrad Steinvall for providing me with
some MMS data at the end of my project.

Finally, | would like to thank the Complutense University of Madrid for the nancial support
through this Erasmus internship.



REFERENCES 41

References

[1] Britannica: Comet
https://www.britannica.com/science/comet-astronomy

[2] Oort, J.H. The structure of the cloud of comets surrounding the Solar System and a hypothesis
concerning its origin. Bulletin of the Astronomical Institutes of the Netherlands, vol. 11, p.
91-110. 1950.

[3] Whipple, Fred L. A Comet Model. I. The acceleration of Comet Encke.Astrophysical Journal.
111: 375{394. 1950.

[4] G. Gloeckler et al. Interception of comet Hyakutake's ion tail at a distance of 500 million
kilometres. Letters to nature. NATURE VOI 404: 576-578, 6 April 2020.

[5] Geraint H. Jones et al.Prospects for the In Situ detection of Comet C/2019 Y4 ATLAS by Solar
Orbiter Research Notes of the AAS, Volume 4, Number 5. 2020.

[6] So e Spjuth. Search for Comet lon Tail Encounters - prediction and data analysis.Student
project work in Space Plasma Physics, Uppsala University. Swedish Institute of Space Physics,
Uppsala. 2005

[7] llona Alexandersson.Comet lon Tail Observations Far From the Nucleus.Student project work,
Uppsala University. Swedish Institute of Space Physics, Uppsala. 2011

[8] NASA. Solar System Exploration: Comets
https://solarsystem.nasa.gov/asteroids-comets-and-meteors/overview/

[9] Ethan SiegelAsk Ethan: Why Don't Comets Orbit The Same Way Planets Do? Forbes, 2017.
https://www.forbes.com/sites/startswithabang/2017/12/09/ask-ethan-why-dont-comets-
orbit-the-same-way-planets-do/?sh=7b1b926a607b

[10] Cosmos: The Swinburne Astronomy Online Encyclopedia. Halley-type comets.
https://astronomy.swin.edu.au/cosmos/h/halley-type+comets

[11] Cosmos: The Swinburne Astronomy Online Encyclopedia. Jupiter-family type comets.
https://astronomy.swin.edu.au/cosmos/J/Jupiter-family+comets

[12] ESA: Ulysses, Science Overview, Solar Wind.
https://sci.esa.int/web/ulysses/-/33637-science-overview?section=solar-wind

[13] UCAR Center for Science Education. Magnetic Field Lines Tangle as Sun Rotates.
https://scied.ucar.edu/video/sun-magnetic-field-rotate-tangle-movie

[14] J.L.BURCH et AL. RPC-IES: The lon and Electron Sensor of the ROSETTA Plasma Con-
sortium. Space Science Reviews. 2006

[15] Suril Vijaykumar ShahSubir Kumar SahaJayanta Kumar Dutt. Euler-Angle-Joints. Dynamics
of Tree-Type Robotic Systems: 27-55. 2013.

[16] NASA JPL's HORIZONS System.
https://ssd.jpl.nasa.gov/?horizons



REFERENCES 42

[17] ESA: Solar Orbiter.
https : ==www:esa:int=Science Xploration=S paces cience=Solai, rbiter=(archive)=0

[18] NASA: Solar Orbiter.
https : ==www:nasa:gov=content=solar orbiter overview

[19] NASA: Parker Solar Probe.
https://www.nasa.gov/content/goddard/parker-solar-probe-humanity-s-first-visit-to-a-star

[20] ESA: JUICE.
https://sci.esa.int/web/juice

[21] ESA: Mars Express.
http : ==www:esa:int=Science xploration=Spaces cience=M arsg Xpressp,verview

[22] NASA: Coordinated Data Analysis Web.
https : ==cdaweb:gsfc:nasa:gov=istpublic=



A APPENDIX

A Appendix
A.1 Python Program

A.1.1 comets _metakernel

import os

import math

from math import pi
import spiceypy as spice

spice.kclear()
def comets_metakernel():
#get the metakernel with the comets files wanted to find encounters with

#choose the maximum perihelion distance these comets must have
z = input('maximum perohelion distance:")

#get all the comet files from the directory (previously downloaded from the server)
y = os.listdir("/Users/CristinaMadurgaFavieres/IRFU/CometsKernels/")

#create a metakernel with all the comets files

h = open(‘comets_all.txt','w+")

h.write("\begindata\n")

h.write("PATH_VALUES=( '/Users/CristinaMadurgaFavieres/IRFU/CometsKernels' )\n")
h.write("PATH_SYMBOLS=( 'KERNELS' )\n")

h.write("KERNELS_TO_LOAD=(\n")

for i in range(2,len(y)):
#spice.furnsh(/Users/CristinaMadurgaFavieres/IRFU/CometsKernels/'+y[i])
h.write(""$KERNELS/"+y[i]+"\n")

h.write("  )\n")

h.write("\begintext")

h.close()

#create a metakernel with only the comets files wanted

f = open(‘comets_wanted.txt','w+")

f.write("\begindata\n")

f.write("PATH_VALUES=( '/Users/CristinaMadurgaFavieres/IRFU/CometsKernels' )\n")
f.write("PATH_SYMBOLS=( 'KERNELS' )\n")

f.write("KERNELS_TO_LOAD=(\n")

#load the metakernel with all the comets files
spice.furnsh(/Users/CristinaMadurgaFavieres/IRFU/PYTHON/comets_all.txt")
count = spice.ktotal('SPK') #count of SPK files

for i in range(0, count):
[file,type,source,handle] = spice.kdata(i, 'SPK") #get file, type, source and handle from the SPK files

#get the comments of the comment area of the file

#returns [number of comment lines, comment lines, True or false if everything has been extracted]
elements = spice.dafec(handle,80)

orbital_elements=[1]
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for i in range(len(elements[1])):
y = elements[1][i]

orbital_elements.append(elements[1][i]) #get the comment section of the file

x = orbital_elements[1].split() #convert string into a list
orbital_elements=[1]
if x==[]:
x=[1]
elif x[0]=="EC="
#get the values and convert them to float type
EC = float(x[1]) #eccentricity
QR = float(x[3]) #perihelion distance(AU)
if EC>=1:
continue
else:
a = QR/(1-EC)*1.496e+11 #semi-major axis(m)

P = math.sqgrt((4*pi*pi*a*a*a)/(6.67e-11*1.98e+30))*3.17098e-8 #orbital period(years)
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#get only those files which have smaller perihelion distance than the maximum establish, and with
#an orbital period smaller than 200 years (Only taken the Halley-type and Jupiter-family comets)

if QR <= float(z) and P<= 200:
f.write("$KERNELS/"+file+ ™\n")
fwrite("  )\n")
f.write("\begintext")
f.close()

A.1l.2 main

import os

import numpy as np

import math

from math import cos, sin, pi, atan, asin
import matplotlib.pyplot as plt

from mpl_toolkits.mplot3d import Axes3D
import spiceypy as spice

from scipy.interpolate import interpld
from datetime import date

import tabulate

import latextable

from texttable import Texttable

spice.kclear()

def main():

#choose the metakernel with the comets files

metakernelname = 'mymetakernel_Jupiter-FamilyComets(1.5AU)Mars copia.txt'

#get the handles (identifiers assigned to an open file) of the comets
function_handle = read_handle(metakernelname)

handle_comets = function_handle[0]

j = function_handle[1]

ID_comets = function_handle[2]
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#get time and positions of Solar Orbiter and comets
function_read = read_comet_SolarOrbiter(j, ID_comets)
times = function_read[0]

positions_SO_AU = function_read[1]
positions_Comet_AU_all = function_read[2]

#the kernels have been cleaned and now the handles are loaded again
function_handle = read_handle(metakernelname)

handle_comets = function_handle[0]

ID_comets = function_handle[2]

name_comets = function_handle[3]

for i in range(len(handle_comets)):
name_comet = name_cometsi]
print(name_comet)
ID_comet = ID_cometsi]
handle = handle_cometsi]
positions_Comet_AU = positions_Comet_AU_all[i]

#get the orbital elements necessary for the coordinate transformation
function_orbital_elements = orbital_elements(handle)

EC = function_orbital_elements[0] #eccentricity

QR = function_orbital_elements[1] #perihelion distance

OM = function_orbital_elements[2] #longitude of ascending mode

W = function_orbital_elements[3] #argument of periapsis

IN = function_orbital_elements[4] #inclination of the orbit

#tranformation from the Ecliptic Coordinate System to the Heliocentric Comet Orbital Coordinate System
#(comet plane-of-orbit system)
function_coordinate_transformation = coord_transf(OM,W,IN,name_comet,positions_SO_AU,positions_Comet_AU)

#Solar Orbiter coordinates

X_SO_c = function_coordinate_transformation[0]
y_SO_c = function_coordinate_transformation[1]
z_SO_c = function_coordinate_transformation[2]
#Comet coordinates

x_comet_c = function_coordinate_transformation[3]
y_comet_c = function_coordinate_transformation[4]
z_comet_c = function_coordinate_transformation[5]

#get the possible comet encounters with Solar Orbiter
find_encounter = encounter(x_SO_c,y_SO_c,z_SO_c,times,EC,QR,x_comet_c,y_comet_c,z_comet_c,name_comet,ID_comet, \
,OM,W,IN)

#plot the trajectory of Solar Orbiter and the comet
plot = plot_comet_SolarOrbiter(name_comet,times,positions_SO_AU,positions_Comet_AU)

A.1.3 load _comet _SolarOrbiter

def load_comet_SolarOrbiter(metakernelname):

#load the metakernel needed to get the positions of Solar Orbiter and the comets (using SPICE interface).
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spice.furnsh('/Users/CristinaMadurgaFavieres/IRFU/SolarOrbiterKernels/mk/solo_ANC_soc-flown-mk.tm')
spice.furnsh('/Users/CristinaMadurgaFavieres/IRFU/CometsKernels/'+metakernelname)

#metakernels for the rest of the spacecrafts
#spice.furnsh(/Users/CristinaMadurgaFavieres/IRFU/RosettaKernels/mk/ROS_OPS_V330_20200731_001.TM') #Rosetta
#spice.furnsh('/Users/CristinaMadurgaFavieres/IRFU/ParkerSolarProbeKernels/mk/spp_test.tm’) #Parker Solar Probe
#spice.furnsh('/Users/CristinaMadurgaFavieres/IRFU/JUICEKernels/mk/juice_crema_4_2b22_1_cruise.tm') #JUICE
#spice.furnsh('/Users/CristinaMadurgaFavieres/IRFU/EarthKernels/naif0012.tls") #Earth,Mars
#spice.furnsh(/Users/CristinaMadurgaFavieres/IRFU/EarthKernels/pck00010.tpc") #Earth,Mars
#spice.furnsh(/Users/CristinaMadurgaFavieres/IRFU/EarthKernels/de435.bsp') #Earth
#spice.furnsh('/Users/CristinaMadurgaFavieres/IRFU/SolarOrbiterKernels/spk/de421.bsp’) #Mars

A.1.4 read _handle

def read_handle(metakernelname):
#get the handles (identifier assigned to an open file), names and number of the comets

#load Solar Orbiter and comets files
function_load = load_comet_SolarOrbiter(metakernelname)

count = spice.ktotal('SPK') #count of SPK files

files=[]
handle_comets=[]
=0
for i in range(0, count):
[file,type,source,handle] = spice.kdata(i, 'SPK') #get file, type, source and handle from the SPK files
#create and array only with comets files
if source == '/Users/CristinaMadurgaFavieres/IRFU/CometsKernels/'+metakernelname:
files.append(file)
handle_comets.append(handle) #get the handle of the file
j=j+1 #number of comets

#transform string (files names) into array and create an array with the comets ID and another one with the
#comets names
ID_comets=[]
name_comets=[]
for i in range(j):
x = files[i].split(__")
ID_comets.append(x[1])
y =x[0].split('/")
name_comets.append(y[5])

return(handle_comets, j, ID_comets, name_comets)
A.15 read _comet _SolarOrbiter
def read_comet_SolarOrbiter(j, ID_comets):

#get time and positions of Solar Orbiter and comets

#get times bewteen two chosen dates
utc = ['Feb 11, 2020','Nov 20, 2030'] #Solar Orbiter

#time for the other spacecrafts
#utc = [Aug 12, 2018''Aug 16, 2025 #Parker Solar Probe
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#utc
#utc

['Sep 04, 2022'Jul 16, 20317 #JUICE
[Jul 16, 2000',Jul 1, 20257 #Earth, Mars

#convert string date into et (seconds past the J2000 epoch) time
etOne = spice.str2et(utc[0])
etTwo = spice.str2et(utc[1])

dateOne = date(2020,2,11)
dateTwo = date(2030,11,20)
days = (dateTwo-dateOne).days #number of days between the start and end date

times = [x*86400 + etOne for x in range(days)] #array with every day
times_date = spice.et2utc(times,'C',0) #final array with the dates
print(times_date)

#get Solar Orbiter positions (Heliocentric Ecliptic Coordinate System)
positions_SO, lightTimes = spice.spkpos('Solo’, times, 'ECLIPJ2000', 'NONE', 'SUN')

#positions for the other spacecrafts

#positions_SO, lightTimes = spice.spkpos('Rosetta’, times, 'ECLIPJ2000', 'NONE', 'SUN’)
#positions_SO, lightTimes = spice.spkpos('SPP’, times, 'ECLIPJ2000', 'NONE', 'SUN')
#positions_SO, lightTimes = spice.spkpos('JUICE', times, 'ECLIPJ2000', 'NONE', 'SUN")
#positions_SO, lightTimes = spice.spkpos(‘Earth’, times, 'ECLIPJ2000', 'NONE', 'SUN’)
#positions_SO, lightTimes = spice.spkpos('Mars', times, 'ECLIPJ2000', 'NONE', 'SUN")

positions_SO = positions_SO.T #transpose positions from (,3) into (3,) for easier indexing
positions_SO_AU = positions_S0*6.68459e-9 #convert positions to AU units

#get Comet positions (Heliocentric Ecliptic Coordinate System)
positions_Comet_AU_all=[]
for k in range(j):
positions_Comet, lightTimes = spice.spkpos(ID_comets[k], times, 'ECLIPJ2000', 'NONE', 'SUN")
positions_Comet = positions_Comet.T
positions_Comet_AU = positions_Comet*6.68459e-9
positions_Comet_AU_all.append(positions_Comet_AU) #generate an array with each comet positions array

spice.kclear()
return(times, positions_SO_AU, positions_Comet_AU_all)

A.1.6 orbital _elements

def orbital_elements(handle):
#get the orbital elements necessary for the coordinate transformation

#get the comments of the comment area of the file

#returns [number of comment lines, comment lines, True or false
#if everything has been extracted]

elements = spice.dafec(handle,80)

orbital_elements=[1]

for i in range(len(elements[1])):
y = elements[1][i]
orbital_elements.append(elements[1][i]) #get the comment section of the file
x = orbital_elements[1].split() #convert string into a list
orbital_elements=[1]
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if x==[]:
x=[1]

elif x[0]=="EC="
#get the values and convert them to float type
EC = float(x[1]) #eccentricity
QR = float(x[3]) #perihelion distance

elif x[0]=="OM="
#get the values and convert them to float type
OM = float(x[1]) #longitude of ascending mode
W = float(x[3]) #argument of periapsis
IN = float(x[5]) #inclination of the orbit

return(EC,QR,OM,W,IN)

A.1.7 coord _transf

def coord_transf(OM,W,IN,name_comet,positions_SO_AU,positions_Comet_AU):

#tranformation from the Ecliptic Coordinate System to the Heliocentric Comet Orbital Coordinate System
#(comet plane-of-orbit system)

#convert the orbital values needed from degrees to radians units
OM_rad = OM*pi/180

W_rad = W*pi/180

IN_rad = IN*pi/180

#get the rotation matrix of the transformation
matrix_transf = spice.eul2m(W_rad,IN_rad,OM_rad,3,1,3)

#Solar Orbiter
#product of matrix
positions_SO_AU_c = np.dot(matrix_transf,positions_SO_AU)

#new coordinates of Solar Orbiter in the plane-of-orbit system
X_SO_c = positions_SO_AU_c[0]

y_SO_c = positions_SO_AU_c[1]
z_SO_c = positions_SO_AU_c[2]
#Comet

#product of matrix

positions_comet_AU_c = np.dot(matrix_transf,positions_Comet_AU)
#new coordinates of the comet in the plane-of-orbit system
X_comet_c = positions_comet_AU_c[0]

y_comet_c = positions_comet_AU_c[1]

z_comet_c = positions_comet_AU_c[2]

#plotl3 = plt.figure(figsize=(11,8))

#ax = plt.axes(projection="3d")

#ax.plot(positions_SO_AU_c[0], positions_SO_AU_c[1], positions_SO_AU_c[2],'blue’,label="SolO")
#ax.plot(positions_comet_AU_c[0], positions_comet_AU_c[1], positions_comet_AU_c[2],'red',label="Comet’)
#ax.scatter3D(0,0,0, color="orange',label="Sun’)

#ax.set_xlabel("X (AU)")

#ax.set_ylabel('Y (AU)")

#ax.set_zlabel('Z (AU)")

#plt.tick_params(axis='both',labelsize=14)

#plt.title(Comet '+name_comet+' and Parker Solar Probe trajectory',fontsize=15)
#plt.suptitle('(Heliocentric Comet Orbital Coordinate System)',fontsize=15)
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#ax.legend(fontsize=15)

#plotl4 = plt.figure(figsize=(11,8))

#plt.plot(positions_SO_AU_c[0], positions_SO_AU_c[1],'blue’,label="Solar Orbiter")
#plt.plot(positions_comet_AU_c[0], positions_comet_AU_c[1],'red',label="Comet)
#plt.scatter(0,0, color="orange',label="Sun’)

#plt.xlabel("X (AU)")

#plt.ylabel('Y (AU)")

#plt.tick_params(axis='both',labelsize=14)

#plt.title(Comet '+name_comet+' and Solar Orbiter trajectory’,fontsize=15)
#plt.suptitle('(Heliocentrc Comet Coordinate System)',fontsize=15)
#plt.legend(fontsize=15)

#plotl5 = plt.figure(figsize=(11,8))

#plt.plot(positions_SO_AU_c[0], positions_SO_AU_c[2],'blue’,label="Solar Orbiter’)
#plt.plot(positions_comet_AU_c[0], positions_comet_AU_c[2],'red',label="Comet')
#plt.scatter(0,0, color='orange',label='Sun’)

#plt.xlabel('X (AU)")

#plt.ylabel('Z (AU)")

#plt.tick_params(axis='both',labelsize=14)

#plt.title(Comet '+name_comet+' and Solar Orbiter trajectory’,fontsize=15)
#plt.suptitle('(Heliocentrc Comet Coordinate System)',fontsize=15)
#plt.legend(fontsize=15)

#plotle = plt.figure(figsize=(11,8))

#plt.plot(positions_SO_AU_c[1], positions_SO_AU_c[2],'blue’,label="Solar Orbiter")
#plt.plot(positions_comet_AU_c[1], positions_comet_AU_c[2],'red",label="Comet)
#plt.scatter(0,0, color='orange'label='Sun’)

#plt.xlabel('Y (AU))

#plt.ylabel('Zz (AU)")

#plt.tick_params(axis="both',labelsize=14)

#plt.title('Comet '+name_comet+' and Solar Orbiter trajectory’,fontsize=15)
#plt.suptitle('(Heliocentrc Comet Coordinate System)',fontsize=15)
#plt.legend(fontsize=15)

#spice.kclear()
return(x_SO_c, y_SO_c, z_SO_c, x_comet_c, y_comet_c, z_comet_c)

A.1.8 encounter

def encounter(x_SO_c,y_SO_c,z_SO_c,times,EC,QR,x_comet_c,y_comet_c,z_comet_c,name_comet,|ID_comet,OM,W,IN):
#get the possible comet encounters with Solar Orbiter

#take the points with z coordinate between -0.15 AU and 0.15 AU from the plane-of-orbit of the comet
z_SO_c_near=[]
index_z_near=[]
for i in range(len(z_SO_c)):
if -0.15<=z_SO_cJi]<=0.15:
z_SO_c_near.append(z_SO_cl[i])
index_z_near.append(i)

#get x and y values of Solar Orbiter for each point with -0.15z0.15 AU
X_SO_c_near=[]

y_SO_c_near=[]

t_SO_near=[]

r_SO_c_near=[]

for i in range(len(index_z_near)):
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X_SO_c_near.append(x_SO_c[index_z_near[i]])
y_SO_c_near.append(y_SO_c[index_z_near[i]])

#get the time of Solar Orbiter for each point of possible encounter
t_SO_near.append(times[index_z_near[i]])

#get the radial distance of Solar Orbiter from the Sun
r_SO_c_near.append(math.sqrt(x_SO_c_near[i]*x_SO_c_near[il+y_SO_c_near[i]*y_SO_c_near[i]+ \
z_SO_c_near[i]*z_SO_c_nearli]))

#from these positions of Solar Orbiter, get the desired positions of the comet in the same radial direction
#from Sun of Solar Orbiter

#to do so, get the true anomaly f for the position of Solar Orbiter.
#In order to have Solar Orbiter and the comet in the same radial direction, the comet must be placed in the
#point of its orbit where the true anomaly f has the same value as the obtained one from Solar Orbiter.
=[]
for i in range(len(x_SO_c_near)):
f.append(true_anomaly(x_SO_c_near[i],y_SO_c_near[i]))

#to get the radial distance between the Sun and the comet: semi-major axis
a = QR/(1-EC)

#get x and y values for the Comet

r_comet_c_near=[]

X_comet_c_near=[]

y_comet_c_near=[]

d=[] #radial distance between the comet and Solar Orbiter

#values when d>0
X_comet_c_near_encounter=[]
r_comet_c_near_encounter=[]

d_encounter_c=[]
f_encounter=[]

t_SO_near_encounter=]]

X_SO_c_near_encounter=[]

y_SO_c_near_encounter=[]

z_SO_c_near_encounter=[]

r_SO_c_near_encounter=[]

for i in range(len(x_SO_c_near)):
#radial distance of the comet from the Sun
r_comet_c_near.append((a*(1-EC*EC))/(1+EC*cos(f[i])))

x_comet_c_near.append(cos(f[i])*r_comet_c_near]i])
y_comet_c_near.append(sin(ffi])*r_comet_c_near]i])

#radial distance d between the comet and Solar Orbiter
d.append(r_SO_c_near[i]-r_comet_c_near[i])
#the radial distance must be positive (Solar Orbiter has to be behind the comet)
if d[i]>0:
x_comet_c_near_encounter.append(cos(ffi])*r_comet_c_nearf[i])
r_comet_c_near_encounter.append(r_comet_c_near]i])

d_encounter_c.append(d[i])
f_encounter.append(f[i])
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t_SO_near_encounter.append(t_SO_near[i])
x_SO_c_near_encounter.append(x_SO_c_near[i])
y_SO_c_near_encounter.append(y_SO_c_near[i])
z_SO_c_near_encounter.append(z_SO_c_nearli])
r_SO_c_near_encounter.append(r_SO_c_nearli])

#the desired positions of the comet must be within the range of the orbit in the time we are loading the
#comet files (to do the interpolation). We can get one position of the comet that it will have later than
#the 21 years we are analysing.

X_comet_c_near_encounter_orbit=[]

r_comet_c_near_encounter_orbit=[]

d_encounter_c_orbit=[]
f_encounter_orbit=]

t_SO_near_encounter_orbit=[]

X_SO_c_near_encounter_orbit=[]
y_SO_c_near_encounter_orbit=[]
z_SO_c_near_encounter_orbit=[]
r_SO_c_near_encounter_orbit=[]

for i in range(len(x_comet_c_near_encounter)):
if min(x_comet_c)<=x_comet_c_near_encounter[i]l<=max(x_comet_c):

X_comet_c_near_encounter_orbit.append(x_comet_c_near_encounter[i])
r_comet_c_near_encounter_orbit.append(r_comet_c_near_encounter[i])

d_encounter_c_orbit.append(d_encounter_c[i])
f_encounter_orbit.append(f_encounter[i])

t_SO_near_encounter_orbit.append(t_SO_near_encounter[i])
Xx_SO_c_near_encounter_orbit.append(x_SO_c_near_encounter][i])
y_SO_c_near_encounter_orbit.append(y_SO_c_near_encounterf[i])
z_SO_c_near_encounter_orbit.append(z_SO_c_near_encounter]i])
r_SO_c_near_encounter_orbit.append(r_SO_c_near_encounter[i])

#interpolation of the comet x positions of the file to get the time of each x_comet_near point.

#only continue with the next steps if the previous conditions have been satisfied
if len(x_comet_c_near_encounter_orbit)>=1:

f_comet=[]
for i in range(len(x_comet_c)):
f_comet.append(true_anomaly(x_comet_c[i],y_comet_cJi]))

w = interpld(f_comet,times)

#get the time for each x_comet_near point, using the true anomaly.

t_comet_encounter_orbit=[]

#time delay between the position of Solar Orbiter and the position of the comet in the desired
#production point.

t_delay=[]

#get the velocity of solar wind for each point

v_solar_wind=[]
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#final values when the solar wind velocity has reasonable values
v_solar_wind_encounter=[]

r_comet_c_near_encounter_orbit_final=[]
t_comet_encounter_orbit_final=[]

d_encounter_c_orbit_final=[]
t_delay_final=[]

t_SO_encounter_final=[]
X_SO_c_near_encounter_orbit_final=[]
y_SO_c_near_encounter_orbit_final=[]
z_SO_c_near_encounter_orbit_final=[]
r_SO_c_near_encounter_orbit_final=[]
d_SO_to_plane=[]

angle=[] #angle between comet and spacecraft at the encounter

for i in range(len(x_comet_c_near_encounter_orbit)):
#reverse both time and true anomaly arrays to find encounters running the time backforwards.
#The comet must have passed the desired position before the spacecraft, as the ion tails takes
#time to travel through the space.
for j in range(len(times)):

if timesl[j]J==t_SO_near_encounter_orbit]i]:
break

times[0:j+1]

list(reversed(t))

f_comet[0:j+1]

list(reversed(f))

— —h —~+

#interpolate again the true anomaly to get the time at each comet position.
#run the comet's reversed true anomaly array and find the two values within Solar Orbiter true
#anomaly is
for k in range(1,len(f)):
if f[k-1]<=f_encounter_orbit[i]<=f[k]:
#as true anomaly goes from -pi to pi, the jump between these two values must be avoid.
#The comet goes from -pi to pi, or reverse, directely, so it is not correct to do the
#interpolation between these values.
if pi-0.001<=f[k-1]<=pi+0.001 and -pi-0.001<=f[k]<=-pi+0.001:
continue
elif -pi-0.001<=f[k-1]<=-pi+0.001 and pi-0.001<=f[k]<=pi+0.001:
continue
else:
wl = interpld([flk-1],f[K]],[t[k-1],t[K]])

#time at each x_comet_near_encounter_orbit point
t_comet_encounter_orbit = w1(f_encounter_orbit[i])
t_comet_encounter_orbit = float(t_comet_encounter_orbit)

#time delay between the position of Solar Orbiter and the position of the comet in the
#desired production point.
t_delay = t_SO_near_encounter_orbit[i]-t_comet_encounter_orbit

#velocity
v_solar_wind = d_encounter_c_orbit[i]*1.5e8/t_delay

#only consider possible encounters the ones with a reasonable solar wind velocity
if 200<=v_solar_wind<=1200:
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v_solar_wind_encounter.append(v_solar_wind)

r_comet_c_near_encounter_orbit_final.append(r_comet_c_near_encounter_orbit[i])
t_comet_encounter_orbit_final.append(t_comet_encounter_orbit)

d_encounter_c_orbit_final.append(d_encounter_c_orbit[i])
t_delay_final.append(t_delay/86400) #in days

t_SO_encounter_final.append(t_SO_near_encounter_orbit[i])
x_SO_c_near_encounter_orbit_final.append(x_SO_c_near_encounter_orbit[i])
SO_c_near_encounter_orbit_final.append(y_SO_c_near_encounter_orbit[i])
SO_c_near_encounter_orbit_final.append(z_SO_c_near_encounter_orbit[i])
SO_c_near_encounter_orbit_final.append(r_SO_c_near_encounter_orbit[i])
SO_to_plane.append(z_SO_c_near_encounter_orbit[i])

y_
Z_
r_
d_
elif flk-1]>=f_encounter_orbit[i]>=f[k]:
if pi-0.001<=f[k-1]<=pi+0.001 and -pi-0.001<=f[k]<=-pi+0.001:
continue
elif -pi-0.001<=f[k-1]<=-pi+0.001 and pi-0.001<=f[k]<=pi+0.001:
continue
else:
wl = interpld([f{k-1],f[k]],[t[k-1],t[K]])

t_comet_encounter_orbit = w1(f_encounter_orbit[i])
t_comet_encounter_orbit = float(t_comet_encounter_orbit)

t_delay = t_SO_near_encounter_orbit[i]-t_comet_encounter_orbit
v_solar_wind = d_encounter_c_orbit[i]*1.5e8/t_delay

if 200<=v_solar_wind<=1200:
v_solar_wind_encounter.append(v_solar_wind)

r_comet_c_near_encounter_orbit_final.append(r_comet_c_near_encounter_orbit[i])
t_comet_encounter_orbit_final.append(t_comet_encounter_orbit)

d_encounter_c_orbit_final.append(d_encounter_c_orbit[i])
t_delay_final.append(t_delay/86400)

t_SO_encounter_final.append(t_SO_near_encounter_orhit[i])

X_SO_c_near_encounter_orbit_final.append(x_SO_c_near_encounter_orbit[i])

y_SO_c_near_encounter_orbit_final.append(y_SO_c_near_encounter_orbit[i])

z_SO_c_near_encounter_orbit_final.append(z_SO_c_near_encounter_orbit[i])

r_SO_c_near_encounter_orbit_final.append(r_SO_c_near_encounter_orbit[i])

d_SO_to_plane.append(z_SO_c_near_encounter_orbit[i])

#get the times in date format

t_SO_encounter_final_date=[]

t_comet_encounter_orbit_final_date=[]

for i in range(len(t_SO_encounter_final)):
t_SO_encounter_final_date.append(spice.et2utc(t_SO_encounter_finali],'C',0))
t_comet_encounter_orbit_final_date.append(spice.et2utc(t_comet_encounter_orbit_final[i],'C',0))
angle.append(asin(d_SO_to_plane[i]/d_encounter_c_orbit_final[i])*180/pi)

t SO = t_SO_encounter_final[i]
t_comet = t_comet_encounter_orbit_finalli]

#get and plot the comets ion tails
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iontail3D(ID_comet,t_SO,t_comet,name_comet)
iontailxy(ID_comet,t_SO,t_comet,name_comet)
iontailyz(ID_comet,t_SO,t_comet,name_comet)
iontailxz(ID_comet,t_SO,t_comet,name_comet)

iontail_cometsystem3D(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN)
iontail_cometsystemxy(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN)
iontail_cometsystemxz(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN)
iontail_cometsystemyz(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN)

if v_solar_wind_encounter==[]:
print(" No possible encounter’)

else:

#get the values in a latex table
table = Texttable()
table.set_cols_align(["c"]*9)
table.set_cols_valign(["'m"T*9)
table.set_deco(Texttable. BORDER | Texttable.HEADER | Texttable.VLINES)
table.header(['Date’, 'Date Comet','Solar wind Speed (km/s)','Time delay (days)’, \
‘Distance Solar Orbiter-Comet (AU)','Distance Solar Orbiter-lon tail (AU)', \
'‘Angle (deg)','Distance Solar Orbiter-Sun (AU)','Distance Comet-Sun (AU)7)
for i in range(len(t_SO_encounter_final_date)):
table.add_row([t_SO_encounter_final_date[i],t_comet_encounter_orbit_final_date[i], \
round(v_solar_wind_encounter]i]),t_delay_final[i],d_encounter_c_orbit_final[i], \
abs(d_SO_to_planeli]),angle[i],r_SO_c_near_encounter_orbit_final[i], \
r_comet_c_near_encounter_orbit_final[i]])
print(table.draw() + "\n")
print(latextable.draw_latex(table, caption="Possible encounters.”) + "\n")

function_crossing = crossing(x_SO_c,y_SO_c,z_SO_c,times,a,EC,f_comet)

else:
print(" No possible encounter’)

A.1.9 true _anomaly
def true_anomaly(x,y): #-pi to pi

#get the true anomaly of a position

f = atan(abs(y/x))

if np.sign(x)==1 and np.sign(y)==1:
f=f

elif np.sign(x)==-1 and np.sign(y)==1:
f = pi-f

elif np.sign(x)==-1 and np.sign(y)==-1:
f = -pi+f

elif np.sign(x)==1 and np.sign(y)==-1:
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f=-f
return(f)

A.1.10 crossing
def crossing(x_SO_c,y_SO_c,z_SO_c,times,a,EC,f_comet):

#get the values when the spacecraft is actually crossing the comets plane

time_SO_z0 =[]
v_crossing=[]
time_SO_z0_cometorbit=[]
time_comet_crossing_array=[]
times_array=[]
f_comet_array=[]
for i in range(l,len(z_SO_c)):
if np.sign(z_SO_c[i-1])==np.sign(z_SO_c[i]):
continue
else:
#get the time when Solar Orbiter is at z=0 by interpolation
h = interpld([z_SO_cJi-1],z_SO_c][i]],[times][i-1],times][i]])
time_SO_z0.append(h(0))
k=k+1

#get x and y coordinate of Solar Orbiter at z=0, and the radial distance to the Sun
x_interpolation = interpld([times][i-1],times[i]],[x_SO_c[i-1],x_SO_c][il])
x_SO_c_crossing = x_interpolation(time_SO_z0[k-1])

y_interpolation = interpld([times][i-1],times[i]],[y_SO_c[i-1],y_SO_c][il])
y_SO_c_crossing = y_interpolation(time_SO_z0[k-1])

#radial distance of Solar Orbiter to the Sun
r_S0_c_crossing = (math.sqgrt(x_SO_c_crossing*x_SO_c_crossing+y_SO_c_crossing*y_SO_c_crossing))

#get the true anomaly at zO by interpolation
f_before_crossing = true_anomaly(x_SO_cJ[i-1],y_SO_c][i-1])
f_after_crossing = true_anomaly(x_SO_c[i],y_SO_c][i])

f_interpolation = interpld([times]i-1],times][i]],[f_before_crossing,f_after_crossing])
f_crossing = f_interpolation(time_SO_z0[k-1])

#radial distance of the comet to the Sun at the position with the true anomaly f_crossing
r_comet_c_crossing = (a*(1-EC*EC))/(1+EC*cos(f_crossing))

#radial distance between the comet and the spacecraft
d_crossing = r_S0_c_crossing-r_comet_c_crossing

#reverse the time array that goes from the beggining to the time just after the crossing
times_array = times[0:i]
times_reversed = list(reversed(times_array))

#do the same with the true anomaly values of the comet's orbit
for I in range(len(times_array)):

f_comet_array.append(f_comet[l])
f_comet_reversed = list(reversed(f_comet_array))
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#run the comet's reversed true anomaly array and find the two values within Solar Orbiter true

#anomaly is

for j in range(1,len(f_comet_reversed)):

if f_comet_reversed[j-1]<=f_crossing<=f_comet_reversed[j] and d_crossing>0:

#as true anomaly goes from -pi to pi, the jump between these two values must be avoid.
#The comet goes from -pi to pi, or reverse, directely, so it is not correct to do the
#interpolation between these values.

if pi-0.001<=f_comet_reversed[j-1]<=pi+0.001 and -pi-0.001<=f_comet_reversed[j]<=-pi+0.001:

continue

elif -pi-0.001<=f_comet_reversed[j-1]<=-pi+0.001 and pi-0.001<=f_comet_reversed[j]<=pi+0.001:

continue

else:

g = interpld([f_comet_reversed[j-1],f_comet_reversed][j]],[times_reversed[j-1],times_reversed[j]])
#get the time of the comet at that position by interpolation

time_comet_crossing = g(f_crossing)
time_comet_crossing_array.append(time_comet_crossing)

#time delay between Solar Orbiter and the comet
t_delay_crossing = time_SO_z0[k-1]-time_comet_crossing
#solar wind velocity
v_crossing.append(d_crossing*1.5e8/t_delay_crossing)
time_SO_z0_cometorbit.append(time_SO_z0[k-1])
f_comet_array=[]

break

elif f_comet_reversed[j-1]>=f_crossing>=f_comet_reversed[j] and d_crossing>0:

else:

if pi-0.001<=f_comet_reversed[j-1]<=pi+0.001 and -pi-0.001<=f_comet_reversed[j]<=-pi+0.001:

continue

elif -pi-0.001<=f_comet_reversedj-1]<=-pi+0.001 and pi-0.001<=f_comet_reversed[j]<=pi+0.001:

continue

g = interpld([f_comet_reversed[j-1],f_comet_reversed[j]],[times_reversed[j-1],times_reversed[j]])
time_comet_crossing = g(f_crossing)
time_comet_crossing_array.append(time_comet_crossing)

t_delay_crossing = time_SO_z0[k-1]-time_comet_crossing
v_crossing.append(d_crossing*1.5e8/t_delay_crossing)
time_SO_z0_cometorbit.append(time_SO_z0[k-1])
f_comet_array=[]

break

f_comet_array=[]

#ge the times in date format

date_z0 = spice.et2utc(time_SO_z0_cometorbit,'C',0)
time_comet_crossing_array_date = spice.et2utc(time_comet_crossing_array,'C',0)
#print('Crossings:’, date_z0)

#print(‘veocity:', v_crossing)

table = Texttable()

table.set_cols_align(["c"]*3)

table.set_cols_valign(["'m"T*3)

table.set_deco(Texttable. BORDER | Texttable. HEADER | Texttable.VLINES)
table.header(['Date Crossing', '‘Date comet','Solar wind Speed (km/s))

for i in range(len(date_z0)):
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table.add_row([date_zO[i],time_comet_crossing_array_date][i],v_crossing][i]])
print(table.draw() + "\n")
print(latextable.draw_latex(table, caption="Crossings.") + "\n")

A.1.11 iontail

def iontail3D(ID_comet,t_SO,t_comet,name_comet):

v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t_start = t SO
t_start date = spice.et2utc(t_start,'C',0)

plotl = plt.figure(figsize=(11,8))
ax = plt.axes(projection="3d")

for i in range(len(v)):
#final date: three years before the time the comet passes the ion tail production position
t end =t comet - 3*3.15e7
hours = int((t_start-t_end)/3600) #hours between the start and end date.
time = [t_start - x*3600 for x in range(hours)] #time array going backwards
time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN’)
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459e-9

x_comet = coord_comet_AUI0]

y_comet = coord_comet_AU[1]

z_comet = coord_comet_AU[2]

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t comet, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet_encounter = coord_comet_encounter.T

coord_comet_encounter_AU = coord_comet_encounter*6.68459e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos('Solo’, t_start, 'ECLIPJ2000', 'NONE', 'SUN')

#get the positions of the other spacecrafts

#coord_SO,lightTimes = spice.spkpos('SPP’, t_start, 'ECLIPJ2000', ‘'NONE', 'SUN') #Parker Solar Probe
#coord_SO,lightTimes = spice.spkpos('JUICE', t_start, 'ECLIPJ2000', 'NONE', 'SUN") #JUICE
#coord_SO,lightTimes = spice.spkpos(‘Earth’, t_start, 'ECLIPJ2000', ‘'NONE', 'SUN') #Earth
#coord_SO,lightTimes = spice.spkpos(‘Mars', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Mars

coord_SO = coord_SO.T
coord_SO_AU = coord_S0*6.68459e-9
X_SO_encounter = coord_SO_AUI0]
y_SO_encounter = coord_SO_AUJ1]
z_SO_encounter = coord_SO_AU[2]

X_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

57
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for j in range(len(time)):
pos_comet = [x_comet[j],y_comet[j],z_comet][j]]
#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
x_iontail[j]=x_comet][j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
z_iontail[j]=z_comet[j]+(v[i]*1000**3600/1.5e11)*sin(phi_comet)

tail, = ax.plot(x_iontail, y_iontail, z_iontail,color="green’)

comet, = ax.plot(x_comet, y_comet, z_comet,color="red’)

SO = ax.scatter(x_SO_encounter, y_SO_encounter, z_SO_encounter,color="blue’)

Sun = ax.scatter3D(0,0,0, color="orange')

comet_encounter = ax.scatter3D(coord_comet_encounter_AU[0],coord_comet_encounter_AU[1], \
coord_comet_encounter_AU[2],marker="x',color="red")

ax.set_xlabel('X (AU)")

ax.set_ylabel('Y (AU)")

ax.set_zlabel('Z (AU)")

ax.set_xlim([-1.5, 1.5])

ax.set_ylim([-1.5, 1.5])

ax.set_zlim([-1.5, 1.5])

plt.tick_params(axis='both',labelsize=14)

plt.suptitle('(Ecliptic coordinate system) Encounter Comet'+' '+name_comet+' '+t_start_date,fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail with different speeds','Comet’,'Solar Orbiter’, \
'Sun','Comet at tail production time'])

plt.savefig(name_comet+' Encounter SolO Ecl 3D, '+t_start_date+'.png’)

def iontailxy(ID_comet,t_SO,t comet,name_comet):

v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t_start = t SO
t_start_date = spice.et2utc(t_start,'C',0)

plot2 = plt.figure(figsize=(11,8))

for i in range(len(v)):
#final date: three years before the time the comet passes the ion tail production position
t end =t comet - 3*3.15e7
hours = int((t_start-t_end)/3600) #hours between the start and end date.
time = [t_start - x*3600 for x in range(hours)] #time array going backwards
time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459e-9

x_comet = coord_comet_AUI0]

y_comet = coord_comet_AU[1]

z_comet = coord_comet_AU[2]

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t comet, 'ECLIPJ2000', 'NONE', 'SUN")
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coord_comet_encounter = coord_comet_encounter.T
coord_comet_encounter_AU = coord_comet_encounter*6.68459e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos('Solo’, t_start, 'ECLIPJ2000', 'NONE', 'SUN')

#get the position for the other spacecrafts

#coord_SO,lightTimes = spice.spkpos('SPP', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Parker Solar Probe
#coord_SO,lightTimes = spice.spkpos('JUICE', t_start, 'ECLIPJ2000', 'NONE', 'SUN") #JUICE
#coord_SO,lightTimes = spice.spkpos(‘Earth’, t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Earth
#coord_SO,lightTimes = spice.spkpos(‘Mars', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Mars

coord_SO = coord_SO.T
coord_SO_AU = coord_S0*6.68459e-9
x_SO_encounter = coord_SO_AUI0]
y_SO_encounter = coord_SO_AUJ1]
z_SO_encounter = coord_SO_AU[2]

x_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

for j in range(len(time)):

pos_comet = [x_comet[j],y_comet[j],z_comet][j]]

#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
x_iontail[j]J=x_comet[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet[j]+(v[i]*1000*j*3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
z_iontail[j]=z_comet[j]+(v[i]*1000**3600/1.5e11)*sin(phi_comet)

tail, = plt.plot(x_iontail, y_iontail, color='green’)

comet, = plt.plot(x_comet, y_comet, color="red’)

SO = plt.scatter(x_SO_encounter, y_SO_encounter, color='blue’)

Sun = plt.scatter(0,0,color="orange’)

comet_encounter = plt.scatter(coord_comet_encounter_AU[0],coord_comet_encounter_AU[1],marker="x',color="red")

plt.xlabel("X (AU)")

plt.ylabel("Y (AU)")

plt.axis('equal’)

plt.xlim([-1.5, 1.5])

plt.ylim(-1.5, 1.5])

plt.tick_params(axis='both',labelsize=16)

plt.titte(Encounter Comet'+' '+name_comet+' '+t_start_date,fontsize=15)

plt.suptitle('(Ecliptic coordinate system)'fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail with different speeds','Comet','Solar Orbiter’, \
'Sun’,'Comet at tail production time'])

plt.savefig(name_comet+' Encounter SoLO Ecl Y vs X, '+t_start_date+'.png’)

def iontailyz(ID_comet,t_SO,t_comet,name_comet):
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v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t_start = t SO
t_start_date = spice.et2utc(t_start,'C',0)

plot4 = plt.figure(figsize=(11,8))

for i in range(len(v)):
#final date: three years before the time the comet passes the ion tail production position
t end = t_comet - 3*3.15e7
hours = int((t_start-t_end)/3600) #hours between the start and end date.
time = [t_start - x*3600 for x in range(hours)] #time array going backwards
time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459e-9

x_comet = coord_comet_AUI0]

y_comet = coord_comet_AU[1]

z_comet = coord_comet_AU[2]

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t comet, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet_encounter = coord_comet_encounter.T

coord_comet_encounter_ AU = coord_comet_encounter*6.68459e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos('Solo', t_start, 'ECLIPJ2000', 'NONE', 'SUN')

#get the position for the other spacecrafts

#coord_SO,lightTimes = spice.spkpos('SPP, t_start, 'ECLIPJ2000', ‘'NONE', 'SUN') #Parker Solar Probe
#coord_SO,lightTimes = spice.spkpos('JUICE', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #JUICE
#coord_SO,lightTimes = spice.spkpos('Earth’, t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Earth
#coord_SO,lightTimes = spice.spkpos(‘Mars', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Mars

coord_SO = coord_SO.T
coord_SO_AU = coord_S0*6.68459e-9
X_SO_encounter = coord_SO_AU[0]
y_SO_encounter = coord_SO_AUJ1]
z_SO_encounter = coord_SO_AU[2]

X_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

for j in range(len(time)):

pos_comet = [x_comet[j],y_comet[j],z_comet][j]]

#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
x_iontail[j]J=x_comet[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
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z_iontail[j]=z_comet[j]+(v[i]*1000**3600/1.5e11)*sin(phi_comet)

tail, = plt.plot(y_iontail, z_iontail, color='green’)

comet, = plt.plot(y_comet, z_comet, color="red)

SO = plt.scatter(y_SO_encounter, z_SO_encounter, color="blue’)

Sun = plt.scatter(0,0,color="orange")

comet_encounter = plt.scatter(coord_comet_encounter_AUJ[1],coord_comet_encounter_AU[2],marker="x',color="red")

plt.xlabel("Y (AU)")

plt.ylabel('Z (AU)")

plt.axis('equal’)

plt.xlim([-1.5, 1.5])

plt.ylim([-1.5, 1.5])

plt.tick_params(axis='both',labelsize=16)

plt.titte('Encounter Comet'+' '+name_comet+' '+t_start_date,fontsize=15)

plt.suptitle('(Ecliptic coordinate system)',fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail with different speeds','Comet’,'Solar Orbiter','Sun’, \
‘Comet at tail production time'])

plt.savefig(name_comet+' Encounter SolO Ecl Z vs Y, '+t_start_date+'.png’)

def iontailxz(ID_comet,t_SO,t_comet,name_comet):

v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t_start =t SO
t_start_date = spice.et2utc(t_start,'C',0)

plot3 = plt.figure(figsize=(11,8))

for i in range(len(v)):
#final date: three years before the time the comet passes the ion tail production position
t end =t comet - 3*3.15e7
hours = int((t_start-t_end)/3600) #hours between the start and end date.
time = [t_start - x*3600 for x in range(hours)] #time array going backwards
time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459e-9

x_comet = coord_comet_AUI0]

y_comet = coord_comet_AU[1]

z_comet = coord_comet_AU[2]

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t comet, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet_encounter = coord_comet_encounter.T

coord_comet_encounter_AU = coord_comet_encounter*6.68459e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos(‘Solo’, t_start, 'ECLIPJ2000', 'NONE', 'SUN")

#get the position for the other spacecrafts
#coord_SO,lightTimes = spice.spkpos('SPP’, t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Parker Solar Probe
#coord_SO,lightTimes = spice.spkpos('JUICE', t_start, 'ECLIPJ2000', 'NONE', 'SUN") #JUICE
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#coord_SO,lightTimes = spice.spkpos(‘Earth’, t_start, 'ECLIPJ2000', ‘'NONE', 'SUN') #Earth
#coord_SO,lightTimes = spice.spkpos(‘Mars', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Mars

coord_SO = coord_SO.T
coord_SO_AU = coord_S0*6.68459e-9
X_SO_encounter = coord_SO_AUI0]
y_SO_encounter = coord_SO_AUJ1]
z_SO_encounter = coord_SO_AU[2]

X_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

for j in range(len(time)):
pos_comet = [x_comet[j],y_comet[j],z_comet][j]]
#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
x_iontail[j]J=x_comet[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
z_iontail[j]=z_comet[j]+(v[i]*1000**3600/1.5e11)*sin(phi_comet)

tail, = plt.plot(x_iontail, z_iontail, color='green’)

comet, = plt.plot(x_comet, z_comet, color="red)

SO = plt.scatter(x_SO_encounter, z_SO_encounter, color="blue’)

Sun = plt.scatter(0,0,color="orange")

comet_encounter = plt.scatter(coord_comet_encounter_AU[0],coord_comet_encounter_AU[2],marker="x',color="red")

plt.xlabel("X (AU)")

plt.ylabel('Zz (AU)")

plt.axis('equal’)

plt.xlim([-1.5, 1.5])

plt.ylim(-1.5, 1.5])

plt.tick_params(axis='both',labelsize=16)

plt.titte(Encounter Comet'+' '+name_comet+' '+t_start_date,fontsize=15)

plt.suptitle('(Ecliptic coordinate system)',fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail',/Comet','Solar Orbiter','Sun’, \
'‘Comet at tail production time')

plt.savefig(name_comet+' Encounter SolO Ecl Z vs X, '+t_start_date+'.png’)

def iontail_cometsystemxy(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN):

v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t start = t SO
t_start date = spice.et2utc(t_start,'C',0)

#final date: tone year before the time the comet passes the ion tail production position
t end = t_comet - 1*3.15e7

hours = int((t_start-t_end)/3600) #hours between the start and end date.

time = [t_start - x*3600 for x in range(hours)] #time array going backwards
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time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459¢e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos('Solo', t_start, 'ECLIPJ2000', 'NONE', 'SUN')

#get the position for the other spacecrafts (Heliocentric Ecliptic Coordinate System)
#coord_SO,lightTimes = spice.spkpos('SPP', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Parker Solar Probe
#coord_SO,lightTimes = spice.spkpos('JUICE', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #JUICE
#coord_SO,lightTimes = spice.spkpos('Earth’, t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Earth
#coord_SO,lightTimes = spice.spkpos('Mars', t_start, 'ECLIPJ2000', 'NONE', 'SUN") #Mars

coord_SO = coord_SO.T
coord_SO_AU = coord_S0O*6.68459%e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c,y_SO_c,z_SO_c,x_comet_c,y_comet_c,z_comet_c) = coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_AU)

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t_comet, 'ECLIPJ2000', 'NONE', 'SUN’)
coord_comet_encounter = coord_comet_encounter.T

coord_comet_encounter_AU = coord_comet_encounter*6.68459e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c_encounter,y_SO_c_encounter,z_SO_c_encounter,x_comet_c_encounter,y_comet_c_encounter,z_comet_c_encounter) = \
coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_encounter_AU)

plot5 = plt.figure(figsize=(11,8))
comet, = plt.plot(x_comet_c, y_comet_c, color="red’)

for i in range(len(v)):
X_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

for j in range(len(time)):
pos_comet = [x_comet_c[j],y_comet_c[j],z_comet_c[j]]
#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
x_iontail[jl=x_comet_c[j]+(v[i]*1000%**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet_c[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
z_iontail[j]=z_comet_c[j]+(v[i]*21000%*3600/1.5e11)*sin(phi_comet)

tail, = plt.plot(x_iontail, y_iontail, color='green’)

SO = plt.scatter(x_SO_c, y_SO_c, color="blue’)

Sun = plt.scatter(0,0,color="orange")

comet_encounter = plt.scatter(x_comet_c_encounter,y_comet_c_encounter,marker="x',color="red")
plt.xlabel("X (AU)")

plt.ylabel("Y (AU)")

plt.axis('equal’)
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plt.xlim([-1.5, 1.5])

plt.ylim([-1.5, 1.5])

plt.tick_params(axis='both',labelsize=16)

plt.titte(Encounter Comet'+' '+name_comet+' '+t_start_date,fontsize=15)

plt.suptitle('(Heliocentric Comet Orbital coordinate system)'fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail',/Comet','Solar Orbiter','Sun’, \
'‘Comet at tail production time')

plt.savefig(name_comet+ Encounter SoLO Com Y vs X, '+t_start_date+'.png’)

def iontail_cometsystemxz(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN):

v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t start = t SO
t_start_date = spice.et2utc(t_start,'C',0)

#final date: tone year before the time the comet passes the ion tail production position
t end = t_comet - 1*3.15e7

hours = int((t_start-t_end)/3600) #hours between the start and end date.

time = [t_start - x*3600 for x in range(hours)] #time array going backwards

time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459¢e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos('Solo', t_start, 'ECLIPJ2000', 'NONE', 'SUN')

#get the positions for the other spacecrafts

#coord_SO,lightTimes = spice.spkpos('SPP', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Parker Solar Probe
#coord_SO,lightTimes = spice.spkpos('JUICE', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #JUICE
#coord_SO,lightTimes = spice.spkpos(‘Earth’, t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Earth
#coord_SO,lightTimes = spice.spkpos(‘Mars', t_start, 'ECLIPJ2000', 'NONE', 'SUN") #Mars

coord_SO = coord_SO.T
coord_SO_AU = coord_S0O*6.68459%e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c,y_SO_c,z_SO_c,x_comet_c,y_comet_c,z_comet_c) = coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_AU)

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t_comet, 'ECLIPJ2000', 'NONE', 'SUN’)
coord_comet_encounter = coord_comet_encounter.T

coord_comet_encounter_AU = coord_comet_encounter*6.68459e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c_encounter,y_SO_c_encounter,z_SO_c_encounter,x_comet_c_encounter,y_comet_c_encounter,z_comet_c_encounter) = \
coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_encounter_AU)

ploté = plt.figure(figsize=(11,8))
comet, = plt.plot(x_comet_c, z_comet_c, color="red’)

for i in range(len(v)):
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X_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

for j in range(len(time)):
pos_comet = [x_comet_cl[j],y_comet_c[j],z_comet_c[j]]
#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
x_iontail[j]J=x_comet_c[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet_c[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
z_iontail[j]=z_comet_c[j]+(Vv[i]*1000*j*3600/1.5e11)*sin(phi_comet)

tail, = plt.plot(x_iontail, z_iontail, color='green’)

SO = plt.scatter(x_SO_c, z_SO_c, color="blue’)

Sun = plt.scatter(0,0,color="orange’)

comet_encounter = plt.scatter(x_comet_c_encounter,z_comet_c_encounter,marker="x',color="red")

plt.xlabel("X (AU)")

plt.ylabel('Z (AU)")

plt.axis('equal’)

plt.xlim([-1.5, 1.5])

plt.ylim([-1.5, 1.5])

plt.tick_params(axis='both',labelsize=16)

plt.titte(Encounter Comet'+' '+name_comet+' '+t_start_date,fontsize=15)

plt.suptitle(‘(Heliocentric Comet Orbital coordinate system)',fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail',/Comet','Solar Orbiter','Sun’, \
'‘Comet at tail production time'])

plt.savefig(name_comet+ Encounter SolO Com Z vs X, '+t_start_date+'.png’)

def iontail_cometsystemyz(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN):

v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t start = t SO
t_start_date = spice.et2utc(t_start,'C',0)

#final date: tone year before the time the comet passes the ion tail production position
t end = t_comet - 1*3.15e7

hours = int((t_start-t_end)/3600) #hours between the start and end date.

time = [t_start - x*3600 for x in range(hours)] #time array going backwards

time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459¢e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos('Solo', t_start, 'ECLIPJ2000', 'NONE', 'SUN')

#get the positions for the other spacecrafts
#coord_SO,lightTimes = spice.spkpos('SPP', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Parker Solar Probe
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#coord_SO,lightTimes = spice.spkpos('JUICE', t_start, 'ECLIPJ2000', 'NONE', 'SUN") #JUICE
#coord_SO,lightTimes = spice.spkpos('Earth’, t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Earth
#coord_SO,lightTimes = spice.spkpos(‘Mars', t_start, 'ECLIPJ2000', 'NONE', 'SUN') #Mars

coord_SO = coord_SO.T
coord_SO_AU = coord_S0*6.68459¢e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c,y_SO_c,z_SO_c,x_comet_c,y_comet_c,z_comet_c) = coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_AU)

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t comet, 'ECLIPJ2000', 'NONE', 'SUN’)
coord_comet_encounter = coord_comet_encounter.T

coord_comet_encounter_AU = coord_comet_encounter*6.68459e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c_encounter,y_SO_c_encounter,z_SO_c_encounter,x_comet_c_encounter,y_comet_c_encounter,z_comet_c_encounter) = \
coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_encounter_AU)

plot7 = plt.figure(figsize=(11,8))
comet, = plt.plot(y_comet_c, z_comet_c, color="red")

for i in range(len(v)):
x_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

for j in range(len(time)):

pos_comet = [x_comet_c[j],y_comet_c[j],z_comet_c[j]]

#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
x_iontail[j]J=x_comet_c[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet_c[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
z_iontail[j]=z_comet_c[j]+(Vv[i]*1000**3600/1.5e11)*sin(phi_comet)

tail, = plt.plot(y_iontail, z_iontail, color='green’)

SO = plt.scatter(y_SO_c, z_SO_c, color="blue’)

Sun = plt.scatter(0,0,color="orange’)

comet_encounter = plt.scatter(y_comet_c_encounter,z_comet_c_encounter,marker="x',color="red")

plt.xlabel("Y (AU)")

plt.ylabel('’Z (AU)')

plt.axis('equal’)

plt.xlim([-1.5, 1.5])

plt.ylim(-1.5, 1.5])

plt.tick_params(axis='both',labelsize=16)

plt.title(CEncounter Comet'+' '+name_comet+' '+t_start_date,fontsize=15)

plt.suptitle('(Heliocentric Comet Orbital coordinate system)',fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail',/Comet','Solar Orbiter','Sun’, \
'‘Comet at tail production time')

plt.savefig(name_comet+' Encounter SolO Com Z vs Y, '+t_start_date+'.png’)
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def iontail_cometsystem3D(ID_comet,t_SO,t_comet,times,name_comet,OM,W,IN):

v = [200,400,600,800,1000,1200] #km/s

#production time of the ion tail
t_start = t_ SO
t_start_date = spice.et2utc(t_start,'C',0)

#final date: tone year before the time the comet passes the ion tail production position
t end = t_comet - 1*3.15e7

hours = int((t_start-t_end)/3600) #hours between the start and end date.

time = [t_start - x*3600 for x in range(hours)] #time array going backwards

time_date = spice.et2utc(time,'C',0)

#Comet's positions (Heliocentric Ecliptic Coordinate System)

coord_comet,lightTimes = spice.spkpos(ID_comet, time, 'ECLIPJ2000', 'NONE', 'SUN")
coord_comet = coord_comet.T

coord_comet_AU = coord_comet*6.68459e-9

#Solar Orbiter's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_SO,lightTimes = spice.spkpos('Solo', t_start, 'ECLIPJ2000', 'NONE', 'SUN')

coord_SO = coord_SO.T

coord_SO_AU = coord_S0*6.68459e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c,y_SO_c,z_SO_c,x_comet_c,y_comet_c,z_comet_c) = coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_AU)

#Comet's position at the ion tail production time (Heliocentric Ecliptic Coordinate System)
coord_comet_encounter,lightTimes = spice.spkpos(ID_comet, t comet, 'ECLIPJ2000', 'NONE', 'SUN’)
coord_comet_encounter = coord_comet_encounter.T

coord_comet_encounter_AU = coord_comet_encounter*6.68459e-9

#Transformation to the Heliocentric Comet Orbital Coordinate System
(x_SO_c_encounter,y_SO_c_encounter,z_SO_c_encounter,x_comet_c_encounter,y_comet_c_encounter,z_comet_c_encounter) =\
coord_transf(OM,W,IN,name_comet,coord_SO_AU,coord_comet_encounter_AU)

plot8 = plt.figure(figsize=(11,8))
ax = plt.axes(projection="3d")
comet, = ax.plot(x_comet_c, y_comet_c, z_comet_c,color="red’)

for i in range(len(v)):
x_iontail=np.zeros(len(time))
y_iontail=np.zeros(len(time))
z_iontail=np.zeros(len(time))

for j in range(len(time)):

pos_comet = [x_comet_cl[j],y_comet_c[j],z_comet_c[j]]

#Transformation from cartesians to spherical coordinates (for the comet)
(distance_comet,colat_comet,longitude_comet) = spice.recsph(pos_comet)
phi_comet = pi/2-colat_comet #latitude

#lon tail's positions for the time range
X_iontail[j]l=x_comet_c[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*cos(longitude_comet)
y_iontail[j]=y_comet_c[j]+(v[i]*1000**3600/1.5e11)*cos(phi_comet)*sin(longitude_comet)
z_iontail[j]=z_comet_c[j]+(v[i]*1000**3600/1.5e11)*sin(phi_comet)
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tail, = ax.plot(x_iontail, y_iontail, z_iontail,color="green’)

SO = ax.scatter(x_SO_c, y_SO_c, z_SO_c,color="blue’)

Sun = ax.scatter3D(0,0,0, color="orange')

comet_encounter = ax.scatter3D(x_comet_c_encounter,y_comet_c_encounter,marker="x',color="red’)

ax.set_xlabel("X (AU)")

ax.set_ylabel("Y (AU)")

ax.set_zlabel('Z (AU)")

ax.set_xlim([-1.5, 1.25])

ax.set_ylim([-1.5, 1.25])

ax.set_zlim([-1.5, 1.25])

plt.tick_params(axis='both',labelsize=14)

plt.suptitle('(Heliocentric Comet Orbital coordinate system) Encounter Comet'+' '+name_comet+' '+t_start_date, \
fontsize=15)

plt.legend([tail,comet,SO,Sun,comet_encounter],['lon tail with different speeds','Comet','Solar Orbiter','Sun’, \
'‘Comet at tail production time'])

plt.savefig(name_comet+' Encounter SolO Com 3D, '+t_start_date+'.png’)

A.1.12 plot _comet _SolarOrbiter

def plot_comet_SolarOrbiter(name_comet,times,positions_SO_AU,positions_Comet_AU):

#plot of Solar Orbiter, Comet and Sun (Ecliptic Coordinate System)

plot9 = plt.figure(figsize=(11,8))

ax = plt.axes(projection="3d")

ax.plot(positions_SO_AU[0], positions_SO_AU[1], positions_SO_AUJ2],'blue’,label="SolO")
ax.plot(positions_Comet_AU[0], positions_Comet_AU[1], positions_Comet_AUJ[2],'red",label="Comet’)
ax.scatter3D(0,0,0, color="orange',label='Sun")

ax.set_xlabel('X (AU)")

ax.set_ylabel('Y (AU)")

ax.set_zlabel('Z (AU)")

plt.tick_params(axis='both',labelsize=14)

plt.title(Comet '+name_comet+' and Solar Orbiter trajectory’,fontsize=15)
plt.suptitle('(Ecliptic coordinate system)',fontsize=15)

ax.legend(fontsize=15)

plotl0 = plt.figure(figsize=(11,8))

plt.plot(positions_SO_AUI[0], positions_SO_AU[1],'blue’,label="Solar Orbiter")
plt.plot(positions_Comet_AU[0], positions_Comet_AUJ[1],'red’,|label="Comet")
plt.scatter(0,0,color="orange',label="Sun’)

plt.xlabel("X (AU)")

plt.ylabel("Y (AU)")

plt.tick_params(axis='both',labelsize=14)

plt.titte('Comet '+name_comet+' and Solar Orbiter trajectory',fontsize=15)
plt.suptitle('(Ecliptic coordinate system)',fontsize=15)
plt.legend(fontsize=15)

plotll = plt.figure(figsize=(11,8))

plt.plot(positions_SO_AU[0], positions_SO_AUJ[2],'blue’,label="Solar Orbiter’)
plt.plot(positions_Comet_AU[0], positions_Comet_AUJ[2],'red',|label="Comet’)
plt.scatter(0,0,color="orange',label="Sun’)

plt.xlabel("X (AU)")

plt.ylabel('Z (AU))

plt.tick_params(axis='both',labelsize=14)
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plt.titte('Comet '+name_comet+' and Solar Orbiter trajectory',fontsize=15)
plt.suptitle('(Ecliptic coordinate system)',fontsize=15)
plt.legend(fontsize=15)

plotl2 = plt.figure(figsize=(11,8))

plt.plot(positions_SO_AUJ1], positions_SO_AU[2],'blue’,label="Solar Orbiter")
plt.plot(positions_Comet_AU[1], positions_Comet_AUJ[2],'red',label="Comet’)
plt.scatter(0,0,color="orange',label="Sun")

plt.xlabel("Y (AU)")

plt.ylabel('z (AU)")

plt.tick_params(axis='both',labelsize=14)

plt.titte('Comet '+name_comet+' and Solar Orbiter trajectory',fontsize=15)
plt.suptitle('(Ecliptic coordinate system)',fontsize=15)
plt.legend(fontsize=15)

#spice.kclear()
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A.2 Results

70

Here there are all the possible encounters we have found, with their corresponding tables with the most important
values and their representations.
The representations are made in both the Heliocentric Ecliptic Coordinate System, and the Comet Orbital
Coordinate System. The representations are made with a pair of components: Y vs X, Z vs X and Z vs Y. The red
line is the comets trajectory, the red cross is the position of the comet when the particles the spacecraft is crossing
were produced, then there is the Sun (yellow dot), the spacecraft (colored dot) and nally the green lines, which are
the ion tail represented with di erent speeds its particles could have.

A.2.1 Solar Orbiter Encounters
" Comet: C_2019 _Y4-C/ATLAS

t delay SW Speed dso ¢ dso T Angle dso s | dc s

Date SO Date Comet | ays) | mis) | (AU) | (AU) | (deg) | (AU) | (AU)
5020 MAY 31 | 2020 MAY 29 22:50| 1.048 | 495 | 0299 | 0.119 | -23.548| 0.554 | 0.255
2020 JUN 01 | 2020 MAY 30 03:16| 1.863 | 275 | 0.295 | 0.102 | -20.106| 0.549 | 0.254

Crossing
5020 JUN 06 _

2 00 | 2020 MAY 31 04:01 75.539
(@ (b) ()

Figure 22: Encounter with C_2019Y4-C at 2021 OCT 21 in the Ecliptic Coordinate System.
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@) (b) (©)
Figure 23: Encounter with C_2019Y4-C at 2021 OCT 21 in the Comet Orbital Coordinate System.
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" Comet: 323P/SOHO
t delay SW SpEEd dso c dso T Angle dso s dc IS

Date SO Date Comet | qavs) | (kmfs) | (AU) | (AU) | (deg) | (AU) | (AU)
2021 JAN 18| 2021 JAN 17 04:38] 0.807 1147 0533 | 0.023 | 2.452 | 0.582 | 0.049
2021 JAN 19 | 2021 JAN 17 05:03| 1.789 512 0.528 | 0.019 | 2.075| 0.575 | 0.048
2021 JAN 20 | 2021 JAN 17 05:29| 2.771 327 0.523 | 0.015 | 1.686 | 0.569 | 0.047
2021 JAN 21| 2021 JAN 17 05:55| 3.753 239 0.518 | 0.012 | 1.287 | 0.563 | 0.046

Crossing
2021 JAN 24 _

0144 2021 JAN 17 07:20 128.912

@)

(b)

(©

Figure 24: Encounter with 323P at 2021 JAN 20 in the Ecliptic Coordinate System.

@)

(b)

(©

Figure 25: Encounter with 323P at 2021 JAN 20 in the Comet Orbital Coordinate System.
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" Comet: 342P/SOHO
t dela SW Speed dso c dso T Angle dso IS dc s

Date SO Date Comet (days))/ (kmfé) AU) | (AU) (degg) AU) | (AU)
2021 OCT 19| 2021 OCT 17 14:26| 1.398 800 0.645 | 0.024 | 2.167 | 0.740 | 0.095
2021 OCT 20| 2021 OCT 17 15:39| 2.347 483 0.653 | 0.022 | 1.889 | 0.746 | 0.093
2021 OCT 21| 2021 OCT 17 16:51| 3.297 349 0.662 | 0.019 | 1.619 | 0.753 | 0.091
2021 OCT 22| 2021 OCT 17 18:02| 4.248 274 0.671 | 0.016 | 1.354 | 0.760 | 0.089
2021 OCT 23| 2021 OCT 17 19:11| 5.200 227 0.679 | 0.013 | 1.095 | 0.766 | 0.087

Crossing
2021 OCT 27 2021 OCT 18 130

12:09 00:03

@)

(b)

(©

Figure 26: Encounter with 342P at 2021 OCT 21 in the Ecliptic Coordinate System.

@)

(b)

(©)

Figure 27: Encounter with 342P at 2021 OCT 21 in the Comet Orbital Coordinate System.




A APPENDIX 74
" Comet: 322P/SOHO
t delay SW SpEEd dso c dso T Angle dso s dc s

Date SO Date Comet | javs) | (kmfs) | (AU) | (AU) | (deg) | (AU) | (AU)
2023 AUG 23| 2023 AUG 21 22:53| 1.046 1151 0.693 | 0.101 | -8.392| 0.777 | 0.084
2023 AUG 24 | 2023 AUG 21 23:11| 2.033 584 0.684 | 0.099 | -8.321| 0.769 | 0.085
2023 AUG 25 | 2023 AUG 21 23:30| 3.021 387 0.674 | 0.097 | -8.245| 0.760 | 0.086
2023 AUG 26 | 2023 AUG 21 23:49| 4.008 288 0.664 | 0.094 | -8.166| 0.751 | 0.087
2023 AUG 27 | 2023 AUG 22 00:27| 4.981 228 0.653 | 0.092 | -8.082| 0.742 | 0.089

Crossing
2023 SEP 23 _

03:21 2023 AUG 26 19:23 6.224

@)

(b)

(©

Figure 28: Encounter with 322P at 2023 AUG 25 in the Ecliptic Coordinate System.

@)

(b)

(©)

Figure 29: Encounter with 322P at 2023 AUG 25 in the Comet Orbital Coordinate System.

" Comet: 321P/SOHO
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t delay SW Speed dso c dso T Angle dso s dC s

Date SO Date Comet | jays) | (kmis) | (AU) | (AU) | (deg) | (AU) | (AU)
5023 OCT 28| 2023 OCT 26 1911 1.200 | 666 | 0.461 | 0.077 | 9.593 | 0.511 | 0.050
2023 OCT 29| 2023 OCT 26 19:40| 2.180 | 377 | 0.473 | 0.087 | 10.598| 0.524 | 0.051
2023 OCT 30| 2023 OCT 26 20:07| 3.161 | 267 | 0.486 | 0.097 | 11.536| 0.537 | 0.051
2023 OCT 31| 2023 OCT 26 20:33| 4.143 | 209 | 0498 | 0.107 | 12.413| 0.550 | 0.052

Crossing
5024 APR 17 _

e || 2023 OCT 26 14:59 3.664

@)

(b)

(©)

Figure 30: Encounter with 321P at 2023 OCT 29 in the Ecliptic Coordinate System.

@)

(b)

(©)

Figure 31: Encounter with 321P at 2023 OCT 29 in the Comet Orbital Coordinate System.
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~ Comet: P_2008 _Y12/SOHO

t dela SW Speed dso c dso T Angle dso S dc s

Date SO Date Comet (days))/ (kmfé) AU) | (AU) (degg) AU) | (AU)
2025 MAR 08 | 2025 MAR 06 14:40| 1.389 566 0.453 | 0.063 | 7.961 | 0.538 | 0.085
2025 MAR 09 | 2025 MAR 06 15:46| 2.343 325 0.438 | 0.065 | 8.471 | 0.526 | 0.087
2025 MAR 10 | 2025 MAR 06 16:56| 3.294 223 0.424 | 0.066 | 9.008 | 0.513 | 0.090

Crossing
2025 JUL 30

20:20 2025 MAR 05 22:18 8.300

@) (b) (©

Figure 32: Encounter with P_2008Y12 at 2025 MAR 09 in the Ecliptic Coordinate System.

(@) (b) (c)
Figure 33: Encounter with P_2008Y12 at 2025 MAR 09 in the Comet Orbital Coordinate System.
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" Comet: P_2002 _S7/SOHO

t delay SW Speed dso c dso T Angle dso s dc IS
Date SO Date Comet | v | (amis) | (AU) | (AU) | (deg) | (AU) | (AU)
2025 NOV 06 | 2025 NOV 04 1031 1.561 | 824 | 0.741 | 0.135 | 10.467| 0.796 | 0.055
2025 NOV 07 | 2025 NOV 04 10:47| 2.550 | 509 | 0.747 | 0.132 | 10.167| 0.802 | 0.055
2025 NOV 08 | 2025 NOV 04 11:02| 3540 | 370 | 0.754 | 0.129 | 9.869 | 0.808 | 0.055
2025 NOV 09 | 2025 NOV 04 11:17| 4529 | 291 | 0760 | 0.126 | 9.574 | 0.814 | 0.054
2025 NOV 10 | 2025 NOV 04 11:32| 5519 | 241 | 0766 | 0.124 | 9.281 | 0.820 | 0.054
2025 NOV 11 | 2025 NOV 04 11:47| 6.509 | 206 | 0.772 | 0.121 | 8.991 | 0.826 | 0.054
Crossing
2025 DEC 14
o ] 2025 NOV 04 1847 37.206

(a) (b) ()
Figure 34: Encounter with P_2002.S7 at 2025 NOV 08 in the Ecliptic Coordinate System.

@) (b) (c)
Figure 35: Encounter with P_2002S7 at 2025 NOV 08 in the Comet Orbital Coordinate System.
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