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1

”The first evidence for an invisible continuously flowing solar wind came from observa-
tions of comet tails. The roles are now reversed: pick-up ion composition measurements
in the solar wind are a way to detect invisible comets.” - Gloeckler (2000)



Abstract

On may 1, 1996, Ulysses spacecraft crossed the ion tail of comet Hyakutake, revealing
an ion tail length of more than 3 times the Sun-Earth distance. The signatures of
an ion tail, especially the ion tail far from the nucleus, are not well explored and many
question marks remain. This report summarizes previous observations of spacecraft - ion
tail crossings and what signatures that can be expected, as well as signatures of other
known solar wind structures. A data analysis is made of possible ion tail encounters
from Rosetta spacecraft measurements, Ulysses spacecraft measurements and Earth-
orbiting spacecraft measurements. A search from Venus Express data to detect ion tails
of sungrazing comets is presented.
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1 Introduction

Comets have always been found fascinating. They were at first seen as good or bad
omens of things that were about to happen. For example, a comet crossed the sky when
Augustus became first emperor of Rome [21]. His rule was then seen as blessed by the
gods. Theories concerning the nature of comets have succeeded each other through the
centuries. In the 1950s Whipple suggested that a comet can be seen as a dirty snowball,
composed mostly of ice and dust. However, it is really in the past 25 years that we
have increased our knowledge of comets dramatically, starting with the fly-bys of comet
Halley in 1986. Our modern view of the interaction between the comet and the solar
wind came from the suggestion from H. Alfvén, 1957, concerning the frozen in magnetic
field lines travelling with the solar wind, which have major impact on the forming of the
ion tail.

The ion tail was an indication of a continuously flowing solar wind due to its direction,
as it always points away from the Sun. It is not well explored, especially the ion tail
far from the nucleus. In 1996, the Ulysses spacecraft measured cometary oxygen at a
distance of 3.38 AU [27] from the nucleus of comet C/1996 B2 (Hyakutake) which was
identified as a possible source (compare to the distance from the Sun to Earth which is 1
AU). This means that the ion tail of a comet can be extremely long. Most observations
have been done close to the comet nucleus and what signatures to expect farther down
the tail is more diffuse.

More in situ measurements will be acquired by the ESA mission Rosetta when it arrives
at its destination, comet Churuymov-Gerasimenko, in 2014. Rosetta will then have been
travelling in space for 10 years. It will not take measurements far into the tail but there
are predictions of possible crossings of ion tails on the way.

There are groups of comets which are passing extremely close to the Sun. The ion tails
of these comets could possibly be seen in data from spacecrafts travelling for example
around Earth and Venus. The Venus Express (VEX) spacecraft is travelling in and out
of the bow shock at Venus. It is thus located in the solar wind much of its time where
an ion tail could be seen.

There have been a few ion tail crossings reported from spacecrafts in the past. In
this report, I summarize these previous observations, and then search for more ion tail
crossings in the data from some Earth-orbiting and interplanetary spacecraft: Rosetta,
Wind, ACE, Ulysses and Venus Express.

This report has the following structure. At first the basics of the comet are described;
history, coma, tails and orbits, followed by the physics of the interaction between the
solar wind and the comet. In order to distinguish ion tail signatures from signatures
of other structures, some of the most important structures known in the solar wind are
described. Previous observations and simulations are investigated, finding signatures
which are unique to the ion tail. These signatures were searched for in data from a
previous student project [52]. The same student project also predicted possible Rosetta
- ion tail crossings and Earth - ion tails crossings. These are evaluated here. An attempt
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to find ion tails from sungrazing comets is done by a search in data from the particle
instrument onboard Venus Express.

The main scientific question for this report is: Can comet ion tails stay coherent over
several AU from the nucleus, as possibly observed on Ulysses? To answer this, more
events are needed. Finding such is the task for this project.



2 COMETS 5

2 Comets

In this section I will give a brief description of comets, the comet observation history,
the components of a comet, comet orbits and groups of comets.

2.1 History

The information in this section is gathered from [1]. For prehistoric humans comets
must have been a mystery, taken as something supernatural and an omen. The early
humans were most probably familiar with the sky and its shifts and used it as a clock or
a calendar, but the sudden rise of a comet must have been confusing. Unfortunately we
cannot know for sure because there are no notes from this period. The earliest written
document is Babylonian which makes a reference to a comet in 1140 B.C.

Figure 1: A comet spreading fear and wonder.
Image source: Institut fur Planetenforschung, http://www.dlr.de/pf/
desktopdefault.aspx/tabid-1980/2819 read-4354/

A major debate about comets concerned whether the comet was a celestial object or a
phenomenon in the Earth’s atmosphere. Both Hippocrates (ca. 460-370 B.C) and Aris-
totle (384-322 B.C) were involved in these discussions. No progress was made until the
15th century when people began observing comets systematically. By the 16th century it
was well known that one of the comet tails always points away from the Sun. It was not
until late 16th century when Tycho Brahe (1546-1601), with his accurate measurements
proving that the comets he observed were supralunar, and Johannes Kepler (1571-1630),
with his insight and ideas of planetary motion, wrote and published their books that
people began evolving ideas towards our modern view of comets. There were however
still people who believed that these new ideas were wrong, one of them was Galileo
Galilei (1564-1642). He refused to recognize the observations by Tycho Brahe and said
that comets could be optical illusions produced by vapors from the Earth’s atmosphere.
But the ideas of Brahe and Kepler lived on, and soon the comet paths were suggested
to be parabolic.

Isaac Newton (1642-1727) published his Principia Mathematica where he formulated the
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laws of motion and gravitation. This brought a whole new dimension to the calculation
of comet orbits. He even suggested a method to determine the orbital parameters. His
ideas were of course not accepted by everyone at first, but he tried to calculate the orbit
of the comet of 1680. Edmond Halley applied his method and redid his calculations
numerically and received a much more accurate path of the comet in 1705. Halley
convinced many people when he predicted the return of the comet in 1758. It was
observed on Christmas 1758. Their methods of calculating orbits was now referred to as
celestial mechanics.

During the 19th century a basic understanding of comet orbits was achieved. More
comets were observed and their returns predicted. Connections were made between
meteor streams and comet orbits. F.W. Bessel (1784-1846) observed different structures
near the nucleus and the comet tails were classified as Type I, II or III, a classification
to some extent still used today, by F.A. Bredichin (1831-1904). The prediction of comet
returns was difficult because the comets seemed to be affected by a nongravitational
force. This would not be understood until the 1950s when Whipple suggested that loss
of material and the rotation of the nucleus contributed to the increasing and decreasing
orbits. What they did understand was that there had to be a repulsive force present,
and this was suggested in 1900 to be a concequence of solar radiation pressure. In
the late 19th century and the first half of the 20th century, cometary spectroscopy and
photography were developed. A result of this was that the type I tail, the long straight
tail, was found not to be a dust trail but composed of ionized molecules.

1951 Ludwig Biermann suggested that there is a continuous outflow of ionized matter
from the solar corona. This flow is nowadays called the solar wind. The interplanetary
magnetic field carried by the solar wind was described by Hannes Alfvén 1957. (The
solar wind effects on the comet will be described in section 3). The combination of
Whipple’s evaporation and outflow from a nucleus, Biermann’s continuous solar wind,
and Alfvén’s magnetic field interaction forms the basis for the comet ion tail physics we
still use today.

Comet Halley returned in 1986. The years around this apparition are called ’the Halley
era’ of comet investigation history, as scientists launched spacecrafts for the purpose of
in situ measurements at comet Halley. These missions brought much new knowledge
that has been used to develope the understanding we have today.

2.2 The coma

A comet nucleus mostly consists of ice and dust and can be seen as a dirty snowball, as
suggested by Whipple in the 1950s. As the comet moves closer to the Sun the surface is
heated by solar radiation and the volatile molecules on the surface are vaporized, mostly
water molecules. Since the comet has negligible gravitation, there is nothing holding
the particles down and the gas flows outward. The resulting gas expands into space,
dragging dust grains with it. This forms a cloud known as the coma centred around the
nucleus. The coma consists of dust, gas and plasma.
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Figure 2: Picture of a comet showing the coma and two tails.
Image source: www.windows2universe.org

2.3 The tails

The tails are formed by the action of solar radiation pressure and solar wind on the
coma. A comet can have several tails (Figure 2). The most common tails are classified
as Type I or Type II tail [1]. Type I is the ion tail which consists of ionized molecules
affected by magnetic fields (more about this in section 3). It is more or less straight,
directed radially outward from the Sun. The ion tail is often seen with a blue color.
Type II is the so called dust tail. This is often curved containing dust particles left
behind by the comet. This tail is mainly along the comets path but is affected by solar
radiation pressure. A less common tail is a sodium tail, which was observed at comet
Hale-Bopp [3].

When the water molecules are sublimated from the surface, oxygen and hydrogen atoms
are released. Neutral hydrogen forms an envelope around the comet with much bigger
radius than the other tails but this is only seen in UV light (Figure 3) [11].

The comet also leaves dust in the so called dust trail, which is located along the orbit.
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Figure 3: Picture of the hydrogen envelope surrounding a comet.
Image source: Cometary hydrogen cloud, COSMOS - The SAO Encyclope-
dia of Astronomy [11]

2.4 Comet orbits

The theory of celestial mechanics started with Newton. The comets travel in orbits and
most of them have elliptic orbits with well-defined periods. The orbits are affected by
other gravitational forces than the Sun, and some comets do not return to the solar
system again. All long-period comets are believed to originate from the Oort cloud [2],
which has never been observed but is thought to be situated outside the solar system at
a distance of about 100 000 AU from the Sun.

2.4.1 Coordinate systems

Here, I will describe the different coordinate systems used in this project.

We start with the coordinate systems originating from Earth; GSE and GSM. Earth
orbits the Sun in the ecliptic plane. The Earths rotation axis is tilted from the orbital
plane and hence the equatorial plane is separated from the ecliptic plane by an angle
ε = 23◦26‘ known as the obliquity of the ecliptic (see Figure 4a). The points where the
planes intersect are known as line of equinoxes.

The GSE (Geocentric Solar Ecliptic) system has the Z-axis pointing towards the ecliptic
north pole and the X-axis towards the Sun, with the Y-axis perpendicular to the other
two situated in the ecliptic plane and completing a right-handed system. The GSM
(Geocentric Solar Magnetospheric) system also has the X-axis towards the Sun, but the
Z-axis is directed towards the projection of the Earth’s magnetic axis on the YZ plane
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of the GSE coordinates. The Y-axis completes a right-handed system.

Another coordinate system used in this project is the VSO, Venus Solar Orbital, coor-
dinate system, which can be seen as the equivalent to GSE coordinates at Venus. The
orbital plane of Venus is tilted from the ecliptic plane by 3◦ [4]. The VSO coordinate sys-
tem is then centered at Venus with the X-axis towards the Sun, the Z-axis perpendicular
to the orbital plane pointing north and the Y-axis lies in the orbital plane completing a
right-handed system [13].

An often used Sun-comet coordinate system is the RTN (Radial Tangential Normal)
system originating from the comet. The R-axis points from the comet away from the
Sun, the T-axis is perpendicular to R and points perpendicular to the plane containing
both R and the rotation axis of the Sun, and the N-axis is perpendicular to the other
two pointing north in the plane containing R and the rotation axis of the Sun.

Another used coordinate system is the CSE (Cometocentric Solar Ecliptic) coordinate
system. The X-axis is towards the Sun, the Z-axis points north perpendicular to the
ecliptic plane and the Y-axis completing a right-handed system. This is mostly useful
when the comet is located in the ecliptic plane. In order for the coordinate system to
be centered at the comet, the coordinate system must have its Z-axis pointing north
perpendicular to the orbital plane (CSO, Cometocentric Solar Orbital). The difference
between RTN, CSE and CSO is thus the choice of Z axis: the solar rotation axis for
RTN, the ecliptic Z axis for CSE and the orbital Z axis for CSO.

2.4.2 Orbital elements

To describe the path of a comet, a set of parameters known as orbital elements are used.
These orbital elements describes the plane in which the comet is moving with reference
to the plane of the ecliptic. The orbital elements must refer to a coordinate system.

Fig 4b shows the plane of a comet (P1) and the plane of the ecliptic (P2). Six parameters
are necessary to describe the orbit of a comet and where the comet is located. These
parameters are also known as Keplerian:

• Eccentricity e: describes the shape of the ellipse

• Perihelion distance q: the smallest distance from the Sun to the comet, point P
(periapsis) to the Sun in figure 4b

• Inclination i: the angle of the tilt between the plane containing the comet orbit
and the plane of reference, which in this case is the elliptical plane

• Longitude of ascending node Ω: the angle between the vernal equinox, Υ, and
the ascending node, which is the place where the comet passes the ecliptic plane
upward

• Argument of periapsis ω: the angle between the ascending node and the semimajor
axis at periapsis



2 COMETS 10

Figure 4: a) The ecliptic and equatorial (celestial) planes with the
angle ε = 23◦26‘ separating them. The intersection between the
planes are known as the line of equinoxes. b) The plane of the
comet orbit (P1) intersecting the ecliptic plane (P2) with the or-
bital elements displayed; a = semi-major axis, P = periapsis, i =
inclination, Ω = longitude of the ascending node, ω = argument of
periapsis, Υ = vernal equinox. Image source: a) University of Oregon,
http://abyss.uoregon.edu/∼js/ast122/lectures/lec02.html
b) Wikipedia, orbital elements, http://en.wikipedia.org/wiki/Orbital elements
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• Mean anomaly M : describes the position of the comet. Can be converted into the
angle ν, true anomaly, which is the angle between periapsis and the position of the
comet. Can also be exchanged to the time of perihelion passage, T

2.5 Sungrazing comets

A sungrazing comet is a comet that passes close to the Sun at perihelion, many within
0.005 AU from the solar surface. The comets passing closest to the Sun of all sungrazers
are the comets belonging to the Kreutz group [49]. They were at first thought to be
independent comets, but when Heinrich Kreutz discovered in the 1880s that they had
similar orbital elements he came to the conclusion that they probably once came from
one large comet that broke up into fragments. Other families of sungrazing comets are
the Kracht, Marsden and Meyer groups, which are more sporadic and none of them can
equal the number of members of the Kreutz group.

The orbital elements for the Kreutz family are:

e = 1
q = 0.0062 ± 0.0015 AU
ω = 77.95◦± 9.84◦

Ω = 357.95◦± 11.90◦

i = 143.17◦± 2.52◦

The anomaly is not necessary when describing the orbit, it is only needed to describe
where in the orbit the comet is located.

When a sungrazing comet comes close to the Sun it evaporates. If it is small enough
it disappears completely. Most of the comets in the Kreutz group do not survive their
perihelion passage.
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3 Physics of the ion tail

In this section I will describe the interaction between the solar wind and a comet.

3.1 The solar wind

The solar wind was first suggested in the 1950s after observations of the comet tail
direction which always points away from the Sun. The solar wind is a plasma flow of
charged particles which originates from the solar corona. Plasma is an ionized state of
matter which is exhibiting collective behaviour [1]. It consists of ions and electrons. The
solar wind has two components [5][6], the fast (∼750 km/s) and the slow (∼400 km/s)
wind. The fast solar wind originates from coronal holes, regions of open magnetic field
lines often found at the poles of the Sun, while the hotter and denser slow solar wind
originates from equatorial regions between streamers, a network of closed magnetic field
lines which connect sunspots. They vary with the activity of the Sun (the solar cycle).
For example at solar minimum the slow solar wind is emitted mainly from regions around
the equator and the fast wind mainly from the poles, whilst during solar maximum the
coronal holes and streamers are more mixed up [7] and the regions emitting the slow
wind expands towards the poles [12]. The solar wind blows almost radially out from the
Sun.

The solar wind also carries a magnetic field, which is said to be frozen-in the solar wind,
the Interplanetary Magnetic Field (IMF). As the Sun rotates the magnetic field rotates
with it, forming a spiral. This is called the Parker spiral (Figure 5).

Figure 5: Magnetic field lines travelling with the solar wind at so-
lar wind speed 400 km/s (red) and 2000 km/s (yellow) with the
orbits of Earth (blue) and Mars (purple). Image source: NASA,
http://sdo.gsfc.nasa.gov/mission/spaceweather.php

The magnetic field direction turns more and more perpendicular to the Sun the farther
out it gets. It is however difficult to know which direction the magnetic field points at
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Figure 6: Different rotation speeds in the Sun causes the magnetic
field to rotate faster at the equator. Image source: Univeristy of Oregon,
http://jersey.uoregon.edu

without in situ measurements as this depends on the direction the magnetic field had
when it was sent out from the Sun by the solar wind as well as on dynamical processes
in the solar wind. The Parker spiral therefore is only a statistical result, not a detailed
prescription. The magnetic field of the Sun is complicated, since the equatorial region
spins faster than the polar regions, also causing the magnetic field to spin faster at the
equatorial region (Figure 6). This creates tension, which is released by sunspots and
flares. Every 11 years the Sun changes polarity.

Between two opposite directed magnetic fields a current sheet arises, according to Ampére’s
law. The current sheet between the north and south magnetic fields from the Sun is
carried by the solar wind plasma. This is also referred to as the heliospheric current
sheet [8].

3.2 Solar wind effects on the comet

As described in the previous chapter the surface of a comet is heated by solar radiation
and its components are vaporized and the gas flows outward. The solar wind is travelling
at supersonic speed and a weak bow shock emerges in front of the comet. Neutrals are
ionized by photoionization (solar UV radiation), participate in charge exchange and
collision with solar wind electrons and are later on accelerated to the solar wind speed
by the solar wind vxB electric field.

The IMF travelling with the solar wind has major effects on the comet. Ions are picked-up
and trapped by the magnetic field lines, mass loading the solar wind. The newborn ion
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Figure 7: The solar wind hitting a comet. Illustration of mass-
loading region, bow shock, pile-up region, cavity and plasma tail.
Image source: A.J. Coates and G.H. Jones, 2009 [33]

is, compared to the solar wind speed, basically at rest. This and the mass loading of the
wind makes the solar wind slow down as it transfers momentum to the newly ionized
ions by the vxB electric field. The decrease of the solar wind speed leads to a pile-up
of magnetic field lines, causing a magnetic barrier in front of the comet, which interior
is called the stagnation region (Figure 7). The neutrals are not affected by this barrier
in contrast to the ions who are reflected. Due to this, the ions are carried anti-sunward
forming an ion or plasma tail. The ions are accelerated to the solar wind speed in the
ion tail because of the draped field which transfers momentum from the solar wind [22].

The modern view of the magnetic pile-up of field lines started with H. Alfvén, 1908-1995,
in the 1950s. The principle of this is seen in figure 8. The pile-up of magnetic field lines
leads to the forming of two flux-lobes, much like the ones in the Earth’s magnetotail.
The direction of the magnetic field is opposite in the two lobes and because of this there
is a current sheet between them referred to as the neutral sheet.

In the presence of a magnetic field the ions gyrate around the field. This is also the
case for the pick-up ions. They are also affected by an E×B drift which I will explain
here [10]. Since the electric field in the solar wind frame of reference is zero (because
of high conductivity and large spatial and temporal scales [10]), the electric field in the
cometary frame of reference is

E = −usw ×B (1)

where usw is the solar wind velocity vector and B is the interplanetary magnetic field.
If we take the cross product E×B and use vector analysis we get
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Figure 8: a) Simple illustration of the draping of the magnetic field
lines around a comet. b) More accurate illustration of the drap-
ing around Venus in VSO coordinates. The draping at Venus is
similar to that around a comet. Image source: a) Tufts university,
http://ase.tufts.edu/cosmos/print images.asp?id=14
b) C.T. Russell, The Pioneer Venus Mission, http://www-ssc.igpp.ucla.
edu/ssc/tutorial/pvo mission.html
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Figure 9: Trajectory of pick-up ions affected by the ExB drift velocity.
Image source: A.J. Coates and G.H. Jones, 2009 [33]

E×B = B× (−usw ×B) = B(usw ·B)− uswB
2 (2)

At the same time the ion velocity is

m
dv

dt
= q(E + v ×B)⇒ v(t) = vgyro(t) +

(E×B)

B2
(3)

where the first term is the gyration velocity and the second term an E×B drift velocity.
If the IMF is perpendicular to the solar wind velocity then (2) simply becomes −uswB

2.
Inserted in (3) the second term reduces to the solar wind velocity and the ions travel
in the solar wind velocity direction. However if it is not perpendicular we will have an
additional term added from (2) to the solar wind velocity and the E×B drift is not in
the solar wind direction.

The peculiar ion distibution resulting from the pick-up process is unstable and creates
plasma waves, and the solar wind energy is then given to both newborn ions and waves
[33].
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4 Structures in the solar wind

To identify the ion tail of a comet from spacecraft data, one needs to know what other
structures exist in the solar wind. In this section, I will describe three other important
structures and their signatures.

4.1 SIRs/CIRs: Stream/Co-rotating Interaction Regions

As described in section 3.1, the fast and slow solar wind originates from coronal holes and
streamer belts respectively. The solar wind also carries the magnetic field. As the Sun
rotates the magnetic field that rotates with it starts to resemble a spiral. This means that
in some regions the fast stream catches up with (overtakes) the slow stream and outruns
the slow stream behind (Figure 10). These regions are called Stream Interaction Regions
or SIRs and are associated with compressions of the solar wind plasma. A CIR is simply
a SIR that lasts or recurs longer than about two solar rotation cycles, while a SIR is
transient [34]. In this text, we will refer to all structures of this class as SIRs, though
what will be said goes equally well for CIRs.

Figure 10: Stream interaction region in the solar equatorial plane show-
ing the compression and varying velocities of the solar wind (arrows).
Image source: L. Jian, et al., 2006 [37]

In a SIR there is a boundary called Stream Interface or SI. This is believed to be the
separation of solar wind that was originally fast and originally slow as it left the Sun.

When discussing SIRs the total perpendicular pressure Pt is often used. It is the sum
of the magnetic and plasma thermal pressure perpendicular to the magnetic field. This
pressure gradient balances the dynamic pressure and deflects the flow on each side.
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The SIRs can be separated into two cases; the super- and the subsonic interaction,
which means SIRs with or without shocks respectively. The number of SIRs with shocks
increases significantly as the solar wind moves outward. This is because of the changing
properties of the SIR, such as the speed of the compression waves. These waves slows
down when moving outward, eventually falling below the speed of which streams collide
with the SI. This is where shocks arise. These shocks are often forward-reverse shock
pairs, shocks on each side of the SIR.

Figure 11: Two examples of stream interactions, sub- (left) and super-
sonic (right). The supersonic interaction has forward-reverse shock pairs.
The parameters are from top to bottom: magnetic field strength B, proton
velocity Vp, proton number density Np, proton temperature Vth and total
perpendicular pressure Pt. The dotted line between regions A and D are the
SI. Image source: C.T. Russell and L. Jian, 2008 [41]

When looking at data from a possible SIR the following parameters should be increased
due to the compression (Figure 11): the magnetic field strength B, the solar wind speed
Vp, the proton number density Np, the proton temperature Tp(Vth) and the perpendicular
pressure Pt. The perpendicular pressure makes a peak and declines gradually at both
sides. At the peak of the perpendicular pressure is where the stream interface is defined
to be. The SI can also be distinguished by a drop in proton density, a rise in proton
temperaure and solar wind velocity. The number of SIRs is quite independent of the
solar cycle since they arise due to fast and slow solar wind, which are always present.
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Figure 12: A coronal mass ejection. Image source: NASA,
http://apod.nasa.gov/apod/ap000309.html

4.2 ICMEs: Interplanetary Coronal Mass Ejections

A Coronal Mass Ejection (CME) is an eruption from the solar corona, the outermost
layer of the Sun with tempetarure greater than 1 000 000◦C (Figure 12). The heated
plasma moves along magnetic field lines which are contained in the CME. CMEs and
solar flares arise to release magnetic tension in the Sun. The number of CMEs are
dependent on the solar cycle [9]. During solar minima the observations indicate about
one CME per week and during solar maxima about 2 or 3 per day.

An Interplanetary Coronal Mass Ejection (ICME) is a CME continuing out in interplan-
etary space. These magnetic structures travel with a speed greater than the solar wind
speed, hence producing a shock in front of the ICME. However, not all ICMEs have
shocks and they are not necessary for identification. The ICME contains a flux rope
which gets more or less disturbed as it moves outward (Figure 13a), and the signature
of the flux rope weakens.

As for SIRs the total perpendicular pressure Pt is convenient to use. In-situ ICME
observations have resulted in the separation of ICMEs into three groups (Figure 13b),
depending on the distance from the encounter to the centre of the ICME and the be-
haviour of the total perpendicular pressure Pt. Group 1 is close to the centre and will
show a flux rope that is well organized. Group 2 is farther away from the centre and the
magnetic structure is affected by the solar wind pressure. It will have a more uniform
pressure profile. Group 3 is farthest from the centre and here the most dominant struc-
ture will be the shock. What type of ICME one should expect to encounter during the
solar cycle differs as well as the number. At solar minima the ICMEs are more rope-like
and at solar maximum the ICME causes more disturbance farther from the centre and
this disturbance is hence more likely to encounter.

The Magnetic Cloud (MC) is a part of the ICME and is defined as a smooth rotation in
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Figure 13: a) Simplified view of an interplanetary coronal mass
ejection with the flux rope as a core, producing a shock in front
of the ICME. b) A cross-section through an ICME with the cen-
tral flux rope. The different groups correspond to where a space-
craft intersects the ICME. Image source: a) L. Jian, et al., 2006 [38]
b) C.T. Russell and L. Jian, 2008 [41]
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the magnetic field, higher magnetic field strength than average and that the temperature
is lower than average (which is the same as the magnetic obstacle in figures 14 - 16). The
signatures of an ICME are dependent on the group, i.e. the distance of the encounter
to the centre.

Group 1:

The G1 (group 1) ICME mostly have a well-organized MC with a smooth rotation in
the magnetic field (Figure 14). The Pt is increased in the magnetosheath and what is
specific to the G1 is a central maximum in the magnetic obstacle. In the sheath we can
also se a rapid increase in the velocity which is then slowly decreasing in the magnetic
obstacle.

Group 2:

The G2 (group 2) ICME may have a defined MC but not as obvious as for G1 (Figure
15). The Pt increases rapidly in the sheath as for G1 but now it has a plateau in the
magnetic obstacle before it decreases.

Group 3:

The G3 (group 3) does not show a MC structure, here the shock is the most important
signature (Figure 16). The pressure jumps at the shock and decreases slowly, sometimes
over days.

4.3 IFEs: Interplanetary field enhancements

The Interplanetary Field Enhancements are interactions between charged dust and
plasma carried with the solar wind. They produce cusp-shaped rises in the magnetic
field strength with a thin current sheet [43]. The magnetic field shows strong twists
near the maximum field strength. They have been associated with charged micron-sized
dust from comets left in the dust trail and picked-up by magnetized solar wind plasma.
There are a couple of examples for this: C.T. Russell, et al., (1984, 1987) [39][40] asso-
ciated IFEs to the asteroid 2201 Oljato from Pioneer Venus Orbiter data, G.H. Jones,
et al., (2003) [28] to the comet 122P/DeVico from Ulysses data and C.T. Russell, et
al., (2009) [42] to the comet C/2006 P1 McNaught from STEREO data. There are still
many questions related to the interplanetary field enhancements.

The IFEs seems to be pressure balanced, which means that a decrease in thermal pressure
is compensated by an increase in magnetic pressure. It also does not produce shocks,
as is to be expected for a structure that is travelling close to the solar wind speed.
An example of a possible IFE is the crossing by the STEREO spacecraft of the dust
trail of comet McNaught [42]. In December 2006 the two STEREO spacecrafts where
still close together after the launch. On the 14th an ICME hit the Earth and a shock
with succeeding magnetosheath was seen in the magnetic field data (Figure 17) from
about 14.00. The datum is shown in RTN coordinates and the magnetic field rotates as
expected for an ICME. But at about 05:00 on the 15th there is a current sheet, the R
and N components nearly reverses. The same current sheet is seen in data from ACE
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Figure 14: Group 1 ICME from Wind data. The parameters are from
top to bottom: magnetic field components in direction cosines of IMF in
GSM coordinates Bx/B,By/B,Bz/B, magnetic field strength B, solar wind
speed Vp, proton number density Np, proton temperature Tp, β and total
perpendicular pressure Pt. The magnetosheath is between the dotted lines
a and b and the magnetic obstacle is between the dotted lines b and c.
Image source: L. Jian, et al., 2006 [38]
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Figure 15: Group 2 ICME from ACE data. The parameters are the same
as for Figure 14. Image source: L. Jian, et al., 2006 [38]
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Figure 16: Group 3 ICME from ACE data. The parameters are the same
as for Figure 14. Image source: L. Jian, et al., 2006 [38]
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and Wind.

Figure 17: Magnetic field components in RTN coordinates and magnetic
field strength B from STEREO A data. The current sheet in the ICME is
seen in December 15 at 05:00 where the R and N vectors nearly reverses.
Image source: C.T. Russell, et al., 2009 [42]

The current sheet is in fact two, one thin and one thick. This is also present in IFEs. It is
possible that the ICME swept up dust from the dust trail of comet McNaught [42]. The
dust would have been accelerated by the v × B force perpendicular to the solar wind
direction. This would have made the field lines bend across the flow due to conservation
of momentum and a current sheet should arise.
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5 Previous observations

In this section I will give a review of the tail crossing observations obtained by various
spacecraft.

5.1 ICE (International Cometary Explorer) encounters

ICE was first called ISEE-3 and launched August 12, 1978 [16]. After completing its
primary mission as a solar wind monitor upstream of Earth, it was renamed and sent
to comet Giacobini-Zinner. It flew through the ion tail on September 11, 1985. ICE
intercepted the ion tail of comet Giacobini-Zinner 7 800 km downstream of the nucleus
which is not far into the tail, but the magnetic field measurements taken gives an idea
of what to expect in other tail crossings. A good picture is the one in the article by J.A.
Slavin, et al., (1986) [32] which is seen in Figure 18. It shows the path of ICE through
the tail and the magnetic field measured. The tail width is approximately 10 000 km.
There are two flux lobes of opposite polarity (Figure 19a) which the tail is squeezed
between, this is why the magnetic field in Figure 18a turns from one side to the other
almost in the centre of the tail.

Figure 18: ICE magnetic field observations through the tail in
CSE coordinates. a) view in Z-X plane and b) Z-Y plane.
Image source: J.A. Slavin, et al., 1986 [32]

In Figure 19b it is seen that the magnetic field strength is increased in the two lobes and
decreases in the plasma sheet. This is consistent with the draping of field lines. The
change in magnetic field direction is basically in the X-direction, also consistent with
draping.

The plasma measurements taken can be seen in Figure 20. A peak in the electron density
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Figure 19: a) ICE path through the tail with the two flux-lobes of different
polarity and current sheet between. b) Magnetic field vectors in CSE co-
ordinates and magnetic field strength. ISH=Ionosheath, PS=Plasma sheet.
Image source: J.A. Slavin, et al., 1986 [32]

is seen in the plasma tail as well as a drop in electron temperature (to retain pressure
balance) and electron speed.

5.2 Ulysses encounters

Ulysses was an ESA/NASA spacecraft launched on October 6, 1990, with primary mis-
sion to characterize the heliosphere as a function of solar latitude and travels in a near-
polar orbit [14]. Three possible ion tail crossings have been reported from Ulysses data:
with comet C/1996 B2 Hyakutake in 1996 [26], with comet C/1999 T1 McNaught-
Hartley in 1999 [30] and with comet C/2006 P1 McNaught in 2007 [31].

5.2.1 Ulysses - Hyakutake crossing

Ulysses recorded cometary oxygen and low solar wind proton number density on May
1, 1996. The crossing of the possible tail was not planned. The unusual signature in
the data was discovered long afterwards and Hyakutake was identified as a possible
source. G.H. Jones, et al., (2000, 2002) [26][27] states in his papers that there was also
an unusual magnetic field structure, but the magnetic field strength was not noticeably
larger than normal and there was no shock. The solar wind velocity decreased only
slightly suggesting that the cometary ions had been accelerated to almost solar wind
speed. This was the first encounter of a cometary tail in the fast solar wind.

The magnetic field vectors can be seen in Figure 21. No current sheet was seen suggesting



5 PREVIOUS OBSERVATIONS 28

Figure 20: ICE plasma measurements from Giacobini-Zinner. Parameters
are from top to bottom: electron density ne, electron temperature Te and
electron velocity ve. SW = Solar Wind, TR = Transition Region, S = Sheath,
BL = Boundary Layer, IC = cold Intermediate Coma, PT = Plasma Tail.
Image source: S.J. Bame, et al., 1986 [23]



5 PREVIOUS OBSERVATIONS 29

that the encounter did not take place through the centre of the tail. The closest approach
to the current sheet was probably around 09:00 UT, around which time we see some
symmetry in the recorded data. The tail was measured to be 7.8 million km where
Ulysses flew through but the tail was probably not circular, as will be described in R.
Wegmann’s simulations below, so the tail could have been much broader.

Figure 21: The magnetic field vectors obtained during the encounter plot-
ted along the Ulysses trajectory. a) view from the side of Hyakutake’s ion
tail. b) view along the tail axis. The dotted line is interpreted as the current
sheet. Image source: G.H. Jones, 2002 [27]

The tail of Hyakutake was not oriented as expected. A 36◦ angle from the anti-sunward
direction was expected but the angle inferred from observations was 63◦ − 70◦ (Figure
22). Hyakutake had a high gas production rate, because of its close passage to the Sun,
and during its near-Earth passage it dropped decameter sized fragments [24]. These
fragments could have, if assumed long-lived, wandered away. This asymmetrical ion
source could have influenced the ion tail orientation by shifting the net centre of the
comet and its neutral gas emission [27]. Another example of an asymmetrical ion source
have been seen in data recorded from the spacecraft Deep Space 1 from the comet
19P/Borrelly [25].

G.H. Jones also suggests that the measured magnetic field signatures could be detected
so far away from the nucleus, in contradiction to the simulations done by R. Wegmann
(2002) [22], because of Hyakutakes large orbital velocity. The tail would then not be in
the anti-sunward direction and the solar wind would flow past it with larger velocity.
This could lead to a wrapping of the field lines of the faster solar wind around the tail,
hence reducing the rate at which the tail decays [27].
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Figure 22: Orbits of Hyakutake and Ulysses. Black line: the tail
orientation expected, and white line: the observed tail orientation.
Image source: G.H. Jones, et al., 2002 [27]
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Figure 23: Ion composition measured by Ulysses at the encounter. The
solar wind ions (H+, He++, O6+) make a drop at the same time as the
proton thermal speed Vth and cometary ions (C+, O+) have their peak
density. Image source: G. Gloeckler, et al., (2000) [29]

G. Gloeckler, et al., (2000) [29] looks at the ion composition rather than magnetic field
measurements. At the time of the crossing of the ion tail of Hyakutake there are, in data
from SWICS (Solar Wind Ion Composition Spectrometer) onboard Ulysses, increased
densities of heavy ions seen. The ion composition was compared to the composition
found at comet Halley by the spacecraft Giotto. The result from this was that the
composition was very similar to that at Halley, much closer than the composition in the
solar wind.

The ions are dissociated in the tail by EUV. This causes the ions to become atomic ions,
which means that for example O+ should be more likely to observe farther down the
tail than water group molecules. Figure 23 shows that at the time of the tail crossing
cometary C+, O+ have a peak density at the same time that the solar wind ion densities
drop.

5.2.2 Ulysses - McNaught-Hartley crossing

On October 19, 2000, SWICS again detected cometary pick-up ions (G. Gloeckler, et
al., 2004) [30]. Observers concluded that the most likely source was comet C/1999 T1
McNaught-Hartley. The main thing that was unusual was the large angular separation
between Ulysses and McNaught-Hartley (Figure 24), 12.4◦. This means that the ions
must have travelled in a non-radial direction. One possibility discussed was that the
ions were swept up by an ICME. The ICME would have made it possible for the ions to
spread non-radially in a magnetic flux tube while travelling with it.
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Figure 24: Positions of Ulysses, McNaught-Hartley and the ICME.
Image source: G. Gloeckler, et al., 2004 [30]
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5.2.3 Ulysses - McNaught crossing

The paper by M. Neugebauer, et al., (2007) [31] concerns the possiible crossing of the
ion tail of comet C/2006 P1 McNaught by Ulysses. In early February 2007 Ulysses and
McNaught were nearly radially aligned outward from the Sun with a distance 1.7 AU
apart. The encounter took place in the fast solar wind at velocities of 780 km/s. On
February 5 the ion tail signatures started to show up with a decrease in velocity. The
velocity was steadily reduced to 360 km/s on February 7, and there was also a proton
number density drop reaching a minimum on February 7 (Figure 25). No shock was
seen.

In Figure 25e we see that the magnetic field direction turned from pointing radially
outward to almost radially inward on February 5. This can be interpreted as draping of
the field lines (compare to Figure 8a). All parameters return to their original values on
February 9. If Ulysses would have passed the centre then the magnetic field would have
been reversed to the opposite direction which is not seen here.

On February 4 we can in Figure 25 see that the ion tail crossing starts with a velocity
decrease whereafter the density, temperature and the magnetic field strength also in-
crease. This is the first sign of the ion tail with the mass loading of the solar wind. The
local increases on February 5 around 14:00 and on February 8 around 13:00 is probably
due to changes in the gas production rate.

The encounter also revealed a tail width of at least 1.2 · 107 km probably more as the
centre was not crossed. The tail width of a comet should depend on the gas production
rate and the R−2 expansion with the solar wind. When looking at the data a much
faster return to the original values than the time of the initial change is seen. This is
thought to be due to compression on one side of the tail. The compression could have
occured due to its transverse motion around the Sun.

5.3 Simulations

So far, the only simulations done on the ion tail at distances far from the nucleus is by
R. Wegmann (2002) [22]. The simulations, extending 30 million km (0.2 AU) into the
tail, include different parameters representing different circumstances for comets such
as different solar wind speed and comet sizes. One model, here called model 1, has
parameters as for comet Hyakutake with small distance to the Sun, high production
rate and fast solar wind. Another model, model 2, represents a small comet, farther
from the Sun and in slow solar wind.

First of all, the simulation confirms that the ion tail is squeezed between two flux lobes
of draped magnetic field lines. The flux lobes are of opposite polarity with a current
sheet in the middle (picture in section 5.1). The draping exists until the ions have been
accelerated to the surrounding solar wind speed.

Figure 26 shows the magnetic field lines (left) and streamlines (right) for model 1 (a)
and 2 (b). They both display the draping pattern even if we see more for model 2. The
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Figure 25: The data from the Ulysses encounter with the ion tail
of McNaught. The parameters are from top to bottom: Proton veloc-
ity, proton density, proton temperature, magnetic field strength, mag-
netic field vectors in RTN coordinates and the angle between the
magnetic field direction and the outward radius vector from the Sun.
Image source: M. Neugebauer, et al., 2007 [31]
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draping has almost returned to the original state at the end of the computed tail at 30
million km for model 1, model 2 still show draping pattern even if it has decreased.

Figure 26: a) The magnetic field lines and magnetic field strength [nT]
(left) and velocity [km/s] and streamlines (right). The scale is 105 km and the
figure shows a plane at a distance 15 000 km from the IMF plane for model
1. b) same as a) but for model 2. Image source: R. Wegmann, 2002 [22]

Figure 27 shows the CO+ column densities in planes perpendicular (left) and parallell
(right) to the IMF for model 1 (a) and 2 (b). The tail becomes flattened in the plane
perpendicular to IMF and elongated parallell to the IMF. This is because of the flux
lobes that push the ions inward to the current sheet. When the draping vanishes the
field lines straighten out and the ions follow because it is easier for them to move along
the field lines. We can also see a difference in the tail width of the models. Model 1,
which is relevant for the fast solar wind, has a higher production rate. The neutrals are
more effectively ejected and higher rates of densities are ionized than for model 2 which
has a broader tail. The neutrals can travel farther before they become ionized.

Figure 28 shows the O+ density at different distances downstream of the nucleus for
model 1 (a) and 2 (b). Here we see the flattening of the tail and that the ions do stretch
out in the plane parallell to the IMF. This is more apparent for model 1 due to greater
ion density and stronger magnetic field.

Wegmann states it unlikely that the magnetic field signatures measured by Ulysses came
from Hyakutake. In any case, they should not be more tail-like than what the simulation
suggest they are 0.2 AU down the tail. However, the simultaneously observed ions [29]
were concluded to possibly be from the comet. In contrast to the magnetic signature,
the ions survive virtually for ever. The simulations do however not describe the circum-
stances for comets completely, since simplifications has been made. For example, the
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Figure 27: a) The CO+ column densities perpendicular to (left) and par-
allell to (right) the IMF for model 1. The scale is 105 km. b) same as a) but
for model 2. Image source: R. Wegmann, 2002 [22]
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Figure 28: a) The O+ number density in cross-sections at different dis-
tances x into the tail for model 1. b) same as a) but for model 2.
Image source: R. Wegmann, 2002 [22]

motion of the comet is neglected, which of course is important. There are ideas of how
the field signatures could have survived to Ulysses, these have been described in the
sections above.

5.4 Summary: ion tail signatures

The conclusion from the studies presented in this chapter is that the ion tail signatures
should be:

• Velocity: The ions created are accelerated in the tail to the solar wind speed. If
the velocity measured is near the speed of the surrounding solar wind then the
draping should have ceased. Otherwise the velocity should be lower than in the
surrounding solar wind, indicating mass loading of the wind.

• Density: The solar wind proton number density as well as the alpha particle den-
sity should show a drop, called a density hole. This is due to charge exchange
processes in the coma. There could be a small local increase indicating the begin-
ning of the ion tail because of the mass loading of the wind. The ion and electron
densities should show a peak in the plasma tail because of the lobes, which push
the plasma inward.
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• Temperature: The proton temperature should show a rise which in relative terms
is comparable to the proton number density drop, to retain pressure balance. In
the plasma tail the temperature should show comparable drop at the density peak.

• Magnetic field magnitude: The magnetic field strength should be increased
compared to surrounding field strength, unless the tail is near its terminal state.
Then the draping of magnetic field lines have ceased, returning to their original
values. The field strength should also be higher in the lobes than in the current
sheet region in the centre of the plasma tail due to the draping.

• Magnetic field direction: The magnetic field direction depend on where the
encounter is made and the direction of the IMF. A good example is figure 18. If
the current sheet is passed the components should turn to the opposite direction.
Most crossings have not taken place through the centre of the tail but rather a
piece have been intersected. To be taken into account is also the flattening of the
tail (R. Wegmann, 2002 [22]). The field vectors can be hard to predict because of
the differences in the IMF due to the complex nature of the magnetic field in the
Sun.

• Tail direction: Ion tails can be encountered at large radial alignments from the
spacecraft. It is believed that ICMEs can significantly change the direction when
it passes an ion tail and sweeping up cometary ions. The direction of the tail is
also affected by the motion of the comet and probably do asymmetrical ion sources
have strong influences. The length of the tail is probably affected by many things.
For example the distance to the Sun. The closer to the Sun the higher production
rate and more cometary matter are ionized and swept into the tail. It is also
believed that a large orbital velocity could make the field lines of the solar wind
wrap around the tail, likely protecting and prolonging it.

• Ion composition: Cometary matter is ionized by solar UV and solar wind interac-
tion such as charge exchange. The farther down the tail, more ions are dissociated
to atomic ions. Comets consist mainly of ice. This produces oxygen ions when
vaporized and ionised which, with their 16 times the mass of hydrogen, makes
them the easiest ions to look for. There are tables comparing for example the
composition at comet Hyakutake to the composition at comet Halley [29] and one
should now be able to compare future ion composition data to these values.
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6 Data analysis

In this section I will analyse data from possible encounters with ion tails by different
spacecrafts. I will also present a search in Venus Express data for signatures of ion tails
from sungrazing comets.

6.1 Analysis of data from predictions of ion tail crossings

In the student project by Sofie Spjuth at Uppsala University in 2005 [52], a couple of
predictions were made for spacecraft crossings of ion tails based on trajectories of known
comets and spacecraft and an assumption of radial propagation of the cometary ion tail.
I here look at data at the time for these crossings to see if an ion tail can be detected.

6.1.1 Data from possible Rosetta encounters

Rosetta is an ESA spacecraft on its way towards comet 67P/Churyumov-Gerasimenko
where it will arrive in 2014 [18]. On its way it could encounter ion tails. The predictions
made for Rosetta spacecraft were June 18, 2005, July 6, 2006 and July 7, 2008. Of these
three encounters there are data from the Rosetta magnetometer (MAG) and Langmuir
probe (LAP) available for one, the possible encounter with the tail of comet 45P/Honda-
Mrkos-Pajdusakova on July 6, 2006. Available data is density (fig 29) and magnetic field
(fig 30) data.

Figure 29: Density [cm−3] from July 4 to July 6 from Rosetta spacecraft.

The magnetic field data was obtained from the MAG PI team at Technische Universität
Braunschweig in forms of lists with values of magnetic field, position and time. The
coordinate system is spacecraft centered. To obtaine RTN coordinates (see page 9) the
original values were transformed by (see Matlab code in Appendix A1):

R̂ =
XX̂ + Y Ŷ√
X2 + Y 2

→ BR = ~B · R̂ =
XBX + Y BY√

X2 + Y 2
(4)

T̂ =
XŶ − Y X̂√
X2 + Y 2

→ BT = ~B · T̂ =
XBY − Y BX√

X2 + Y 2
(5)
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BN ≈ BZ and does not need to be transformed.

This generated the magnetic field in 2D and 3D (fig 30). What is seen is a smooth
rotation of the magnetic field in the T-N plane which is basically the definition of the
magnetic cloud in an ICME (see page 19). What is seen in the density data is a drop on
July 4 at 17.00 to July 5 at 08.00. The increase in density in the region after this drop
is also consistent with an ICME.

We simply need more data. The smooth rotation is more consistent to an ICME. The
density show a small drop not consistent with an ICME but is increased afterwards. The
parameters that needs to be investigated are at least the velocity and if possible, ion
composition.

6.1.2 Data from possible Earth encounters

The ion tail of a comet passing within the orbit of Earth could come close to Earth or
even hit its magnetosphere. There are several spacecrafts in orbit around Earth, such
as ACE (Advanced Composition Explorer) [19], lying in the first Lagrange point which
is a Earth-Sun gravitational equilibrium point, and Wind (Comprehensive Solar Wind
Laboratory for Long-Term Solar Wind Measurements) [20], which has a complicated
orbit around Earth. The data is found at the website CDAWeb (NASA) [46]. The
predictions made includes the following dates: July 9, 2005, October 19, 2005 and
August 25, 2009 [52].

July 9, 2005, is the approximate time for the possible encounter of the ion tail of comet
P/Catalina (2005 JQ5). I first look at a timespan of 4 days from July 7 to July 11.
From the plots generated at CDAWeb one can clearly see that something is happening
in the magnetic field data on the 10th of July in both ACE and Wind data. But there
is a solar wind velocity increase from 350 to 450 km/s which it should not be in the case
of an ion tail, pointing to some solar wind disturbance as a more likely source, or at
least a coincident phenomenon (Figures 31 and 32). What is seen in the plot is a shock
around 03:00 and an abrupt change at 11:00 where it is a proton density drop and the
X and Z components of the magnetic field reverses their senses. Other signatures are
that the magnetic field strength is higher than average and the temperature is increased.
The region between 03:00 and 11:00 is similar to a magnetosheath region. We therefore
interpret this as an ICME, group 1 or 2 (see section 4.2), or perhaps a SIR (see section
4.1). The signatures are consistent to an ICME because of the increase in solar wind
speed, proton density, pressure and magnetic field strength in the possible magnetosheath
region extending to 07:00 or 11:00. After the magnetosheath region a rotation is seen
when the X and Z components change direction. The main difference to a typical CME
is the drastical change at 11:00 in the magnetic field direction, but there is nothing
particular suggesting that it is related to a comet ion tail.

October 19, 2005, is the approximate time for the possible encounter of the ion tail of
comet 72P/Denning-Fujikawa. Again, I look at a timespan of 4 days, during which time
a few events can be found. The signatures that can be distinguished from the data are
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Figure 30: a) Magnetic field magnitude (black), R-vector of the magnetic
field (blue), T-vector (red), N-vector (green) in RTN coordinates. The first
minutes of the data is unreliable. b) 3D image of the magnetic field vectors
along the path of Rosetta during the rotation of the field, July 4-7.
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Figure 31: Data from ACE spacecraft on July 10, 2005. Parameters are
from top to bottom: magnetic field magnitude, magnetic field components
X,Y,Z in GSE coordinates, proton density, solar wind proton speed, proton
temperature. Image source: CDAWeb [46]
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Figure 32: Data from Wind spacecraft on July 10, 2005. Parameters are
from top to bottom: magnetic field magnitude, magnetic field components
X,Y,Z in GSE coordinates, solar wind speed, proton density, temperature,
pressure. Image source: CDAWeb [46]
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a reverse in the Y component in the magnetic field. It is symmetrical around 18:00 on
October 18 in ACE data and at the same time there is a small proton density drop
and small proton temperature increase (Figures 33 and 34). The plot from ACE has a
12 hour interval from 12:00 to 00:00 while the plot from Wind has a 24 hour interval.
The symmetric structure arrived approximately 1 hour later to Wind. In the middle of
the structure there is a small magnetic field strength drop consistent with crossing the
neutral sheet between the lobes of a cometary tail. In the Wind data the structure is
seen from 17:00 to 23:00. One suggestion is that the fluctuations are simply due to the
changing IMF caused by the complex magnetic field of the Sun. The other suggestion
is that this could be an ion tail extending from about 15:30 to 22:00 in ACE data. If it
would have been an ICME or SIR then the velocity would probably have increased.

August 25, 2009, is the approximate time for the possible encounter of the ion tail of
comet P/LINEAR (2004 X1). The plot from ACE (Figure 35) shows an interval from
August 23 to 27. What is seen is a drop in the solar wind speed reaching a minimum on
August 25 at 18:00 and variations in the magnetic field with the field strength reaching
a maximum around 00:00 on August 26. This is why the plot from Wind is set to
an interval from 00:00 on August 25 to 12:00 on August 26 (Figure 36). The abrupt
change in magnetic field around 00:00 on August 26 could indicate a tail. The problem
is that the signatures one would expect and do see in the data are not simultaneous. For
example, around 00:00 where the tail could be, the velocity has risen again and there is
a proton density increase. These signatures could as well indicate an ICME beginning
around 00:00. But a field vector reversal at 21:00 in Wind data is more suitable to an ion
tail and the magnetic field strength makes a small drop consistent to weaker magnetic
field between the lobes.

In all of these possible encounters more data is needed, for example ion density data.
Increase in density of oxygen ions would suggest an ion tail encounter. Such data are at
least not openly available, from neither Wind nor ACE.
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Figure 33: Data from ACE spacecraft on October 18, 2005. Parameters are
from top to bottom: magnetic field magnitude, magnetic field components
X,Y,Z in GSE coordinates, solar wind speed, proton density, temperature,
pressure. Image source: CDAWeb [46]
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Figure 34: Data from Wind spacecraft on October 18, 2005. Parameters
are from top to bottom: magnetic field magnitude, magnetic field compo-
nents X,Y,Z in GSE coordinates, solar wind speed, proton density, temper-
ature, pressure. Image source: CDAWeb [46]
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Figure 35: Data from ACE spacecraft from August 23 to 27, 2009. Pa-
rameters are from top to bottom: magnetic field magnitude, magnetic field
components X,Y,Z in GSE coordinates, solar wind speed, proton density,
temperature, pressure. Image source: CDAWeb [46]
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Figure 36: Data from Wind spacecraft on August 25, 2009. Parameters are
from top to bottom: magnetic field magnitude, magnetic field components
X,Y,Z in GSE coordinates, solar wind speed, proton density, temperature,
pressure. Image source: CDAWeb [46]
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6.1.3 Data from possible Ulysses encounters

Ulysses is the spacecraft which unexpectedly crossed several ion tails. Sofie Spjuth [52]
also searched for possible ion tail encounters in Ulysses data. I will look at these plots to
see if I can make a contribution. The first plot, Figure 37, shows the possible encounter
with the ion tail of comet Hyakutake between 08-10 am. This is a good example where we
can see increased density of heavy ions and a proton number density and alpha particle
drop, as well as temperature increase. The magnetic field magnitude is lower where the
neutral sheet is inferred to be. All signatures are simultaneous.

The second plot, Figure 38, is a possible ion tail encounter found when searching the
data from Ulysses randomly [52]. Signatures between 04-06 pm. There is in my opinion
nothing remarkable happening. The velocity is increased and I do not see any ion tail
signatures at all.

The third plot, Figure 39, shows the possible encounter with the ion tail of comet
C/LINEAR (2002Q2) between 08-10 pm. There is no heavy ion density data available.
There is a shock at 04 pm and after that the proton density and magnetic field strength
are increased. The velocity makes a small drop after the shock but not at the same time
as the possible signatures in the magnetic field components. I interpret this as an ICME,
group 2 or 3, or a SIR.

The fourth plot, Figure 40, shows the possible encounter with the ion tail of comet 37P/-
Forbes around 11 am. There are no high energy heavy ions but if they were travelling at
a lower velocity, the energy should be lower but there is no dramatic change in velocity
data. Increased density we can see at 15.00 and 18.00. The proton and alpha particle
density and the temperature changes in a similar way. There is no compensation to
retain pressure balance. When looking at magnetic field data one suggestion is that this
is an ICME with signatures from about 14.00 and forward.

The fifth plot, Figure 41, shows the possible encounter with the ion tail of comet
105P/SingerBrewster between 12.30-13.30. At around 12.30 there is a small increase
of heavy ions with a slightly higher energy. At the same time there is a decrease in
velocity and increase in temperature but the proton density show no change. The sig-
natures in the magnetic field is rather between 12.30-16.00. This would mean that the
reversal in the neutral sheet occurs at about 13.30 where we can also see a small increase
in proton density (consistent to the plasma tail) and decrease in magnetic field strength
(consistent to lower magnetic field between the lobes. But the lack of increased density
of high energy heavy ions speaks against an ion tail. On the other hand there is a re-
versal in the R component of the magnetic field. This encounter can possibly be an ion
tail crossing.

There was also one plot [52] that shows signatures from the possible encounter with
the ion tail of comet 45P/Honda-Mrkos-Pajdusakova in data from Cassini spacecraft on
April 22-23, 2001 (Figure 42). This I interpret as an error, a jump, in the data.
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Figure 37: Data from Ulysses spacecraft on May 1, 1996. Parameters are
from top to bottom: magnetic field components in RTN coordinates, mag-
netic field magnitude, proton density, alpha particle density, temperature
(large), temperature (small), velocity in RTN coordinates (R is of interest)
and heavy ions with m/q larger than 10, measured in double coincidence.
Image source: CDAWeb [46]
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Figure 38: Data from Ulysses spacecraft on March 20, 1993. Parameters
are from top to bottom: magnetic field components in RTN coordinates,
magnetic field magnitude, proton density, alpha particle density, temper-
ature (large), temperature (small), velocity in RTN coordinates (R is of
interest) and heavy ions with m/q larger than 10, measured in double coin-
cidence. Image source: CDAWeb [46]
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Figure 39: Data from Ulysses spacecraft on May 9, 2002. Parameters
are from top to bottom: magnetic field components in RTN coordinates,
magnetic field magnitude, proton density, alpha particle density, tempera-
ture (large), temperature (small) and velocity in RTN coordinates (R is of
interest). Image source: CDAWeb [46]
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Figure 40: Data from Ulysses spacecraft on March 16, 1992. Parameters
are from top to bottom: magnetic field components in RTN coordinates,
magnetic field magnitude, proton density, alpha particle density, temper-
ature (large), temperature (small), velocity in RTN coordinates (R is of
interest) and heavy ions with m/q larger than 10, measured in double coin-
cidence. Image source: CDAWeb [46]
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Figure 41: Data from Ulysses spacecraft on August 14, 1998. Parameters
are from top to bottom: magnetic field components in RTN coordinates,
magnetic field magnitude, proton density, alpha particle density, temper-
ature (large), temperature (small), velocity in RTN coordinates (R is of
interest) and heavy ions with m/q larger than 10, measured in double coin-
cidence. Image source: CDAWeb [46]
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Figure 42: Data from Cassini spacecraft on April 22 to 23, 2001. Parameter
is arctan(Bz/By). Image source: Student project by Sofie Spjuth, 2005 [52]
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6.2 Analysis of data from sungrazing comets

The Kreutz family of sungrazing comets is described in section 2.5. The longitude of
the ascending node (the point where they cut the ecliptic plane in the direction towards
the north ecliptic pole) for the Kreutz family is 357.95◦ ± 11.90◦. The ion tail of these
comets should potentially be visible in the data from several spacecrafts. One of these
is the Venus Express spacecraft (VEX) which is orbiting Venus. The orbit takes it in
and out of the bow shock of Venus. I performed a search in data from this spacecraft in
order to find an ion tail.

6.2.1 Venus Express (VEX)

Venus Express was launched on November 9, 2005, and arrived at Venus in April 2006
[17]. The mission objectives are to study the atmosphere of Venus and its interactions
with the surface and the solar wind. The instruments of interest for this project onboard
the spacecraft are ASPERA (Analyser of Space Plasma and Energetic Atoms) [50] and
MAG (Venus Express Magnetometer) [51]. The ASPERA instrument includes the spec-
trometers IMA for ions and ELS for electrons, resolving the particle fluxes in direction
and energy. In addition, IMA also separates ion with different masses. I will look for
oxygen ions, whose mass is 16 times the mass of hydrogen. Oxygen atoms occur in
the solar wind at all times, but in rather small and quite constant amount. What we
will look for are short period of highly increased fluxes. As comets, with their huge
outgassing of water vapour, are obvious sources of oxygen ions, such an enhancement is
a good signature of a comet tail [29].

6.2.2 Preparations before data analysis

Venus orbital period is almost exactly 224.7 days, which means that Venus travels 1.6◦ a
day and hence ±11.90◦, which is the difference in degrees where comets from the Kreutz
group cut the ecliptic plane, corresponds to ±7.43 days.

We must find at what times Venus are situated around longitude 357.95◦, where VEX
will be radially outside the average point where the Kreutz comets cross the Venus
orbital plane (or at least the ecliptic plane, but the Venus orbital inclination of 3 degrees
is considered small for our purposes) and can detect the ion tails. To do so, we used
NASAs ”Horizons” system [47]. This web site generates the ephemeris for a given solar
system body, in our case, Venus. This generated the following dates:

• 2007: Jan 26, Sep 8

• 2008: Apr 19, Nov 30

• 2009: Jul 13

• 2010: Feb 22, Oct 5
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The Kreutz comets passes the Sun at a distance of 0.0062 ± 0.0015AU at perihelion.
The distance is a little larger at the longitude of the ascending node but I will use this
distance as a rough estimate of the time it takes for the ion tail to travel to the orbit of
Venus. Taken into account is the possible difference in solar wind speed. Venus orbit is
almost circular and lies at a distance of 0.723 AU ( 108.2 ·106 km) from the Sun. The
time for the solar wind, and hence the ion tail, to reach Venus is approximately 2 days
at fast solar wind, and 3-4 days at slow solar wind. This means that the time span is
not ±7.43 days, but instead -5 days to +11 days. The time ranges to search are thus:

• 2007:
Jan 21 - Feb 6
Sep 3 - 19

• 2008:
Apr 14 - 30
Nov 25 - Dec 11

• 2009:
Jul 8 - 24

• 2010:
Feb 17 - Mar 5
Sep 31 - Oct 16

Now we have to estimate if it is possible for us to see these ions in the data from VEX.
Can we expect fluxes strong enough to be seen by ASPERA? There are not any exact
values of production rate for the Kreutz group so this has to be estimated. Another comet
that had a small perihelion distance is Hyakutake. At 0.35 AU the water production
rate was estimated to 2 · 1030 molecules/s. With a nucleus diameter of 4.2 km [15] this
leads to a production rate per unit surface area of 3.6 ·1018 molecules/(s cm2) (assuming
spheres). In the paper by M. Knight (2010) [49] he scales the water production rate for
the Kreutz group from 1018 molecules/(s cm2) at 1 AU, for a comet which is 50 m in
radius and includes a model for how the radius is decreased with decreasing distance to
the Sun. The production rate per unit surface area will increase closer to the Sun so the
production rate of Hyakutake seems to be an appropriate value to use for the Kreutz
comets as a smallest value.

The nucleus sizes for the Kreutz group have been estimated to approximately 1-100 m in
radius [49]. The production rate of Hyakutake applied to a comet which is approximately
25 m in radius leads to a production rate of 2.74 · 1026 /s. If we now were to assume
proportionality between the nucleus size and the tail width near the nucleus, the Kreutz
comet of 25 m radius would have a tail width of 8 · 103 km compared to the tail width
near the nucleus of Hyakutake of 6.7 · 105 km [26]. According to the simulations of R.
Wegmann (2002) [22] the molecules are ionized at a lower rate at a smaller comet in
slow solar wind. This would mean that they can travel farther from the nucleus before
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ionized, hence producing a larger coma and tails compared to a larger comet in fast solar
wind. The production rate is larger in the simulations (2 · 1029 /s) than the small comet
of 25 m radius, but the production rate will increase the closer to the Sun it gets. The
ionization rate will be neglected.

If we now assume that the tail of the Kreutz comet will increase at an angle compared to
the expansion of the tail of Hyakutake, the tail width at Venus would be approximately
1.2 · 106 km. We could of course assume that the tail does not expand at all on the
0.7 AU the tail travels, but we want to estimate the smallest value possible at Venus
to know if VEX can see it. The area which the tail is spread out over at Venus would
then be 1.15 · 1022 cm2. The expected oxygen ion flux at Venus orbit thus becomes:
2.74 · 1026/1.15 · 1022 = 2.4 · 104 /(s cm2).

An estimate of the sensitivity of the ASPERA IMA sensor when looking at data from
VEX leads to the conclusion that one should be able to see 103 /(s cm2) (Hans Nilsson,
personal communication). So we have some margin.

6.2.3 Data from Venus Express

As it turns out, there is only data avaliable from Venus Express for 5 to 7 hours per
day, approximately 2 or more of these are in the vicinity of Venus and the bowshock.
The oxygen ions seen could be ions reflected from the bowshock. This means that we
have to look for ions that are travelling in the same direction as the solar wind. We
also expect ions that have been accelerated to the solar wind speed. Figure 43 and 44
shows what the plots looks like. The red dots at energy 10 keV at 04:16 - 04:28 in
figure 43 in the plot for all ions (the second panel from top) are oxygen in the vicinity
of the bowshock, as is seen in the behaviour of the electrons. The black dots are in the
solar wind direction (high counts/s of solar wind protons H+). The ASPERA instrument
operates in sweeps to be able to measure particles from different directions. The red dots
(oxygen) lie between the black dots indicating they are not in the solar wind direction.
Hence we interpret these oxygen ions as originating from Venus, not from any comet. In
figure 44 the oxygen is seen as the yellow/green dot at almost 10 keV to the left.

I searched IMA data for all intervals listed in the preceding section, and found many
oxygen ions but most of them in the vicinity of the bowshock of Venus. Figure 45 shows
the locations where oxygen was found. Four cases were interesting. When looking at
orbit plots of VEX [48] I found that two of these cases were too close to the bowshock
(which is also seen in the behaviour of the electrons), so we cannot know where these
oxygen ions come from. The third was not in the solar wind direction, and is most likely
oxygen reflected from Venus. The only one I found that is really hard to explain as
coming from Venus and hence could be oxygen from an ion tail was on March 3, 2010,
figure 46 and 47. The oxygen is in figure 46 in the plot for all ions seen as two red dots
at energy 20 keV at 04:50. The red dots are in the same direction as the solar wind as
seen on the black dots at the bottom. In figure 47 the oxygen is seen as the green dots
at 20 keV to the left. The oxygen is only seen for a couple of minutes. The signatures of
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Figure 43: Example data from ASPERA onboard VEX. Parameters from
top to bottom: flux (counts/s) of light ions (H+), flux (counts/s) of all
ions, electron flux (counts/s), magnetic field magnitude and magnetic field
components.
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Figure 44: Example of energy-mass matrix obtained by the ASPERA-3
IMA for ions (counts). The energy per charge is displayed on the y-axis [eV]
and the mass ring number on the x-axis. The ions are found by following
the line for the ion of interest.
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Figure 45: The locations where oxygen was found in respect to the bow-
shock of Venus. The blue dot is the oxygen found on April 30, 2008 (Figure
43) and the green dot is the oxygen found on March 3, 2010 (Figure 46)
Image source: Gabriella Stenberg, IRF Kiruna

an ion tail is expected to last longer than that but Venus is travelling fast and we might
intersect a piece of the tail.

Unfortunately there is no magnetic field data processed for 2010 yet. All we know is
that there is on March 3, 2010, oxygen travelling in the solar wind direction with the
correct energy. This is a strong indication of an ion tail, which will be interesting to
compare to magnetic field data when these become available.
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Figure 46: VEX ASPERA data for the possible ion tail observation in
March 3, 2010, in the same format as in Figure 43 without magnetic field
data (not available yet).
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Figure 47: VEX ASPERA data for the possible ion tail observation in
March 3, 2010, in the same format as in Figure 44.
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7 Discussion and conclusions

The purpose of this project is to analyse what signatures can be expected for the ion
tails of comets, farther into the tail, and to look for some of these signatures in data
from some scientific spacecraft. Most surveys are concentrated on the region close to the
coma. Finding signatures turned out to be harder than expected. Not only due to the
quite small number of suitably instrumented scientific spacecraft with readily available
data from in situ measurements, but the interaction between comets and the solar wind
is ever changing and displays different signatures from case to case.

However some signatures seems to be unique to the ion tail (section 5.4). A decreasing
velocity should be seen due to the mass loading of the wind. The solar wind proton
number density is decreasing due to charge exchange in the coma and the ion and electron
densities should be increased in the neutral sheet because of the lobes which pushes the
ions inwards. The solar wind proton temperature is increased to retain pressure balance
and in the same manner the ion and electron temperatures are decreased. The ions
become atomic ions due to dissociation, which makes increased densities of oxygen,
which is heavier than other solar wind ions, the most suitable ion to look for in data.
The magnetic field strength is increased as long as the draping persists, stronger in the
lobes and weaker in the tail, and the magnetic field components are have approximately
oppositely directed x and y components in the two lobes due to the draping. The
signatures depend on where in the tail the encounter is made. For example, if the
spacecraft does not cross the current sheet there will be no reversal of the field vectors.
The ion tail can also be swept up by an ICME, probably making it hard to separate the
magnetic field signatures.

The signatures could be similar to other structures in the solar wind (section 4). The
velocity in SIRs, ICMEs and IFEs is increasing as well as the density and no protons are
consumed by charge exchange. Of course there are in these cases no comets producing
large quantities of ionized material, which is another difference. The magnetic field
strength is enhanced as for an ion tail but the field components behave differently. A
smooth rotation in the magnetic field would rather suggest an ICME. Some of these
signatures can also be seen in ion tails but only in the magnetosheath region inside the
bow shock.

From the data analysis I came to the following conclusions:

• The data from Rosetta’s possible encounter with comet 45P/Honda-Mrkos-Pajdusakova
on July 6, 2006, most probably shows an ICME due to the rotation of the magnetic
field.

• The first possible Earth encounter, July 10 2005, was promising when looking at
the rapid reversal in the magnetic field at 12:00 (Figure 32) and the increasing
magnetic field, but the velocity increased by 100 km/s and that is certainly not
one of the ion tail signatures.
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• The second possible Earth encounter is more promising (Figure 33). On Octo-
ber 18, 2005, there are signatures between 15:30 to 22:00 in ACE data. The
Y-component of the magnetic field is symmetrical about 18:00 indicating a pos-
sible smallest distance to a tail. At the same time there are proton density drop
and proton temperature increase. The beginning and end of the signatures are
indicated by a possible shock.

• The third possible Earth encounter on August 25, 2009, also displays interesting
patterns in the magnetic field (Figure 36). If it is an ion tail, the closest approach
is probably around 21:00.

The data missing for these events are heavy ion densities, such as oxygen, to see if there
is an increase simultaneously to the other signatures. This was available for the possible
encounters for Ulysses spacecraft. The signatures from the ion tail of comet Hyakutake
gives an idea of what to look for (Figure 37). The signatures I interpret as belonging to
a possible ion tails are the possible encounter with the ion tail of comet SingerBrewster
(Figure 41).

Other good examples of plots of heavy ions are figures 43 and 46 from the data analysis
of the sungrazing comets. They show clearly where there are increased levels of oxygen.
Unfortunately, there are no magnetic field data available yet for the oxygen found on
March 3, 2010. Hopefully, this will become available soon and can be analyzed.

Determining whether the signatures belong to an ion tail or not, is not done by looking
at one parameter alone but many. The signatures must also be simultaneous. One can
never know with 100 percent certainty that the signatures belong to an ion tail by just
looking at for example the magnetic field and vectors. This is why spacecrafts must
carry all kinds of equipment. More in situ measurements are needed.
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A Appendix

A.1

Matlab code for generating magnetic field plots from the possible Rosetta-Honda

crossing in 2D and 3D pictures:

load b4.txt;

load b5.txt;

load b6.txt;

load b7.txt;

load b8.txt;

%list with 7 columns

b = [b4’ b5’ b6’ b7’ b8’]’;

%column 1=time, zero as starting point

t = b(:,1);

t0 = min(t);

t = t - t0;

%column 2,3,4=position of Rosetta in x,y,z-coordinates

x = b(:,2);

y = b(:,3);

z = b(:,4);

%column 5,6,7=magnetic field in x,y,z-coordinates

bx = b(:,5);

by = b(:,6);

bz = b(:,7);

%transformation to RTN coordinates

br = (bx.*x+by.*y)./sqrt(x.^2+y.^2);

bt = (-bx.*y+by.*x)./sqrt(x.^2+y.^2);

%calibrating

br2 = br-mean(br);

bt2 = bt-mean(bt);

bz2 = bz-mean(bz);

%magnetic field strength = sum of magnetic field vectors

B = sqrt(br2.*br2+bt2.*bt2+bz2.*bz2);
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%time in seconds from start

start = datenum(2006,07,04,00,14,23.424);

t1 = start + t/86400;

%generates a plot of the magnetic field strength and vectors

plot(t1,B,’k’,t1,br2,’b’,t1,bt2,’r’,t1,bz2,’g’);

datetick(’x’,’dd-mmm’); %generates time in day-month

xlabel(’Time [day-month]’);

ylabel(’B(black),Br(blue),Bt(red),Bn(green) [nT]’);

%generates the magnetic field vectors in 3D

p = 5000:600:240000;

quiver3(t1(p),zeros(size(t1(p))),zeros(size(t1(p)))

,br2(p),bt2(p),bz2(p),’ShowArrowHead’,’off’);

axis(’image’);

datetick(’x’,’dd-mmm’); (generates time in day-month)

xlabel(’Time [day-month]’);

%The text files b4-b8 have 7 columns:

%Column 1: Time

%Column 2: x

%Column 3: y

%Column 4: z

%Column 5: Bx

%Column 6: By

%Column 7: Bz

A.2

The time in *year month day hour minute* of where oxygen was discovered from

VEX-data:

2007 01 22 07 07

2007 01 27 07 42

2007 01 30 07 49

2007 02 01 07 02

2007 02 02 06 40
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2007 02 03 07 21

2007 02 05 07 43

2007 09 11 02 07

2007 09 13 01 55

2007 09 14 02 13

2007 09 16 02 40

2007 09 18 01 25

2008 04 23 02 47

2008 04 24 03 49

2008 04 25 03 35

2008 04 29 03 41

2008 04 30 04 15

2008 11 29 09 58

2008 11 30 09 49

2008 12 02 10 11

2008 12 03 10 03

2008 12 05 09 34

2008 12 08 08 43

2009 07 08 00 47

2009 07 14 00 30

2009 07 15 01 13

2009 07 22 00 05

2009 07 24 01 05

2010 02 17 06 11

2010 02 18 06 43

2010 02 19 06 14

2010 02 22 05 56

2010 02 23 06 04

2010 02 26 06 01

2010 03 01 06 08

2010 03 03 04 50

2010 03 03 06 15

2010 03 04 06 33

2010 09 30 07 59

2010 09 30 08 59

2010 10 01 08 31

2010 10 04 08 01

2010 10 05 08 04

2010 10 07 07 50

2010 10 08 07 28

2010 10 12 07 23

2010 10 14 06 54

2010 10 15 06 48
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2010 10 15 07 13

2010 10 16 06 46

2010 10 16 07 11

A.3

Matlab code for generating the picture of the places where oxygen was found

(from Gabriella Stenberg, IRF-Kiruna):

%%% PLOTS SATELLITE POSITIONS AT THE TIME OF OBSERVATIONS

load aux_info.mat

%%% Variables

% ivexx, ivexy, ivexz: spacecraft x(y,z)-direction expressed in VSO

% ixvso, iyvso, izvso: position of spacecraft [km in VSO]

% scvx, scvy, scvz: velocity of spacecraft [km/s, VSO-system]

% long, lat: longitude, latitude

% times: times

%%% Misc

rv=6052;

rvso=sqrt(iyvso.*iyvso+izvso.*izvso);

a=0:0.01:6.28;

xv=cos(a);

yv=sin(a);

shadow_start=length(xv)/4+1;

shadow_stop=length(xv)/2+1;

start=1;

stop=shadow_stop;

%%% Bowshock model from T L Zhang et al, Planetary and Space Science, 2008

N=13;

Xbs=zeros(1,N);

Ybs=zeros(1,N);

for i=1:N

phi=(i-1)/5;

if (phi<2.1)

Rbs=2.14/(1+0.621*cos(phi));

else
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Rbs=2.364/sin(phi+10.5/180*pi);

end

Xbs(i)=Rbs*cos(phi);

Ybs(i)=Rbs*sin(phi);

end

%%% Plotting

figure(1)

clf;

p=plot(ixvso/rv,rvso/rv,’or’); hold on;

a=area(xv(shadow_start:shadow_stop),yv(shadow_start:shadow_stop));

set(a,’FaceColor’,’k’);

set(p,’MarkerFaceColor’,’r’);

plot(xv(start:stop),yv(start:stop),’-k’);

plot(Xbs,Ybs,’--k’);

p2=plot(ixvso(36)/rv,rvso(36)/rv,’og’);

p3=plot(ixvso(17)/rv,rvso(17)/rv,’ob’);

set(p2,’MarkerFaceColor’,’g’);

set(p3,’MarkerFaceColor’,’b’);

plot(0,4.5,’w’);

ylabel(’R_{VSO} [r_V]’);

xlabel(’x_{VSO} [r_V]’);

set(gca,’XDir’,’reverse’);

set(gca,’Layer’,’Top’);

axis equal;

print -depsc satellite_positions.eps


	exjobbsframsida
	blank
	abstract
	blank
	Comet Ion Tails
	Introduction
	Comets
	History
	The coma
	The tails
	Comet orbits
	Coordinate systems
	Orbital elements

	Sungrazing comets

	Physics of the ion tail
	The solar wind
	Solar wind effects on the comet

	Structures in the solar wind
	SIRs/CIRs: Stream/Co-rotating Interaction Regions
	ICMEs: Interplanetary Coronal Mass Ejections
	IFEs: Interplanetary field enhancements

	Previous observations
	ICE (International Cometary Explorer) encounters
	Ulysses encounters
	Ulysses - Hyakutake crossing
	Ulysses - McNaught-Hartley crossing
	Ulysses - McNaught crossing

	Simulations
	Summary: ion tail signatures

	Data analysis
	Analysis of data from predictions of ion tail crossings
	Data from possible Rosetta encounters
	Data from possible Earth encounters
	Data from possible Ulysses encounters

	Analysis of data from sungrazing comets
	Venus Express (VEX)
	Preparations before data analysis
	Data from Venus Express


	Discussion and conclusions
	Acknowledgements
	Appendix
	
	
	



