e LI.EGEuniversité e
b Library .

https://lib.uliege.be https://matheo.uliege.be

Mémoire

Auteur : Geraets, Alice

Promoteur(s) : Jehin, Emmanuel

Faculté : Faculté des Sciences

Diplbme : Master en sciences spatiales, a finalité approfondie
Année académique : 2024-2025

URI/URL : http://hdl.handle.net/2268.2/23898

Avertissement a l'attention des usagers :

Tous les documents placés en acces ouvert sur le site le site MatheO sont protégés par le droit d'auteur. Conformément
aux principes énoncés par la "Budapest Open Access Initiative"(BOAI, 2002), I'utilisateur du site peut lire, télécharger,
copier, transmettre, imprimer, chercher ou faire un lien vers le texte intégral de ces documents, les disséquer pour les
indexer, s'en servir de données pour un logiciel, ou s'en servir a toute autre fin Iégale (ou prévue par la réglementation
relative au droit d'auteur). Toute utilisation du document a des fins commerciales est strictement interdite.

Par ailleurs, I'utilisateur s'engage a respecter les droits moraux de I'auteur, principalement le droit a I'intégrité de l'oeuvre
et le droit de paternité et ce dans toute utilisation que l'utilisateur entreprend. Ainsi, a titre d'exemple, lorsqu'il reproduira
un document par extrait ou dans son intégralité, I'utilisateur citera de maniére compléte les sources telles que
mentionnées ci-dessus. Toute utilisation non explicitement autorisée ci-avant (telle que par exemple, la modification du
document ou son résumé) nécessite l'autorisation préalable et expresse des auteurs ou de leurs ayants droit.




Comparison of a Dynamically New and a

Long period Comet’s compositions using
TRAPPIST

Author : Alice GERAETS

PROMOTER: Dr. Emmanuel JEHIN

UNIVERSITY OF LIEGE
FACULTY OF SCIENCES
ACADEMIC YEAR 2024-2025

Graduation Studies conducted for obtaining the Master’s degree in
Space Sciences




Aknowledgements

I would like to thank Professor Emmanuel Jehin for being my promoter, as well as Math-
ieu Vander Bronckt for his continuous support and the help he provided. I would also like
to thank the members of my committee, Damien Hutsemékers, Benoit Hubert and Johan
Dekeyser for their time.

Moreover, I would like to thank every teacher in the Master in Space Sciences for sharing
with me their passion of space and physics and making me love them even more. Finally, I
would like to thank my friends and family for their continued support. In particular, I would
like to thank my mom, Anne Geraets, for always being there for me.



Contents

Introduction

The state of the art

2.1 History of comets . . . . . . ...
2.2 Physical structure of a comet . . . . ... oo oL
221 Nucleus . . . . .
222 Coma . . ...
223 Tails . . . . oL
23 Typesof comets . . . . . . . . . .
2.3.1 Periodicity . . . . . ..o
2.4 Cometary reservoirs . . . . . . . . ...

Observations and data reduction

3.1 Observatory . . . . . . . ..
3.1.1 Filters . . . . L
3.2 Targets . . . . . oL
3.2.1 C/2012 K1 (PanSTARRS) . . . . . . . . ... . .
3.2.2 C/2013 R1 (Lovejoy) . . .« v v
3.3 Dataprocessing . . . . . . ...
3.3.1 Calibration . . . .. ...
3.3.2 Comet Centering and identification . . . . . . . ... ... ... ...
3.3.3 Removal of the sky contribution . . . . . .. .. .. ...
3.4 Removing outlier frames . . . . . . . . ...
3.4.1 Outliers due to a star passage . . . . . . . .. .. ... .. ... ...
3.4.2 Outliers due to poor weather . . . . . . .. ... ... ... ......

Cometary light curves

4.1 Radial brightness profiles . . . . . . .. ..o
4.2 Flux calibration . . . . . .. ...
4.3 Light curves . . . . . . . .
4.4 Geometric effects: heliocentric magnitude and phase angle . . . . . . .. ..
4.4.1 Heliocentric magnitude of PanSTARRS . . . . . . . ... .. ... ..
4.4.2 Heliocentric magnitude of Lovejoy . . . . . . . . .. .. ... ... ..

II

p—

CO 1 1 O UL i W W



4.5 Color indices . . . . . . 44

Molecular activity 49
5.1 The Haser model . . . . . . . . . . .. . ... ... 49
5.2 Mathematical development of the Haser model . . . . . . . ... ... .... 50
5.3 Application of the model . . . . . . . ... ..o oo 52

5.3.1 Subtraction of the dust contamination . . . .. ... ... ... ... 53
54 Results . . . . . . 53

5.4.1 Gas production rates . . . . .. ..o 53

5.4.2 Gas production ratios and comet taxonomy . . .. .. .. ... ... 60

5.4.3 Water productionrate . . . . . ... ... ... 64
Dust activity 66
6.1 Definition: the Afp parameter . . . . . . . ... ... oL 66
6.2 The phase angle effect . . . . . . ... oo 67
6.3 Computation methods . . . . . . . . . .. ... 68
6.4 Results and discussion: dust activity . . . . . ... ... .00 69
6.5 Dust-to-gasratios . . . . . . . ... 75
Coma morphology 81
7.1 Image enhancement techniques . . . . . . .. .. ... ... ... ... .. 81
7.2 Results . . . . . 82
Conclusion 85
Computed gas production rates 87
A.1 Gas production rates of PanSTARRS . . . . . . .. .. ... ... ... ... 87
A.2 Gas production rates of Lovejoy . . . . . . .. ... 96
Gas production rates ratios 103
B.1 Gas abundance ratios of comet PanSTARRS . . . . . . ... ... ... ... 103
B.2 Gas abundance ratios of comet Lovejoy . . . . . .. .. ..o 108
Computed Afp parameter 113
C.1 Afpof comet PanSTARRS . . . . . . . .. .. ... 113
C.2 Afpofcomet Lovejoy . . . . . . . . . 126
Dust-to-gas ratios 132
D.1 Dust-to-gas ratio of comet PanSTARRS . . . . . . ... .. ... ... ... 132
D.2 Dust-to-gas ratio of comet Lovejoy . . . . . . ... ... oL 139
Bibliography . . . . . .. 144

ITI



Chapter 1

Introduction

Life on Earth began at the end of a period called the Late Heavy Bombardment, around 3.8
billion years ago. Before this, frequent collisions with interplanetary debris kept the young
Earth too hot and unstable for life to develop: under this heavy bombardment of asteroids
and comets, the early oceans would have vaporized, and the carbon molecules that life is
built upon would have been destroyed. Despite this hostile beginning, the oldest known
fossils date back to approximately 3.5 billion years ago [1], remarkably soon after the heavy
bombardment ended. Some evidence even suggests that biological life may have begun al-
most immediately after conditions became favorable. This implies a very narrow window for
the appearance of life: as soon as life could arise, it did.

This raises a fundamental question: How did life appear so quickly on a planet that,
at the time, had limited surface water and organic carbon-based molecules? One possi-
ble answer lies in the small bodies of the solar system, and more specifically, comets. Not
only are comets rich in water, but they also have been recently discovered to contain or-
ganic compounds crucial for the origin of life. ESA’s Rosetta mission, which studied comet
67P /Churyumov—Gerasimenko, detected glycine, an important amino acid found in proteins,
and phosphorus, a key component of DNA and cell membranes [2]. These findings suggest
that comet collisions are what provided the molecular building blocks of life. Studying them,
therefore, is crucial for uncovering the roots of biology on Earth and understanding where
life comes from.

Small bodies in space didn’t just supply the ingredients for life, however. They also
supplied the ingredients for the planets themselves, Earth included. Our solar system as we
know it today formed from grains of dust swirling in a disk around the infant Sun. Most of
the material from this disk fell into the newborn star, but some bits avoided that fate and
stuck together, growing into asteroids, comets, and even planets. Unlike planets, however,
which have undergone significant physical and geological evolution, comets have remained
largely unchanged. Formed 4.6 billion years ago, they contain primitive material from the
formation of the solar system, preserved in its cold and dark outskirts ever since, far from
solar radiation or planetary activity. In this sense, comets are frozen time capsules, offering



the closest physical record we have of the birth of the solar system [3].

Moreover, as our understanding of the solar system grows and astronomical technology
gets more advanced, it is becoming apparent that the boundary between asteroids and comets
is not as clear-cut as once thought. As telescope observations increase and we compare a
large variety of astronomical objects, some objects in the Main Asteroid Belt have shown
comet-like activity as part of their orbit, such as outgassing or the presence of a tail [4], de-
spite residing in a traditionally "asteroid-like" zone. Conversely, short-period comets could
ultimately evolve into asteroid-like objects after depletion of their volatile ice. This growing
overlap challenges the definition of asteroids and comets and begs the question: what truly
differentiates an asteroid from a comet?

Understanding comets is thus a key step in unraveling the first stages of the formation
of the solar system, its current dynamics, as well as the emergence of life itself. This thesis
aims to contribute to our understanding of the nature, composition, and behavior of these
celestial bodies. For this purpose, we will study two comets: the dynamically new comet
C/2012 K1 (PanSTARRS) and the returning long-period comet C/2013 R1 (Lovejoy). Both
were observed around the time of their passage to perihelion, using the telescope TRAP-
PIST (TRAnmsiting Planets and PlanetesImals Small Telescope) to measure their flux of light
through several filters for several months.

We begin in Chapter 2 with a brief review of the history of cometary science, as well
as a presentation of the general properties of comets. We will cover their origin, formation
process, and composition. Chapter 3 then details the specific properties of the two comets
chosen for the study, as well as how the data used for the analysis was gathered and its
calibration process.

Once the data is processed, we make the measurements and finally analyze the results.
Chapter 4 describes the light curves and radial profiles obtained from the cometary data.
This is then used in Chapter 5, which contains the analysis of the molecular activity. In this
chapter, the Haser model is used to infer the production rates of different radicals produced
by the comets. The evolution of production rates as the comets move towards and away from
the Sun will be followed. This will allow us to make assumptions about the composition of
these two comets.

Chapter 6 covers the analysis of the dust activity of the two comets. An important
quantity relating to dust activity, the Afp, is calculated and its evolution with respect to
heliocentric distance is studied, as well as ratios between the production of dust and gases,
which allows us to identify the taxonomy of the comets. Finally, we perform an analysis of
the coma’s features in Chapter 7.



Chapter 2

The state of the art

2.1 History of comets

Before beginning our study of comets, let us review what a comet is and how mankind has
come to its current understanding of them. Comets have been noticed by humans for millen-
nia, but their nature has remained mysterious for much of history. Unlike stars that decorate
the night sky in a constant manner, comet appearances are ephemeral and spectacular. For
this reason, they were often considered bad omens, their appearance thought to herald nat-
ural disasters or the death of an important figure.

It is only in the 16th century that scientists started developing proper theories regarding
comets. Tycho Brahe and Michael Maestlin demonstrated that comets must exist outside
Earth’s atmosphere by measuring the parallax of the Great Comet of 1577. Through these
observations, they implied that the comet’s distance to Earth must be at least four times
that of the Moon [5].

Isaac Newton, in his Principia Mathematica of 1687, proved that objects under the influ-
ence of gravity must follow an orbit shaped like conic sections. He pointed out that comets
often appear near the Sun, and thus proposed the theory that they orbit around it. He stated
regarding their luminosity that "The comets shine by the Sun’s light, which they reflect".

In 1705, Edmond Halley studied 23 cometary apparitions that had occurred between
1337 and 1698. He noted that three of these, the comets of 1531, 1607, and 1682, had very
similar orbital elements; notably, they had a periodic separation between their times of pas-
sage, being separated each by a period of roughly 75 years. He guessed correctly that these
comets were the same, a singular comet that orbited around the Sun and was observed every
time that orbit crossed or came close enough to that of Earth. Halley was able to correctly
infer the date of the next passage of the comet, which is now known as Halley’s Comet [6].
Human understanding of comets only improved from there. In the 18th century, scientists be-
gan to formulate correct hypotheses regarding comets’ composition. In 1755, Kant suggested



that comets were made from primitive matter beyond the known planets, and Bessel in 1836
proposed, based on observations of the stream of vapors emitted by Halley’s Comet, that
the jet forces of evaporating material could be great enough to significantly alter a comet’s
orbit, arguing that the non-gravitational movements of Encke’s Comet resulted from this
phenomenon.

This period marked a fundamental turning point in comprehending the true nature of comets
and the dynamics of their orbits. Now that the nature of comets was elucidated, scientists
began studying their composition. Major scientific advances in the second half of the 19th
century in the domain of photography and spectroscopy allowed the discovery of spectral
emission lines in comets, revealing the main components: molecules made of hydrogen, oxy-
gen, carbon and nitrogen, as well as dust particles such as silicates.

This led to the currently accepted model of cometary composition: the "dirty snowballs"

model, suggested by the astronomer Fred Whipple in 1950 [7]. This model describes cometary
nuclei as an agglutination of dust together with water ice, methane and carbon dioxide. This
composition is due to the primitive nature of comets: comets were formed around the time
of the formation of the solar system and have orbited in the outskirts of it ever since, where
the solar radiation necessary for significant chemical alterations cannot reach them. Comets
are thus made of primitive leftovers from the formation of the solar system.
As a comet follows its eccentric orbit around the Sun however, it eventually draws closer to
it until the Sun’s heat causes the surface ice to sublimate into jets of gas and dust. If this
activity is strong enough, it causes the comet to have tails and an atmosphere called the
coma; features that will be explained in the next section.

2.2 Physical structure of a comet

2.2.1 Nucleus

At the heart of every comet lies its nucleus: a solid core composed of a mixture of dust and
volatile ices. Though typically only a few kilometers across, the nucleus governs the comet’s
behavior and is the source of all emitted material. Cometary nuclei are a mix of rock, dust,
water ice, and materials such as carbon monoxide, carbon dioxide, methane, and ammonia.
They are described as "dirty snowballs" |7] according to the model by Fred Whipple.

The surface of the nuclei is typically dry, dusty or rocky. Nuclei can contain a variety of
organic compounds, such as methanol, hydrogen cyanide, formaldehyde, ethanol or ethane,
and the amino acid glycine was found in the dust of comet 67P/Churyumov—Gerasimenko.
The composition of a cometary nucleus should reflect the chemical makeup of the midplane
of the protoplanetary disk where (and when) they formed |[§].

Cometary nuclei are relatively small, spanning from a few hundred meters to dozens of
kilometers. The biggest comet observed to this day, C/2014 UNy7; (Bernardinelli-Bernstein),



has a nucleus of about 137 kilometers [9]. It is likely that comets with nuclei even smaller
than a hundred meters exist, but have not been observed yet simply due to being too small
to be detected. For this same reason, cometary nuclei tend not to be spherical: because of
their low masses, unlike planets, nuclei do not have enough self-gravity to reach hydrostatic
equilibrium. They also have a dark surface, with a very low albedo. For example, Halley’s
comet was found to reflect only about 4 percent of the light [10], which is the albedo of
coal. This low reflectivity allows cometary surfaces to absorb heat, driving their outgassing
processes.

2.2.2 Coma

As comets enter the inner solar system, increasing radiation from the Sun causes the ices of
the nuclei to sublimate and release primary volatiles into a freely expanding atmosphere, or
exosphere: the coma. This diffuse halo grows and brightens as the comet nears the Sun, and
unlike the nucleus, which is relatively small, it can grow to tremendous sizes, up to 100,000
km in diameter, which is almost as large as Saturn or Jupiter [11]. About a month after an
outburst in October 2007, comet 17P/Holmes even briefly had a tenuous dust atmosphere
larger than the Sun [12|. Once the coma has appeared, the comet is said to be active.

The coma is generally made of cometary dust and the ices that escaped the nucleus.
The most abundant volatile to escape the nucleus is water, which sublimates when a comet
is within roughly 3 AU from the Sun. It, along with other parent molecules, is destroyed
through photodissociation and to a smaller extent photoionization, leading to the creation
of daughter molecules. Other hyper-volatile materials, such as CO and CO, [13], sublimate
even further away from the Sun, allowing some comets to exhibit activity well before 3 AU.

Spectroscopy can be used to characterize the composition of the coma and, by inference,
the nucleus. In the visible domain, this characterization leads to two taxonomic classes:
carbon-typical and carbon-depleted, based on the measured abundance ratios of Cy rela-
tive to CN [14]. In addition, near-infrared spectroscopy of fluorescent emission can be used
to characterize the primary volatile composition of the coma. This characterization in turn
leads to (at least) three taxonomic classes: organics-depleted, organics-normal, and organics-
enriched [8], based on the measured abundance ratios of their primary volatiles relative to
H50, the most abundant ice in comets. The composition of some comets does not fit into
any of these classes, however, requiring expansion of the classification system.

Engulfing the coma is an invisible hydrogen envelope, usually distorted by the solar wind,
that stretches across millions of kilometers of space. The envelope is made up of neutral
hydrogen atoms, which most likely come from water vapor molecules dissociated by solar
radiation [11]. Because these atoms are much lighter than the other atoms and molecules
present in the coma, they are much more mobile and can thus travel longer distances before
being ionized by photons and carried away by the solar wind. This is how they form a cloud
of hydrogen around the coma. It is only observable by space observatories, however, as it



emits ultraviolet light, which is absorbed by the terrestrial atmosphere.

Dust tail

Hydrogen envelope

Nucleus

Solar wind
N

(a) Image of comet C/1995 O1 (b) Artist’s view of the anatomy of a comet. Image not to scale
(Hale-Bopp), taken on 1997 April 04, with the actual dimensions of a comet. Image taken from [16]
with a 225mm f/2.0 Schmidt Camera
with an exposure time of 10 minutes.

Image taken from [15]

Figure 2.1

2.2.3 Tails

In addition to the coma, solar radiation also causes comets to form several tails. When a
comet is active, the force exerted by the Sun’s radiation pressure on the coma, as well as the
solar wind, pushes away particles emitted by the nuclei, including the gas of sublimated ice
but also dust that got carried alongside. The dust and the gas form two distinct tails, with
different properties. The ton tail is made of ionized gases and is strongly affected by the
solar wind, following magnetic lines rather than orbital trajectory. It always points directly
away from the Sun. The color of the ion tail depends on its composition. For example, the
ion tail of Hale-Bopp is blue, as shown in Figure 2.1a, due to the presence of CO+ ions [17].

On the other hand, the dust tail is made of heavier dust particles. Unlike the ion tail,
which is influenced by the solar wind due to its charged particles, this tail is largely unaf-
fected by it. As a result, the effect of gravity is also apparent in the shape of the dust tail,
making it partially trail along the orbit of the comet in addition to being pushed outward
by solar radiation pressure. The result is usually a curved white tail even bigger than the
coma, extending up to 10" km. An interesting visual feature of dust tails is that they can
have striae, as seen, for example, in Figure 2.1a. These striae are generally believed to be
generated by fragmentation of larger grains somewhere along their trajectories from the nu-
cleus into the tail [18].



Tails are the most emblematic parts of a comet. In fact, the very word "comet" comes
from the Greek word "kunrmns" ("kometes"), which literally signifies "long hair", as a ref-
erence to the long and elegant way a comet’s tails trail behind its core. The reason these
tails are so visible, compared to other cometary features, lies in both their size and their re-
flectivity. Like the coma, the dust reflects sunlight more effectively than the darker nucleus,
making active comets observable even from Earth. However, the tails and the coma also
hide the nucleus, making remote determination of the composition and size more difficult.
Nevertheless, the nucleus composition can still be inferred from spectroscopic analysis of the
gas composition of the coma.

Figure 2.1b depicts a schematic representation of the ion and dust tails of a comet, as
well as its coma, hydrogen envelope, and nucleus.

2.3 Types of comets

Comets can be classified in several ways. The first method of classification is through their
periodicity. The first astronomer to identify a comet’s periodicity was Edmond Halley. In
1705, Halley identified three comet passages in 1531, 1607, and 1682, and proposed the hy-
pothesis that these comet passages were all the same object. It must be, according to him,
an object on an eccentric orbit, passing at perihelion with a periodicity of roughly 75 years.
He predicted the return of the comet in 1758. He was posthumously proven correct by the
apparition of the comet in December 1758, which is now known as Halley’s Comet. Ever
since this discovery, astronomers have been able to predict the apparitions of comets in the
inner solar system.

2.3.1 Periodicity

Comets are classified according to the length of their orbital period. Those with a period
shorter than 200 years are referred to as short-period comets, or periodic comets. Comets
with a period above 200 years are known as long-period comets (LPCs). These long-period
comets tend to have highly eccentric orbits.

The threshold of 200 years is arbitrary and has been chosen mostly for historical reasons:
Modern instrumental astronomy is roughly two centuries old, so long-period comets observed
today are unlikely to have been observed in past observations [19].

Finally, comets that are entering the inner solar system for the first time are referred to as
dynamically new comets (DNCs).



Tisserand parameter

Another widely used method to classify comets is the Tisserand parameter with respect to
Jupiter. It is defined as:

FL A Cls L) (2.1)
a a

where a; is Jupiter’s semi-major axis, and a, e and ¢ respectively refer to an object’s semi-
major axis, eccentricity and inclination.
Comets have different orbital properties depending on the value of their Tisserand param-
eter, and can be grouped into families according to it. Comets with T" < 2 are designated
nearly isotropic comets, and tend to have a wider semi-major axis and therefore a longer
period, and can have bigger inclinations. These comets are believed to come mainly from the
Oort cloud [20]. On the other hand, comets with T > 2 are designated as ecliptic comets,
because most members have a small inclination. They likely originate in the Kuiper belt or
the scattered disk [21].

Ecliptic comets can be further divided into three groups:

e Comets with 2 < T < 3 are known as Jupiter-family comets and are dynamically
dominated by Jupiter.

e Comets with 7" > 3 are not considered members of the Jupiter family. A comet with
T > 3 and a < ay is designated as an Encke-type, and has an orbit entirely interior to
Jupiter.

e a comet with 7" > 3 and a > a; has an orbit exterior to Jupiter, and is referred to as
a Chiron-type or a Centaur.

2.3.1.1 Jupiter-family comets

Comets whose aphelia are near a major planet’s orbit are called its "family". Such families
are thought to arise from the planet capturing formerly long-period comets into shorter
orbits.

The most prominent examples of this are the Jupiter-family comets. As illustrated in
Figure 2.2, they are short-period comets with orbital periods below 20 years, and low incli-
nations (up to 30°). Jupiter, being twice as massive as all other planets of the solar system
combined, is the biggest source of gravitational perturbation for comets.

2.4 Cometary reservoirs

Gravitational interactions with the giant planets during the final phases of planet formation
ejected many comets either in the Kuiper Belt or the Oort Cloud. The Kuiper Belt is a
circumstellar disk beyond the orbit of Neptune, while the Oort Cloud is a spherical cloud
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Figure 2.2: A) The semi-major axes a of observed comets with periods less than 200 years
as a function of their Tisserand parameter T.. B) The inclination i of the same sets of
comets as a function of T'. In both cases, the dashed vertical line represents the boundaries
of the Jupiter family at 7' = 2 and T' = 3. Figure taken from [21].

of icy bodies extending from outside the Kuiper Belt to halfway to the nearest star. The
outer limit of the Oort cloud marks the cosmographic boundary of the outer solar system.
These two regions make up the major dynamical reservoirs of the solar system for comets
[8]. The Oort Cloud replenishes the reservoir of long-period comets, while the Kuiper Belt
replenishes the reservoir of short-period comets.

Since entering the Oort cloud (or the Kuiper disk), the interior composition of cometary
nuclei has remained largely unchanged: most processes thought to alter nuclei properties
during the comet’s residence in the Oort cloud (typically around 4.5 billion years) are only
expected to affect a thin layer near the surface, only a few meters deep. This layer is prob-
ably lost at the first passage in the inner solar system.

The processes that placed comets in the Oort Cloud and the Kuiper Belt resulted in
reservoirs that contain comets originating from different formation regions. Determining the
composition of the nuclei can provide insight into these formation regions and formation
pathways.

The Kuiper Belt

Comets coming from the Kuiper Belt are the remnants of the protoplanetary disk that once
surrounded the Sun.

One of the most important events in the history of the solar system is the Late Heavy
Bombardment, which occurred between 4.1 and 3.9 billion years ago. During this period,
there was a marked increase in cometary and meteoroidal impacts on telluric planets. This
bombardment is particularly notable because the surface of the Moon, at only 4 billion years
old, is several hundred million years younger than the Moon itself [19].
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Oort Cloud
Distance from Sun: 2000—-200 000 AU

Kuiper Belt
Distance from Sun: 30-50 AU

Figure 2.3: An artist’s view of the Oort cloud and the Kuiper belt. This picture is not to
scale with the actual dimensions of the Kuiper Belt and the Oort Cloud. Figure taken from
[22].

The question arises: why was there a period of bombardment after a relative calm? The Nice
model presents an explanation. According to this model, the Late Heavy Bombardment was
caused by the migration of giant planets, which destabilized the existing asteroid belt.

The early solar system used to have a different configuration than its current one. It used

to be more compact, and the very order of the planets was different: the two giant planets
farther away from the Sun, Neptune and Uranus, had a much tighter orbit, and Neptune
was closer to the Sun than Uranus. Jupiter and Saturn were relatively close to their current
configuration, with a difference: Saturn was closer to the Sun than now, and Jupiter farther
away from it.
At this time, Jupiter’s orbital period was slightly less than half of Saturn’s, meaning it
completed a revolution around the Sun over twice as fast. This configuration was relatively
stable, and the process of planetary formation had already cleared the inner solar system
of planetesimals. The only source of debris remaining was a massive trans-Neptunian disk,
containing 30 to 50 terrestrial masses, located beyond the orbits of Uranus and Neptune.

However, the system underwent a dramatic change when Saturn and Jupiter entered a
2:1 resonance. This caused Saturn’s orbit to grow more eccentric, destabilizing the orbits
of Uranus and Neptune as Saturn’s aphelion allowed it to reach the far regions of the solar
system. Neptune, as a consequence, saw its orbit doubled, growing even bigger than that of
Uranus, which also increased. This increase in Neptune’s orbit in turn affected the trans-
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Neptunian disk. A major part of it was expelled from the solar system, and another migrated
inside of the solar system, giving birth to the Kuiper belt. One last part of this debris
migrated even more inward of the solar system until it collided with the terrestrial planets.
This influx of material was the Late Heavy Bombardment.

The Oort Cloud

The Oort cloud occupies a vast zone between the external limit of the Kuiper belt, which
ends around 50 astronomical units (AU) from the Sun. It may extend as far as a quarter
to halfway toward the next nearest star, more than 150,000 AU away. Sunlight takes over
10 days to reach the Oort cloud and more than a year to reach its outer boundary. This
remote region is home to hundreds of billions of icy bodies slowly orbiting around the Sun.
Occasionally, the orbit of one of these bodies is disturbed, and it comes to a long fall toward
the Sun.

Unlike the Kuiper Belt, comets residing within the Oort Cloud were not born there. The
most widely accepted hypothesis regarding the Oort cloud formation suggests that the objects
that compose it originally formed much closer to the Sun, in the gas giant region, through
the same accretion process that created planets and asteroids. However, the gravitational
interactions with giant planets that caused the Late Heavy Bombardment and depleted the
Kuiper Belt ejected these materials into distant orbits. Some planetesimals were expelled
from the solar system entirely, while others were flung into eccentric orbits, remaining bound
to the Sun but far enough away that they were no longer influenced by planetary forces.

Over time, galactic tidal effects and the gravitational influence of nearby stars gradually
circularized these orbits, shaping the outer Oort cloud into a sphere. Due to that spherical
distribution, comets originating from the Oort cloud can come from all directions, unlike
comets from the Kuiper Belt, which tend to have orbits aligned with the plane of the solar
system [19].
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Chapter 3

Observations and data reduction

This chapter describes how observations of the two comets were made. It begins with
a description of the observatory and instruments used for data collection, followed by a
presentation of the targets and the procedure used for data collection. Finally, the chapter
covers the different calibration and image correction processes applied to obtain the final
images.

3.1 Observatory

The observations were conducted using the TRAPPIST-South observatory. TRAPPIST-
South was installed in April 2010 at the ESO LA Silla Observatory [23]. This observatory
is located in the Atacama Desert, at an altitude of 2315 m. Not only does it have very good
stability in the atmosphere and a low humidity level, the observatory also benefits from 300
clear nights a year.

The telescope is a 60-cm f/8 Ritchey-Chrétien design built by the German ASTELCO
company, and it is equipped with a CCD broadband camera made of 2048x2048 15 pm pixels,
providing a field of view of 22x22 arcminutes with a plate scale of 0.64 arcseconds per pixel.
The signal-to-noise ratio of images generated with the telescope can be improved through
the process of binning, where adjacent pixel signals are combined into larger pixels. Binning
improves the signal-to-noise ratio (per shot), at the sacrifice of a reduced image resolution.

The camera has optimal efficiency at cool temperatures, which is why it is equipped with
thermo-electric cooling that allows it to be kept at -35° for observations. Moreover, the
telescope is also equipped with an equatorial mount, allowing for tracking and pointing of a
target in the sky.

TRAPPIST-South, or TS, is a robotic observatory: the observation programme is pre-

pared in advance and submitted to the computer controlling the telescope through software.
The benefit of this method is that the telescope can be used remotely from any location
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worldwide. The dome opens at sunset, and the weather is monitored constantly with a
weather station, ensuring it closes under bad weather conditions, such as rain or strong
winds.

A summary of the characteristics of TS can be found in Table 3.1.

(a) Close up of the 60 cm (b) The TRAPPIST-South telescope in its 5 metre enclosure at the La
TRAPPIST-South telescope. Silla Observatory, Chile.

Figure 3.1: The TS telescope. [23]

3.1.1 Filters

TS’s camera is equipped with many optical filters to study astrophysical targets in a given
spectral band. The filter selectively transmits only photons within the desired wavelength
range, effectively isolating the band of interest and minimizing contamination from other
wavelengths.

At the time of observations, the camera of TS was equipped with a double filter wheel
(2x8), allowing for 14 different filter slots and one clear position per filter wheel. The first
filter wheel is loaded with the broadband filters, four of which were used for this analysis:
the Johnson-Cousins filters B, V, RC (hereinafter referred to as R), and Ic (hereinafter I),
which cover visible and near-infrared light. The transmission profiles of the B, V, R, and I
filters are shown in Figure 3.2.

The second wheel is loaded with narrowband cometary filters. Four permanently mounted
filters are dedicated to isolating the main emission lines of cometary spectra: OH (310 nm),
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CN (385 nm), C3 (405 nm), and Cy (515 nm) [24].

In addition, four narrowband dust filters, BC (445 nm), GC (526 nm), UC (334 nm) and
RC (713 nm) [25] are available to estimate the solar spectrum reflected by the dust of the
comet, as will be discussed in Chapter 4. The transmission profiles of these filters are shown
in Figure 3.3.
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Figure 3.2: Transmission profiles for the Johnson-Cousins filters. From left to right: U, B,
V, R and I.
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Site
Altitude (m)
Latitude
Longitude
Telescope
Mount

Camera model

CCD type

Array size (pixels)
Pixel size (p m)

Pixel scale (arcsecs/pix-
els)

Field of view

Full well (e)

Gain (e/ADU)

Peak QE (%)

Read-out modes (MHz)
Read-out noise (e)
Read-out time (s)

Dark current (e/s)
Cooling below ambient
(°C)

Filter Wheel model
Filters (wheel 1)

Filters (wheel 2)

La Silla Observatory (140)

2315

29°15'16.6” (S) / 29.2546°(S)

70 °44’121.8"(W)/ 70.7394° (W)

Astelco RC Lightweight Telescope - Ritchey-Chretien - F/8 - 0.6 m - 75kg
Model: Astelco NTM-500 - Type: German equatorial

Motors: direct drive systems - Drive accuracy: no periodic error
Speed: up to 50°/s - Pointing accuracy: 5”

Differential positioning accuracy: <1” RMS

Tracking accuracy without autoguider: 17/4 min

FLI ProLine PL3041-BB

Back-illuminated

2048 x2048

15

0.64

22'x 22

100,000

1.1

96
I1x1/1x2/2x2
9.5 /14 / 14

6/4/2

0.1

-55.0 £ 0.1

Double Apogee AI-FW50-10S
B, V, Rc, Ic, Sloan z, I+2’, Exo (cut blue), Nal, HoO™
OH, NH, CN, C3, CO*, BC, Cy, GC, RC

Table 3.1: Characteristics of TRAPPIST-South
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3.2 Targets

The aim of this work is to analyze the light curves, molecular activity and dust activity of
two comets as they pass near their point of perihelion. For this purpose, two comets were
selected: C/2012 K1 (PanSTARRS) and C/2013 R1 (Lovejoy). A short description of these
comets and their orbital properties is provided in this section.

3.2.1 C/2012 K1 (PanSTARRS)

The first target of this analysis is C/2012 K1 (PanSTARRS), hereinafter referred to as
PanSTARRS. This comet is a retrograde Oort cloud comet. It is dynamically new and on
its first journey to the inner solar system. It was originally discovered 8.7 AU from the Sun
at a very feeble magnitude of 19.7 in May 2012 by the telescope Pan-STARSS (Panoramic
Survey Telescope And Rapid Response System) located near the summit of Haleakala, on
the island of Maui, Hawaii [26].

The brightness of the comet continuously increased from then on as it came closer and
closer to the Sun. PanSTARRS came to perihelion on 2014 August 27 at a distance of 1.05
AU from the Sun and came closest to Earth (0.95 AU) on 2014 October 21[8|. It was first
a Northern Hemisphere object, then crossed the celestial equator on 15 September 2014,
becoming a Southern Hemisphere object. This comet has a peculiar orbit: not only is it on a
hyperbolic trajectory, meaning this passage was T'S’s only chance to observe it, but it is also
on a retrograde and highly elliptic orbit. A list of the orbital parameters of PanSTARRS is
provided in 3.2.

This comet was observed by TS during a total of 137 different nights, spanning from
March 27th, 2013, to December 13th, 2015. The number of images obtained in each filter
during each night of the observation period is given in Figure 3.5.

’ Orbital parameters \ Values and uncertainties at 1-o ‘
Eccentricity 1.00015291 =+ 0.0000008
Semi-major axis a —6896 + 37.74 AU
Perihelion distance ¢ 1.05459709 £ 0.0000009 AU
Inclination with respect to ecliptic | 142.4282581 £ 0.0000049°
plane i
Time of perihelion passage (JD) 2456897.160363 + 0.000037
Time of perihelion passage (date) 2014-Aug-27.660363 £ 0.000037
Longitude of the ascending node 2 317.737649 4+ 0.000017°
Argument of perihelion w 203.106601 % 0.0000.67°

Table 3.2: Main orbital parameters of PanSTARRS [28].
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Figure 3.4: Simulation of the orbit of PanSTARRS (white) around the Sun. The location
of the comet and planets is taken on the first day of observations, March 27th 2013. [27]

Observations per night and filter (1/3)

P
w 20
s
g
51
]
S
510 |
£ 1
E 1
|
. I i | il Ii
56400 56450 56500 56550 56600 56650 56700
Julian Date
Observations per night and filter (2/2)
5
w0 |
2
s
8
1 |
s |
2 | |
5
e | ] ' I I Lol
‘ ' o | I III F o
: TN W H I I ' I
s LIET | i ] | [
[0 (g feey Al | | IIIIIIII I L1
0
56700 56750 56800 56850 56300 56950 57000 57050
Julian Date
Observations per night and filter (3/3)
3 -
-y
- R
s |
H = RC
g - pC
E]S L_cH
< uc
]
i 10 a
H -
H ] -
- 0
: Il | | | 11l | I
57050 57100 57150 57200 250 57300 57350

Julian Date

Figure 3.5: Number of observations performed on comet PanSTARRS with the different
filters during each observation night, as a function of Modified Julian Day. The dashed
black line indicates the date of perihelion.
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3.2.2 C/2013 R1 (Lovejoy)
C/2013 R1 (Lovejoy), hereinafter referred to as Lovejoy [28], is a Long-Period Comet first dis-

covered by Terry Lovejoy on September 7th, 2013 in Australia, using a 0.2-meter Schmidt—Cassegrain

telescope [26]. It is the second target of this analysis. Much like its sister PanSTARRS, Love-
joy’s relatively recent discovery is due to its increase in brightness as it reaches closer and
closer to the Sun. By 1 November, 2013, Lovejoy was even visible to the naked eye, appear-
ing with a tail and a bright, greenish coma. It reached its closest approach to Earth on 19
November 2013 at a distance of 0.3967 AU, where it had a bright apparent magnitude of
about 4.5.

Unlike PanSTARSS however, Lovejoy is not on its first journey to the inner solar system.
It is on an elliptical orbit, with a period of 11704 years. This sets it firmly in the category of
Long-Period Comets (LPC). Lovejoy reached its most recent perihelion on December 22nd,
2013, coming as close as 0.81 AU from the Sun. An occasion that was seized by TS to
observe its passage.

This comet was observed by TS during a total of 67 different nights, spanning from
December 10th, 2013 to October 13th, 2014. The number of images obtained in each filter
during each night of the observation period is given in Figure 3.7, and its orbital parameters
are summarised in Table 3.3.

)

(a) (b)

Figure 3.6: Simulation of the orbit of Lovejoy (white) around the Sun at various angles.
The location of the comet and planets is taken on the first day of observations, December
10th, 2013. [27]
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Figure 3.7: Number of observations performed on comet Lovejoy with the different filters
during each observation night, as a function of Modified Julian Day. The dashed black line
indicates the date of perihelion.

Figure 3.8: Comet Lovejoy. Image taken with a three-minutes exposure using a 6"
Takahashi refractor located in New Mexico, on November 26 [29]. Image credit:
NASA/MSFC/MEOQO/Aaron Kingery
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’ Orbital parameters ‘ Values and uncertainties at 1-o

Eccentricity 0.998425 + 0.00000053
Semi-major axis a 515.5059403693225 + 0.17395 AU
Perihelion distance ¢ 0.81182557 4+ 0.000000086+ AU

Inclination with respect to ecliptic | 64.04095258556559 + 0.000015°
plane 1

Time of perihelion passage (JD) 2456649.23312175 + 0.0000076
Time of perihelion passage (date) 2013-Dec-22.73312175 +0.0000076
Longitude of the ascending node 2 70.71117523072714 4+ 0.0000072°
Argument of perihelion w 67.1664487 + 0.0000065°

Orbital Period P 11704.65759671769 + 5.9244 years

Table 3.3: Main orbital parameters of comet Lovejoy [28].
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3.3 Data processing

3.3.1 Calibration

Generating an image through a telescope does not immediately yield a scientific image. In
order to a generate scientific image where precise flux measurement can be performed, the
raw images must first be processed to get rid of unwanted signals. These include light dif-
ferences caused by inequalities in the quality of different camera pixels, shadowing from
dust particles on the filters or CCD window, dark currents from the CCD chip, and optical
patterns of the telescope. Image calibration is therefore essential. It is performed in three
steps: bias, dark and flat-fielding. This process must be repeated on every image, and the
calibration images must be generated every night. If one of the calibration sets of images is
missing for a given observation night, the corresponding calibration image taken from the
closest available night will be used instead.

Given the large number of images, the calibration process was automated, using custom
Python codes in addition to the IRAF (Image Reduction and Analysis Facility) software
system. IRAF is a system developed by astronomers and programmers from the National
Optical Astronomy Observatory (NOAO) in the United States that is used for the reduction
and analysis of astronomical data. It allows for the automation of data reduction processes,
making it useful for handling large datasets.

3.3.1.1 Bias

The first step of calibration is the bias calibration. To have a final image that represents
the data only from the target, one must first remove the level zero of the CCD camera
electronics, also called the offset. Bias frames are obtained by taking zero-length exposure
with the shutter closed. [30] Several of these images are taken, usually 7, and then median-
combined to form a so-called master bias frame. Bias images must be obtained in the same
temperature and binning as the target image.

3.3.1.2 Dark

The second step is the removal of the thermal signal of the CCD chip, caused by randomly
generated electrons due to the non-zero K temperature of the chip. This signal is referred
to as the dark current. Its removal is done through the generation of dark frames. They are
taken at the same temperature as the target image, as well as the same binning and exposure
time. Several dark frames are generated, bias-subtracted and then median-combined into a
single, final dark frame: the MasterDark. An example of a MasterDark is shown in Figure

3.9b.

The signal caused by thermal agitation of the electrons is proportional to the temperature
and exposure time. If, for one reason or another, a dark frame wasn’t made with the same
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exposure time as the target image, darks can be scaled. This is called the optimisation of

the dark.

3.3.1.3 Flat-Fielding

The final calibration step, called flat-fielding, aims to correct the spatial non-uniformity of
the signal on the detector due to two main origins:

e Neither the filters, mirrors, nor the window of the detector have a homogeneous opac-
ity /reflectance, due to dust or other imperfections.

e Due to manufacturing differences, the size and quantum efficiency of the CCD camera
pixels vary from pixel to pixel.

These effects lead to the detector-telescope system not having a spatially uniform re-
sponse. To correct for this instrumental effect, one usually takes several images of a uniform
source of light, hence the term "flat-fielding." In practice, one can use the morning or evening
sky as such a flat field. However, in order to avoid the effect of point sources (stars, galaxies,
satellites, cosmic rays) mimicking a particularly flawed detector at the pixels hit by the stars,
the telescope makes small offsets between each flat field image. Then, in most of the images,
each pixel is not hit by the light of any of these sources, but only by that of the homogeneous
sky background. After subtracting the bias and dark of each of these flat images, the median
of these images is taken to get completely rid of the point sources. The resulting image is
called a MasterFlat. An example of a MasterFlat is shown in Figure 3.9c.

These MasterFlats are used to divide the scientific images, pixel by pixel, as a pixel with
a very low response to a flat field needs to be corrected by artificially increasing the flux it
receives by a factor corresponding to dividing by its normalized response. Flats are taken
with the same temperature, binning and importantly the same filter as the scientific images.

3.3.2 Comet Centering and identification

TS has an integrated tracker that will identify the comet based on its ephemerids and
then "follow" it from image to image. However, this tracker can sometimes make mistakes,
specifically by mistakenly identifying a nearby star as the comet. This is solved by manually
entering the pixel coordinates of the comet for a given image, as is illustrated in Figure 3.11.
The option imentr of the IRAF software lets one enter a set of coordinates in the coordinate
system of the image, and will then search for the brightest light source within a given box
that has this coordinate as a center.

3.3.3 Removal of the sky contribution

After calibrating the science images to remove the systematic effects, another correction has
to be applied to the images: the removal of the sky contribution. In addition to the light
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(a) Master Bias (b) Master Dark (¢) Master Flat

Figure 3.9: Examples of Master Bias, Master Dark (obtained at an exposure time of 240s)
and Master Flat (obtained for the I filter) frames obtained with T'S and used for the
calibration of an image of comet PanSTARRS collected on July 3, 2014.

(a) Comet PanSTARRS, before calibration (b) Comet PanSTARRS, after calibration

Figure 3.10: An image of comet PanSTARRS taken on the 2nd of August, 2014 in the R
filter, before and after calibration
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(a) Comet PanSTARRS, before calibration (b) Comet PanSTARRS, after calibration

Figure 3.11: A picture of comet PanSTARRS taken on the 2nd of August, 2014. In the
first picture, the astrocentering was not sufficient to identify the comet, leading to poor
computing of the radial profile. In the second picture, manual centering was used to
correctly identify the comet, leading to a much better radial profile. For further
explanation on radial profiles, see Chapter 4.

of the comet, the images may be contaminated by light emitted by the sky: this light has
several possible sources, such as reflection of sunlight by the Moon, atmospheric activity, or
light pollution.

How was this accounted for? We need an "average light from the sky" that we can remove
from the image. For this, we need a portion of the sky that is far enough in the image from
the cometary center that it is not contaminated by the comet’s coma, but is nonetheless
sufficiently close to it that the background sky in the area is the same as the background
sky in the comet. One thus has to carefully select the area for the background sky, as, since
comets are extended objects, it may be difficult to draw a limit between what is or isn’t
contaminated by the comet’s coma.

Thankfully, the field of view of TS is quite large (20x20 arcmin), so we are usually able
to select an uncontaminated area from the same image. It was done numerically: for every
image, the code determines the brightest point of the coma, through IRAF’s imentr method.
After a verification of the coordinates (and manual correction if needed), the code searched
for the closest area in the image that did not contain any contamination from the coma or
background star. It then computes the median flux in that area, as well as its standard
deviation, before finally subtracting the obtained median flux from the whole image. The
standard deviation is used for uncertainties of the sky background subtraction.

3.4 Removing outlier frames

Once the aforementioned calibration steps have been performed, photometry can in principle
be conducted. However, specific parasitic events may occur that can considerably reduce the
quality of a sequence of images, making it preferable to discard them.
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3.4.1 Outliers due to a star passage

The first of these possible events is when our comet passes over a star. We manually check
our images for possible flyovers of stars by our comet. At these moments, the flux seem to
increase significantly due to the combined light of both the observed object and the star
behind it. To deal with this issue, all images taken when such a contaminating star is within
the observational aperture of our targets, or creates evident outliers in our light curves, are
manually removed. For instance, in Figure 3.12, we see that the comet passes very close to
a background star. This star will contaminate about 50% of the images generated at this
date, and they will therefore need to be manually removed from the data.

CK12KO010 R TRAP.2014-10-14T06:10:59.fits
531.263 524.974 (astrometry)

100 $ H Sarcsec
10k km
10E3.6 km

Sarcsec
[ 10k km

600

60

500 )
40

Median flux (ADU/s)

. 20
400 -§ zmin = B500 (B500)
zmax = 17691 (15350)

Center pixel value: 15350

5201525530 535 240 0o 5 10 15 20 25 3 35 40

LCIIO SCIIO 1

Distance from the nucleus (pixel)

Figure 3.12: A star contaminates the flux of PanSTARRS during the night of the 13th
October 2014.

3.4.2 Outliers due to poor weather

In our analysis, we do absolute photometry rather than differential photometry, which re-
quires us to capture all the photons to correctly measure the flux from the comet. However,
this method is prone to contamination by weather-related factors. For instance, a cloud
passing in front of the comet during the generation of an image may cause the comet to
appear fainter in the image. While such effects can be corrected in differential photometry
(as the nearby stars will be similarly affected by the passing cloud, resulting in little to no
change in the observed difference between the observed object and the nearby star), it will
have a stronger effect in absolute photometry. As a result, most of the time we must discard
the affected image as the flux will definitively be affected, and the data will not be usable.
Identifying such images is not always straightforward, so it is crucial to check the status of
the observation night in the observation log or the record of the weather station to ensure
that weather-related anomalies are taken into account.
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Chapter 4

Cometary light curves

Now that we have generated the data and undergone the various calibration and image
correction processes, we are ready to analyze the data. The first result that we are going to
present is the light flux of the comets in the various broadband filters. We will first compute
and study the radial profiles of the flux, that is to say, the way the influx of light varies as
a function of distance to the cometary center. We will then provide an analysis of the light
curves of PanSTARRS and Lovejoy with respect to both time and heliocentric distance, as
well as a computation and analysis of their color indices. These results will then be useful
for the retrieval of molecular production ratios, as we shall see in Chapter 5.

4.1 Radial brightness profiles

We shall first study the evolution of the comet’s brightness as a function of distance to its
center. In other words, this section covers the generation of radial brightness profiles.

To generate a radial brightness profile for a calibrated image, we take concentric annuli
of increasing radius, starting from the optocenter and extending outward toward the image’s
edge. Each annulus has a radial width of 1 pixel. For each annulus, the median flux of all
the pixels within the annulus is calculated. This median value represents the flux at a given
nucleocentric distance, in pixels. While an average could be used instead of the median, the
median is preferred as it mitigates the influence of outliers, unlike the average. Iterating this
process over each successive annulus allows us to construct the radial profile of the flux with
respect to nucleocentric distance. The flux is expressed in ADU s~

As an example, Figures 4.1, 4.2 and 4.3 show the radial brightness profiles of comet
PanSTARRS in broadband filters B, V, R and I, as well as narrowband dust filters RC and
BC, and narrowband gas filters Cy, C3, CN and NH, during the night of April 7th, 2014.
The radial profile of the gas filter OH is also present, but was selected from a later date,
during the night of June 29th, 2014.
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Figure 4.1: Radial brightness profiles of comet PanSTARRS in the broadband filters B, V,
R and I, during the night of the April 7th, 2014.

Note that the blue dotted line represents the flux at a distance of 10 000 km from the
nucleus, while the red dotted line represents the flux at a distance of 5 arcseconds. These
are, respectively, the radii of the nucleus-centered apertures we will use in our analysis of the

evolution of the magnitude, dust, and chemical activity with respect to time (see Chapters
5 and 6.)
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Figure 4.2: Radial brightness profiles of comet PanSTARRS in the narrowband dust filters
RC, BC, GC and UC, during the night of the April 7th, 2014.
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Figure 4.3: Radial brightness profiles of comet PanSTARRS in the narrowband gas filters
Cy, C3, CN and NH during the night of the April 7th, 2014, as well as OH during the night
of June 29th, 2014.
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The radial profiles have shapes that vary depending on the filter. For the broadband
BVRI filters, we observe a sharp decrease in flux from the center until the 5 arcsec distance
line, then the decrease slows down and the flux eventually evens out at zero far away from the
nucleus. The exact curve varies a little, but the curve is mostly the same from one BVRI filter
to another. In contrast, the profiles obtained from the gas filters show much greater variation
from one filter to another, reflecting the different spatial distribution of each species. For ex-
ample, the CN coma differs in shape from the dust coma or the C; coma. In general, gas filter
profiles have a larger FWHM than those of the dust filters, as the gas coma is more extended.

Moreover, there is contamination of the gas filters by solar light from the dust and
cometary grains. This is especially the case for C, and Cs images, although the OH, NH,
and CN images are also slightly contaminated. A correction on the radial profile of the gas
filters is required to account for this effect. This is where the dust filters come into play:
every night when a radial profile in a gas filter is computed, a radial profile is also computed
in the BC filter, which we remind is the blue continuum filter. This filter has the advantage
of being purely contaminated by dust, and not by gas emissions. This radial profile is used
as a proxy for the dust contribution. It is then scaled depending on what gas filter it will be
applied on, with a scale factor f. that accounts for the "strength" of the contamination by
solar light: for example, Cy will have a big scale factor, because it is expected to be strongly
contaminated by dust. A table of the scale factor in each filter can be found in 4.1. Finally,
the scaled dust profile is subtracted from the gas profile.

For nights when data was available for the gas filter but not the BC filter, the BC values
from the closest available night were used instead. It is worth noting that the RC filter would
also have been an option as a proxy for dust contamination, but the fact that it is further
away in the spectrum makes the estimation for the dust contribution less reliable, as it is
farther away from the main gas emissions like CN and Cs (see Figure 3.3).

’ Gas filter \ Corresponding scale factor f. ‘
Cy 170
Cy 248
CN 30
NH 24
OH 19

Table 4.1: Scale factors f. for the different gas filters

4.2 Flux calibration

Now that the radial profiles are adequately corrected for dust contamination, the next step
is to convert said radial profiles into the correct unit. Presently, the profiles are in telescope
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units ADU s™', where ADU (Analog-to-Digital Units) represents the number of detected
counts per pixel. These need to be converted to physical units (erg cm=2 s™! A*I).

First of all, we convert the flux from telescope units to ADU per second and arcsec?. For
TS, the resolution is 0.65 arcsec/pixel for a binning of 1x1 and 1.3 arcsec/pixel for a binning
of 2x2.

The flux is then converted from ADU s larcsec? to erg cm 2 s~ A~! using a formula
developed by [24]. In this work, the authors used the HB filter set, a set of narrowband comet
filters. They observed stars whose flux and magnitude properties were already known in the
concerned spectral bands and measured their flux in ADU s™!, allowing them to establish
a relationship between the two quantities. We use the calibration coefficients established in
this article to convert our measured flux values accordingly.

The formula is the following:

Fc — FO CF. 100.4(K-am725+ZP). (41)

Here, F, is the cometary flux measured in a given filter, in erg cm~2 s~ A1, whereas
Fy is the flux of a zero-magnitude star (in erg cm™2 s7!), F is the cometary flux in ADU
arcsec 2s~!, am is the airmass coefficient, K is the extinction coefficient of the atmosphere,
and Z P is the zero point. Let us see what these variables are and how they relate to flux

calibration.

Airmass and extinction coefficient

As light traverses the atmosphere, a consequent part of it is absorbed. There is thus light
extinction that depends on the wavelength (and thus on the filter) used for the observation:
the smaller the wavelength, the more important the extinction. This effect needs to be ac-
counted for in the computation of the real cometary flux. It is represented by two factors:
the airmass (am), and the extinction coefficient (K). The airmass is, essentially, the quantity
of atmosphere that a ray of light traverses before it reaches the detector. It is a function of
the zenith angle, through the relation am = Fl(z) The closer the comet is to the horizon,
the more atmosphere its light has to cross to reach the detector. The airmass coefficient
am is present in the header of every TS-generated image. This parameter must be as small
as possible to ensure accurate data, as consequent airmass means a stronger likelihood for

cometary photons to be absorbed or scattered by the atmosphere.
On the other hand, K is the extinction coefficient of the atmosphere for a given filter.
Since extinction depends on wavelength, different filters will have different values of K. These

values are given in Table 4.2.

Finally, The zero point of the filter ZP is a reference value corresponding to the flux of a
theoretical star of magnitude zero, which would be measured with the considered filter. It

32



Filter ‘ Flux at magnitude 0 ‘ Solar colors ‘ Extinction coefficient K ‘ ZP

OH 10.56-1077 1.791 1.60 6.493
NH 8.42-107° 1.188 0.65 6.183
UC 7.802:107° 1.0 0.59 9.596
CN 8.6-107° 1.031 0.36 5.743
Cs 8.16-107° 0.497 0.29 5.693
BC 6.21-107° 0.0 0.25 5.890
Cy 3.887-107° -0.423 0.15 5.010
GC 3.616-107° -0.507 0.14 5.931
RC 1.316-107° -1.276 0.05 6.447
B 6.4-107° 0.0 0.25 2.452
\Y 3.67-107° -0.649 0.14 2.545
R 1.92:107° -1.019 0.098 2.357
I 9.39-107° -1.375 0.043 3.039

Table 4.2: For each filter, the extinction coefficient K, the flux at magnitude zero (in
erg/cm?/s/A, taken from [24]), the magnitude of solar colors, the extinction coefficient K,
and the zero point ZP of the telescope TS associated with this filter.

is different for each filter and telescope. It is provided by the TS team, which measures it
using standard stars as a reference. Its value may change a bit from one night to another,
and in general, a median value computed over a month is used. As an example, the median
values of ZP in July 2012 are given in Table 4.2.

4.3 Light curves

With the fluxes now correctly calibrated and expressed in physical units, we can proceed to
analyze the resulting light curves. This section focuses on the light curves of PanSTARRS
and Lovejoy in the BVRI filters. For each observation night and each filter, we computed
the integrated flux inside a 5-arcsecond circular aperture (see the dashed, red lines in Figure
4.1), and then converted it into a magnitude scale.

The resulting light curves are analyzed as a function of both time and heliocentric dis-
tance, enabling us to study the evolution of cometary brightness throughout their respective
perihelion passages.

PanSTARRS

The light curve of comet PanSTARRS as a function of observation time and heliocentric
distance can be found in Figure 4.4. The former is expressed in Modified Julian Day (MJD
= JD - 2400000.5).

It is important to note that no observations of PanSTARRS with TS were available right
before perihelion, specifically between July 3rd and September 5th, 2014, due to the comet
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not being visible by T'S during this period. Similarly, no observations with TS were available
between September 30th, 2013 and January 19th, 2014, as well as between March 3rd, 2015
and May 10th, 2015 for the same visibility reasons.

The maximum magnitude was observed at the perihelion. Before this, the magnitude
increased pre-perihelion passage with solar insulation and decreased afterward as the comet
moved away from the Sun. No outbursts (brief and sharp increases in magnitude due to
outgassing) were observed.

We observe different types of slopes on Figure 4.4: before 3 AU, the increase in brightness
is slow. The brightness then increases more rapidly after 3 AU. A similar trend is visible
post-perihelion: there are distinct regimes before and after 3 AU, with brightness decreasing
more rapidly within 3 AU than beyond it. Finally, there is a steeper decrease starting at
4.7 AU post-perihelion. The feature at 3 AU is likely because at that distance, water sub-
limates, which causes a visible increase in activity and dust ejection. It could also be due
to geometric effects, such as the varying distance between the Earth and the comet. The
influence of geometric effects on the apparent light curve of PanSTARRS will be investigated
further in Section 4.4.

Moreover, we can study the asymmetry of the light curve of PanSTARRS through plots
comparing the evolution of magnitude as a function of heliocentric distance, before and
after perihelion passage. This is done in Figure 4.3, where pre- and post-perihelion data
are presented in different colors. Each phase has been fitted separately with a straight line,
and the resulting slopes have been retrieved in Table 4.3. The slopes are mostly constant
from one filter to another, indicating that the behavior of the magnitude does not drastically
change depending on color. Notably, in each of the BVRI filters, the decline in brightness
after perihelion passage is faster than its increase before perihelion passage, as evidenced by
the steeper slope of the post-perihelion fit compared to its pre-perihelion counterpart. This
behavior has been observed for most DNCs, where the flux tends to decline more rapidly
after perihelion than it rises before [31]. However, the cause for it remains unclear.

‘ Filter ‘ Slope before perihelion ‘ Slope after perihelion ‘
B 0.90 £ 0.02 1.40 £0.03
\Y% 0.89 £ 0.02 1.38 = 0.03
R 0.86 = 0.01 1.32 £ 0.02
I 0.89 4+ 0.02 1.34 £ 0.03

Table 4.3: Slopes derived from the linear fits applied on the pre- and post-perihelion light
curve of comet PanSTARRS
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Magnitude of comet PanSTARRS in 5 arcsecs as a function of time in the BVRI filters
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(a) Light curve of comet PanSTARRS as a function of observation time.

Magnitude of comet PanSTARRS in 5 arcsecs as a function of heliocentric distance in the BVRI filters
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(b) Light curve of PanSTARRS as a function of heliocentric distance. The left part of the
graph presents the data gathered before heliocentric passage (dotted line) and the right part
presents data after perihelion passage.

Figure 4.4: Light curve of comet PanSTARRS in the BVRI filters, from March 27th, 2013
to December 13th, 2015. The magnitude at 5 arcseconds for the cometary center is
displayed as a function of observation time and heliocentric distance, respectively.
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Figure 4.5: Comparison of light curves of comet PanSTARRS in the BVRI filters, before
and after perihelion passage. Pre-perihelion data is presented in darker colors, while
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a straight line, represented in the respective color.
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Lovejoy

The light curve of the apparent magnitude of comet Lovejoy as a function of time and he-
liocentric distance is shown in Figure 4.6.

As before, the magnitude increases pre-perihelion passage with solar insulation and decreases
afterward. Two peaks in magnitude were observed on the nights of November 1st, 2013 (JD
56598) and February 13th, 2014 (JD 6701), at heliocentric distances of 1.228 AU and 1.256
AU, respectively. There was an observational gap around perihelion, during which no obser-
vations of Lovejoy with TS were available due to the comet not being visible by TS during
this period, specifically between November 2nd, 2013 and February 13th, 2014. Given this
gap, these peaks in magnitude correlate with preexisting findings that the perihelion passage
occurred on December 2th, 2013, at a heliocentric distance of 0.81 AU.

As with the first comet, the asymmetry of the light curve of Lovejoy can be studied by
comparing the evolution of apparent magnitude as a function of heliocentric distance, both
before and after perihelion passage. This is done in Figure 4.7, and the slopes of the fit of
each phase to a straight line are provided in Table 4.4. As before, the slopes remain relatively
consistent across the different filters. However, unlike PanSTARRS, Lovejoy displays slopes
that are steeper before perihelion than after. Moreover, both values are significantly greater
for comet Lovejoy than for PanSTARRS. The pre-perihelion slopes of Lovejoy are notably
more than five times higher than those of PanSTARRS. At first glance, this suggests that
Lovejoy exhibited greater variability in its activity with changing heliocentric distance than
PanSTARRS during the observation period.

Moreover, around 56800 MJD, the brightness rises again, displaying as a magnitude min-
imum of 14.8 in the R filter on the night of May 30th, 2014 (JD 56808.16), at 2.656 AU. The
brightness then lowers again.

However, apparent magnitude does not solely reflect the intrinsic brightness of a comet:
it is also dependent on factors related to observational geometry, such as phase angle or the
comet’s distance from Earth. A comet approaching Earth will appear brighter even without
increased activity. In the following section, we will investigate whether these features are
indeed a sign of increased activity, or if they can be attributed to these external factors.

‘ filter ‘ Slope before perihelion ‘ Slope after perihelion ’
B 5.28 £0.21 2.52 £ 0.06
\Y 5.40 £0.19 2.45 £ 0.06
R 5.25£0.16 2.32+£0.05
I 5.32+£0.19 2.35 +0.06

Table 4.4: Slopes derived from the linear fits applied on the pre- and post-perihelion light
curve of comet Lovejoy.
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Magnitude of comet Lovejoy in 5 arcsecs as a function of time in the BVRI filters
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Magnitude of comet Lovejoy in 5 arcsecs as a function of heliocentric distance in the BVRI filters
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Figure 4.6: Light curve of comet Lovejoy in the BVRI filters, from the nights of September
10th, 2013 to to September 6th, 2014. The magnitude inside 5 arcseconds for the cometary
center is displayed as a function of modified Julian time and heliocentric distance,
respectively. In both cases, the dotted line marks the time of perihelion passage.
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Figure 4.7: comparison of light curves of comet Lovejoy in the BVRI filters, before and
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4.4 Geometric effects: heliocentric magnitude and phase
angle

As stated previously, apparent magnitude does not solely reflect variation in intrinsic bright-
ness. To determine whether some of the features seen in Figures 4.4 and 4.6 reflect actual
activity of the comet or simply an increase in light due to the comet being closer to the
Earth, we compute the heliocentric magnitude in the BVRI filters. The apparent magnitude
follows the following formula:

m = M + 5log(A) + 2.5nlog(rp). (4.2)

Here, m and M are the apparent and absolute magnitudes, while A and r;, are the geocentric
and heliocentric distances, and n is the activity index [32]. The factor 5log A accounts for
the increase in observed brightness as the comet approaches Earth. By removing this term
from the observed magnitudes, as if the comet were constantly placed at A=1 AU, we isolate
intrinsic brightness variations and present the corrected results.

Additionally, we examine the evolution of the phase angle, or Sun-Target-Observer angle,
as a function of time. As will be examined further in Chapter 6, the phase angle can affect the
comet’s total brightness. The phase angle changes the diffraction properties of the dust in the
coma: dust particles exhibit differing scattering efficiencies with phase angle. Specifically,
there is a strong increase in scattering efficiency in the forward scattering direction (at a
phase angle of 0°) and a smaller peak in the backward direction (180°). This dependence of
the scattering properties on the phase angle causes the albedo of dust grains in the coma to
change with phase angle, which in turns affects the comet’s total brightness [33].

4.4.1 Heliocentric magnitude of PanSTARRS

The heliocentric magnitude of PanSTARRS is displayed as a function of time and heliocen-
tric distance in Figures 4.8a and 4.8b, respectively. Figure 4.8a also shows the evolution
of the phase angle. A fit to the parameters of Equation 4.2 was also performed, and the
resulting parameters n and M are provided in Table 4.5. The parameters M and n were
both computed before and after perihelion.

As expected, the behavior of M and n is consistent across all filters. For all filters, the
value of the absolute magnitude M is a little bit higher after perihelion, as well as the activ-
ity index n, implying that the brightness of the comet post-perihelion is lower and decreases
faster with heliocentric distance than it increased in its pre-perihelion phase.

Moreover, a new feature has appeared: the heliocentric magnitude seems to reach a
minimum at 56769 MJD (2.21 AU) and 56971 MDJ (1.59 AU). However, the phase angle also
reaches a maximum at both these dates; therefore, this is likely only a geometric effect, caused
by the dust in the coma having a smaller albedo at that angle. Additionally, the steeper
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decrease in the post-perihelion apparent magnitude beyond 4.7 AU, observed previously in
Figure 4.4, has disappeared, indicating that it was only a geometric effect due to the comet’s
geocentric distance during that period.

Heliocentric magnitude of comet PanSTARRS vs Observation Time in the BVRI filters

Heliocentric magnitude of comet PanSTARRS vs Heliocentric Distance in the BVRI filters
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Figure 4.8: Heliocentric magnitude of comet PanSTARRS with respect to time and
heliocentric distance

M n
Filter | Before perihe- | After perihelion || Before perihe- | After perihelion
lion lion
B 11.657 +0.014 12.060 +0.006 -0.364 £0.004 -0.601 £0.003
\Y 10.864 £ 0.008 11.342 +0.004 -0.371 £0.003 -0.583 £0.002
R 10.471 4+ 0.005 10.981 +0.002 -0.361 £0.002 -0.55£0.002
I 10.191 4+ 0.004 10.569 +0.003 -0.335 £0.002 -0.606 £0.002

Table 4.5: Absolute magnitude M and activity index n of the equation of magnitude fitted
for comet PanSTARRS.

4.4.2 Heliocentric magnitude of Lovejoy

The heliocentric magnitude of Lovejoy is displayed in Figure 4.9. A fit to the parameters
of equation 4.2 was performed, and the resulting parameters n and M are found in Table
4.6. The parameters M and n were derived separately for the pre- and post-perihelion phases.

Again, the behavior of the M and n parameters described in Table 4.6 remains consis-
tent across all filters. The absolute magnitude M is greater before perihelion than after,
indicating that the comet was more active after perihelion. In Section 4.3, when discussing
the evolution of the apparent magnitude of Lovejoy, we found that the pre-perihelion slope

41



was steeper than that post-perihelion (see Table 4.4). However, when examining the evolu-
tion of the heliocentric magnitude, we see the opposite trend: the activity index n nearly
doubles after perihelion. The steeper pre-perihelion slope observed on Lovejoy’s apparent
magnitude was therefore only a geometric artifact due to the target appearing brighter as
it moved closer to Earth, rather than reflecting an actual property of the comet’s activity.
The activity of the comet post-perihelion actually decreases with heliocentric distance faster
than it increased in its pre-perihelion phase.

Such asymmetry is often observed in comets, and can have several causes. One expla-
nation is thermal inertia: cometary nuclei can accumulate heat as they get closer to the
Sun, and re-emit this heat progressively as the insulation starts decreasing. This effect can
explain why cometary activity can be stronger after perihelion than before it.

Another possible explanation is seasonal effects. Cometary nuclei are generally not sym-
metrical: they are not shaped like a sphere, and will have regions that are more active than
others. As the comet orbits the Sun, changes in which surface is exposed to the Sun can
lead to the activation of new regions. Some regions may also need more heat to be activated,
or do so with a time delay: if the volatile material is found at a large depth, the activity
of that species will be delayed due to the thermal wave needing time to reach the layer
containing the volatile ice. If the number of illuminated active regions rises, this will impact
the evolution of the coma [34].

Finally, the feature observed in the apparent magnitude of Lovejoy in Figure 4.6 around
56800 MJD does not disappear in heliocentric magnitude and is even more prominent. How-
ever, as indicated in Figure 4.9a, this feature also coincides with a local minimum in the
phase angle, which would artificially brighten the light curve. This suggests that the feature
reflects simply a geometric effect rather than a variation in intrinsic brightness. Interest-
ingly, the date coincides exactly with the period during which Lovejoy crossed the plane
of the ecliptic. In order to determine whether this peak corresponds to a genuine increase
in activity or simply a geometric effect due to the phase angle, we will study in Chapter 6
whether this peak in brightness was accompanied by a corresponding increase in dust pro-
duction, and in Chapter 7 whether it was accompanied by a change in the morphology of
the coma.

To compare the evolution in activity of Lovejoy and PanSTARRS, we average the param-
eters M and n across all filters (see Table 4.7). Before perihelion, Lovejoy exhibits a larger
absolute magnitude M and a steeper slope than PanSTARRS (higher absolute value of the
activity index n), indicating that although PanSTARRS is initially brighter, Lovejoy’s bright-
ness increases more rapidly with decreasing heliocentric distance. After perihelion, Lovejoy
maintains its steeper slope, while PanSTARRS displays a higher absolute magnitude. This
increase in absolute magnitude suggests that PanSTARRS experienced a decrease in intrinsic
brightness following perihelion, resulting in Lovejoy becoming the brighter comet thereafter.
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Moreover, Lovejoy’s consistently higher activity indices both pre- and post-perihelion indi-
cate that it is the one whose activity is the more strongly modulated by heliocentric distance
of the two. This could be due to a greater abundance of surface ice, which would enhance
the comet’s response to solar heating.

Heliocentric magnitude of comet Lovejoy vs Observation Time in the BVRI filters

Heliocentric magnitude of comet Lovejoy vs Heliocentric Distance in the BVRI filters
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Figure 4.9: Heliocentric magnitude of comet Lovejoy with respect to time and heliocentric

distance

M n
Filter || Before perihe- | After perihelion || Before perihe- | After perihelion
lion lion
B 12.929 4+ 0.025 11.096 +0.014 -1.002 +0.022 -1.606 +0.007
\Y 12.223 +0.016 10.239 +0.009 -1.090 +0.014 -1.650 £0.005
R 12.013 +0.010 10.036 +0.007 -1.056 +0.008 -1.553 +0.004
I 11.782 4+ 0.007 9.509 +0.006 -0.912 £+0.007 -1.605 +0.008

Table 4.6: Absolute magnitude M and activity index n of the equation of magnitude fitted
for comet Lovejoy.
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M n
Comet Before  perihe- | After perihelion || Before perihe- | After perihelion
lion lion
PanSTARRS$ 10.795 4 0.009 11.238 +0.004 -0.358 +0.004 -0.58540.002
Lovejoy 12.237 £+ 0.016 10.220 £0.010 -1.014 £0.007 -1.604 £0.004

Table 4.7: Recapitulatory table: average of the absolute magnitude M and activity indices
n of the equation of magnitude fitted for comets PanSTARRS and Lovejoy, across all BVRI
filters.

4.5 Color indices

Color indices are commonly used to characterize the color of astronomical objects. In the
case of comets, analyzing the color indices of a coma provides insight into the properties
of the dust: by measuring colors, what is effectively being measured is the reflection and
scattering of sunlight due to dust grains within the coma. As a result, color analysis can
reveal valuable information regarding the dust grains.

In this analysis, the indices B-V, V-R, V-I and B-R of comets PanSTARRS and Lovejoy
are computed. We analyze the evolution of these indices with heliocentric distance, using
the following equations:

B—-V =mg—my (4.3)
V—R=my —mpg (4.4)
V—I=my—my (4.5)
B —R=mp—mg (4.6)

Colors of PanSTARRS

Figure 4.10 shows the evolution of the color indices of PanSTARRS with respect to heliocen-
tric distance. The average of each index was also calculated, and is provided in Table 4.8.

First of all, a small variation of the color indices is observed with changing heliocentric
distance. Notably, the index V-R decreases sharply around perihelion, reaching a minimum
of 0.07 at 1.07 AU before settling around its average of 0.41 at greater distances. Similarly,
the index B-R has a mean value of 1.17, but it takes a dive at low Sun-comet distances,
yielding its lowest value of 0.86 at 1.25 AU. On the other hand, the other indices, B-V and
R-I, do not appear to undergo significant time variations. These changes at shorter heliocen-
tric distances are likely due to gas contamination in the B and V filters, and do not reflect
a change in dust color. By comparing the bands of the B and V filters in Figure 3.2 with
the gas filters in Figure 3.3, we notice that the bands of Cy, C3 and CN overlap with the B
and V bands. When the emission of these gas species is strong, such as when the comet is
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close to the Sun, their emission will contribute to the flux collected in the B and V filters,
causing a change in the observed color of the coma.

When compared to solar colors in Table 4.8, the mean B-R and B-V indices of PanSTARRS
are slightly lower. Magnitude being an inverted scale, these lower color indices indicate that
the comet is bluer and less red than solar colors.

To interpret these values, we now compare them to those commonly found in different
categories of comets described in Figure 4.12, taken from [35]. PanSTARRS being a DNC,
we should expect it to have a similar composition to LPCs as both originate from the Oort
cloud. DNCs are first-time visitors of the inner Solar System, whereas LPCs have undergone
previous perihelion passages, potentially altering their surfaces. After its first passage, a
DNC can either become a returning comet, because its orbit will be altered after passing
near Jupiter, or be expelled from the Solar System. Comparing the color indices of DNCs
and LPCs can thus offer insight into whether such differences in dynamical history are also
reflected in surface composition.

We find that the mean B-V index of 0.77 £ 0.07 is closest to that of active LPCs, which
is 0.78 £0.02, perfectly within the margin of error. The V-R index, measured at 0.40 £ 0.04,
is slightly lower but comparable to those of Jupiter Trojans (0.44+0.02), JFCs (0.47 £0.02)
and LPCs (0.47 £ 0.02). Similarly, the R-I index of 0.40 + 0.04 aligns most closely with
LPCs (0.42 £+ 0.03), but could also be a JFC or a slightly redder Jupiter Trojan, both at
0.43 4+ 0.02. Lastly, the B-R index of 1.17 £ 0.11 is far too low to be anything but a JFC
(1.22 £ 0.02), a Trojan (1.18 & 0.02) or a LPC (1.24 & 0.02).

Overall, we conclude that PanSTARRS’s color indices closely match that of LPCs, as well
as Trojans and JFCs, while clearly differing from Centaurs, KBOs, Damocloids and Plutinos.

| Index type | Index value | Solar colors [36] |
B-V 0.77 £ 0.07 0.64 + 0.02
V-R 0.41 +£0.04 0.35£0.01
R-1 0.40 £0.04 0.33 £0.01
B-R 1.17+0.11 1.00 £ 0.02

Table 4.8: Mean color index values of PanSTARRS in the BVRI filters, as well as solar

colors
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colour indices of comet PanSTARRS as a function of heliocentric distance
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Figure 4.10: color indices of comet PanSTARRS

Colors of Lovejoy

Let us now compare the colors of PanSTARRS to those of its LPC counterpart, Lovejoy. The
evolution of the color indices of Lovejoy with respect to heliocentric distance is showcased
in Figure 4.11, and the average of each index is provided in Table 4.9.

Unlike PanSTARRS, Lovejoy’s color indices do not display any particular evolution with
respect to heliocentric distance. Comparing the mean indices to solar colors (see Table 4.9),
we find that the B-R and V-R indices are relatively close to solar colors, whereas B-V and
R~ are slightly elevated.

Again, let us compare those indices to those of existing categories of comets, described
in Figure 4.12. As Lovejoy is a long-period comet (LPC), its color indices are expected to
be consistent with those typical of this population. This holds true for the B-V indices,
which closely match the average values found in LPCs, as well as JFC and Jupiter Trojans.
However, the V-R index for Lovejoy (0.34 4 0.05) is notably lower than the LPC average
of 0.47 £ 0.02. Interestingly, this value remains lower than that of any other comparative
comet groups. The R-I index falls well within the typical margin of error for LPCs, showing
no significant deviation. As for B-R, Lovejoy’s value (1.05 £ 0.15) is somewhat lower than
the LPC average (1.24 +0.02), although still below the even higher values observed in other
cometary populations.

Overall, comet Lovejoy exhibits color indices that are broadly consistent with expecta-
tions for a long-period comet, particularly in the B-V and R-I ranges. While some indices,
such as V-R and B-R, deviate slightly from the typical LPC values, they nonetheless remain
closer to LPC values than to those of other small body populations.
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Finally, let us directly compare Lovejoy’s color indices to those of PanSTARRS. To
facilitate comparison, a summary table containing the color indices of both comets, along
with the mean values for LPCs, is provided in Table 4.10. While their R-I indices are equal
within uncertainties, Lovejoy exhibits lower B-V, V-R and B-R indices than PanSTARRS.
Interestingly, despite being a DNC, it is PanSTARRS whose color indices align more closely
with typical LPC values.

colour indices of comet Lovejoy as a function of heliocentric distance
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Figure 4.11: Color indices of comet Lovejoy

| Index type | Index value | Solar colors [36] |
B-V 0.71 £0.10 0.64 £0.02
V-R 0.34 £ 0.05 0.35+£0.01
R-I 0.39 £ 0.06 0.33 £0.01
B-R 1.05+£0.15 1.00 £ 0.02

Table 4.9: Mean color index values of Lovejoy in the BVRI filters, as well as solar colors
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Object

B-V

V-R

B—R

Source

Cold Classical KBOs
(Cold CKBQ)

Mean KBO Colors

Plutinos

Inactive Centaurs

Hot Classical KBOs
(Hot CKBQO)

Scattered KBOs (SKBO)

JFC Nuclei

Damocloids

Active Centaurs

Active LPC

Active JFC

LPC Nuclei

Jupiter Trojans®

1.09, 1.06 £ 0.02(13)

0.93, 0.92 £ 0.02(85)
0.94, 0.93 + 0.04(25)
0.85, 0.93 £+ 0.04(29)

0.95, 0.89 £ 0.05(14)

0.82, 0.84 =+ 0.03(20)
0.80, 0.87 =+ 0.05(16)
0.79, 0.80 =+ 0.02(20)
0.80, 0.80 =+ 0.03(12)
0.77, 0.78 <+ 0.02(25)
0.74, 0.75 £ 0.02(26)
0.76, 0.77 £ 0.02(5)

0.73 £ 0.02(~1000)

0.64, 0.66 £ 0.02(13)

0.57, 0.57 £ 0.02(85)
0.58, 0.56 + 0.03(25)
0.51, 0.55 £ 0.03(29)

0.57, 0.54 £ 0.04(14)

0.54, 0.53 £ 0.02(20)
0.49, 0.50 £ 0.03(16)
0.51, 0.51 £ 0.02(21)
0.51, 0.50 £ 0.03(13)
0.46, 0.47 + 0.02(24)
0.46, 0.47 + 0.02(26)
0.45, 0.44 + 0.02(5)

0.45 £ 0.02(~1000)

N/A

N/A
N/A
0.44, 0.45 + 0.02(3)

N/A

N/A

0.47, 0.46 + 0.03(12)
0.48, 0.47 + 0.02(15)
0.57, 0.57 + 0.03(8)
0.41, 0.42 £ 0.03(7)
0.4, 0.43 + 0.02(26)
0.43, 0.44 + 0.02(5)
0.43 =+ 0.02(~1000)

1.73, 1.72 £ 0.02(13)

1.52, 1.49 £ 0.03(35)
1.52, 1.49 + 0.06(25)
1.30, 1.47 £ 0.06(32)

1.52, 1.44 £ 0.08(14)

1.38, 1.37 £ 0.05(20)
1.31, 1.37 £ 0.08(12)
1.31, 1.31 £ 0.02(20)
1.29, 1.30 £ 0.05(12)
1.23, 1.24 £ 0.02(25)
1.21, 1.22 £+ 0.02(26)
1.22, 1.22 + 0.03(5)

1.18 + 0.02(~1000)

Tegler online

Tegler online

Tegler online

Table 9 + Peixinho et al.
(2003, 2012)

Tegler online

Tegler online

Lamy & Toth (2009)
Table 6 + Jewitt (2005)
Table 9 + Jewitt (2009)
Table 3

Solontoi et al. (2012)
Lamy & Toth (2009)
Szabé et al. (2007)

Sun

0.64 £+ 0.02

0.35 £ 0.01

0.33 £+ 0.01

0.99 £ 0.02

Holmberg et al. (2006)

Figure 4.12: Color indices of various types of comets, from [35].For each object group, the
median color, the mean color with its 10 standard error, and the number of
measurements are listed.

\ Index type \ PanSTARRS \ Lovejoy \ Active LPCs \
B-V 0.77 £0.07 0.71£0.10 0.78 +0.02
V-R 0.41 +0.04 0.34 £0.05 0.47 £ 0.02
R-1I 0.40 + 0.04 0.39 + 0.06 0.42 +0.03
B-R 1.17+0.11 1.05+0.15 1.24 +0.02

Table 4.10: Recapitulatory table of the color indices of PanSTARRS, Lovejoy, and the
average color indices of LPCs, taken from [35].
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Chapter 5

Molecular activity

This chapter covers the computation of the gas production rates of comets PanSTARRS and
Lovejoy. The production rates of OH, CN, NH, Cy and Cj are covered. Production ratios of
OH, Cs and C3 with respect to CN are also computed in order to infer information about
the comets’ taxonomy. Finally, the water production rate is inferred from the production
rate of OH.

5.1 The Haser model

The model used to calculate gas production rates in this thesis is the Haser model [37]. It is
a model developed in 1957 by Leo Haser. The Haser model considers two types of molecules:
parent molecules and daughter molecules. Parent molecules are directly produced by out-
gassing of the cometary nucleus due to solar radiation. They are then photodissociated to
generate the daughter molecules, such as OH, NH, and CN. These daughter molecules emit
in the visible domain and can be detected by TS through the use of cometary filters.

This model is based on the following assumptions:

e The comet has a spherical nucleus of radius ry. Its substance is evaporated by solar
radiation absorption. The molecules leave the surface in every direction, with a radial
velocity vp.

e Excited by solar light, the molecules emit their system of resonance.
e The molecules are disintegrated by photodissociation, following the law
n = nge ™, (5.1)

with ng being the number of molecules present at time ¢ = 0, and 7y the average
lifetime of a parent molecule.
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Using these assumptions, the number of particles in a given distance p from the nucleus can

be derived by [38]

o) = g =) 5.2
p nucleocentric distance
Pn=p—Tn reduced nucleocentric distance (r, radius of the nucleus)
lp, lg scale lengths for parent and daughter species
Q production rate
v gas velocity

This model is used to derive the production rates () by fitting this equation to observation
and variation of the parameters ), [, and /4.

It is important to note that the Haser model is not physically accurate: cometary nuclei
are not actually spherical, and the dissociation process from a parent molecule to a daughter
molecule is non-radial and may happen in various steps and with various parents. Moreover,
photodissociation is not the only chemical process occurring within the coma. However,
despite the development of newer models since its introduction in 1957, the Haser model
remains the most widely used. This is due to its simplicity of use, the similarity of its results
compared to more evolved models, and its compatibility with results by different authors
and in different settings. As it has been used predominantly for the past 50 years, adopting
a newer model, would prevent comparison with earlier results.

Moreover, the empirical calculation of the scale length partly compensates for the sim-
plicity of this model. In simple cases, where a parent species produces a daughter molecule
through a single step, and if the parent molecule sublimes off the nucleus and expands at
constant speed, the scale length can be written as [ = 7-v [38|. Real-life processes are usually
more complex, however, with multi-step production of daughter molecules that come from
several parent molecules.

5.2 Mathematical development of the Haser model
Below is the mathematical development for the Haser model, as given by [37].
Let N(ro) be the number of molecules escaping the nucleus per second and cm?, and

N(X) is the same quantity at a distance X. The total number of molecules crossing a sphere
of radius X is thus

4 X2 N(X) = 472N (1) exp [-ﬁ(}( — ro)] : (5.3)

The formation rate of the disintegration products is the number of molecules at a moment
dt+t that weren’t there at a moment ¢. In terms of radius, it is all the molecules that cross a
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sphere of radius X + dX, but that weren’t there before (i.e., when the molecules crossed the
sphere of radius X). The formation rate of disintegration products can thus be expressed

like this: y . .
_K[4WX2N<X)] = 47riN(ro) - o exp {—M(X — 7‘0)} (5.4)

Assuming that the molecules are produced by successive disintegration of parent molecules,

then when the molecules produced at a distance X of the nucleus reach a distance r, their

_r=X
v1T1

number has dwindled by a factor exp [ } , and we have

1 1
dmrg N (ro) - Mexp [—E(X - ro)} - exp [—

r—X}

V17

(5.5)

molecules arriving at distance r and generated in a shell of thickness dX at a distance X
from the nucleus.

Therefore, the total number of daughter molecules at a distance r (per second and unit area)
is obtained by integrating over X:

Ni(r) = N(ry) - {@2} LI {i} / exp [—i =X ] iX  (5.6)

T VoTo VoTo VoTo V1T

The molecular density in the coma is

N(ro) = voD(ro) (5.7)
Ni(r) = v1Dy(r) (5.8)

The characteristic scale length of the parent and daughter molecules in the coma, 3y and 31,
can also be defined by:

1
- = 5.9
Bo o (5.9)
_ (5.10)
b V171 '

So we obtain

2 — — — — _
Di(r) = D(ro) - 25, {@ } ~exp(—fo(r —ro)] — exp[=fi(r — ro)] (5.11)
v1 r B — Bo
We can now introduce the definition of the molecular production rate Q:
Q = dverg D(ro). (5.12)

Using equations 5.11 and 5.12, we find the following expression for the density distribution
D, of the daughter molecules in the coma:

Dilr) = gy S =Tl = oA = o) (5.13)
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This is the Haser formula. Integrating it along the line of sight allows for finding the column
density N (r) of the daughter specie. This integration can be done numerically or analytically.
In this work, we do it numerically, by directly integrating the molecular density along the
line of sight.

Defining the emissivity e(r) as

1 Bo

e(r) = - . [exp(=fo(r)] — exp[=p1(r)]], (5.14)
the column density can be expressed as
N(r) = 47?1}1 e(r)dz. (5.15)

The final step is to establish the relation between the column density of the molecules
and the flux they emit. Since the emission is due to a mechanism of resonance-fluorescence,
where the molecules in the coma are excited by absorbing the solar radiation and de-excite
by emitting one or several photons through fluorescence, a relation exists between these two
quantities in an optically thin medium [39].

47T F
g Q’
Here F' is the flux, € is the solid angle, and g is the fluorescence emissivity of molecules, also

called the g-factor. It corresponds to the probability per molecule and unit time of scattering
a solar photon. It is expressed as

N(r) = (5.16)

[ me 9 Ak
gr = (me ) A fAF)\Zk A (5.17)

where f) is the absorption oscillator strength, F) is the solar flux per unit wavelength, and
A, are the Einstein coefficients. The fluorescent efficiency is dependent on the considered
molecule, and values of the g factors are available in the literature.

Thus, the flux measured from the comet through a given narrowband gas filter can be
converted into the column density of the corresponding molecular species in the coma. This
column density can then be used to estimate the gas production rate of molecules.

5.3 Application of the model

In this work, the molecular production rates were computed numerically using a program
that implements the Haser model. This program uses comet images obtained with T'S’s gas
filters, subtracts the dust continuum from the radial profile using images taken with dust-only
filters, and then calculates the production rates based on the Haser model using the resulting
radial profiles. The lifetime, scale lengths and g-factor values necessary for computation are
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taken from [14], and the orbital parameters of the comets were obtained from NASA’s JPL
Horizon website [28]. For each image in a given gas filter, the model was fitted between
nucleocentric distances between 10%% km and 10*! km to obtain the production rate Q of
the gas. This specific range was chosen because effects such as dust contamination can affect
detection at smaller distance ranges, while larger ranges suffer from low SNR.

| Filter | 1, (km) | 1g (km) |
OH 24000 160000
NH 50000 150000
CN 13000 210000
Cs 2800 27000
Co 22000 66000

Table 5.1: Parent (I,) and daughter (/,) scalelengths used in the Haser model. These values
are given for a heliocentric distance of 1 AU and scale by r? [14].

5.3.1 Subtraction of the dust contamination

Contamination by other gases is negligible in the chosen filters, but not dust, which can in
fact contaminate images. So, every time a radial profile is made in a gas filter, a comple-
mentary radial profile is made in the dust filter BC during the same night. They have to be
made close in time because dust activity varies relatively fast (notably due to the rotation
of the nucleus).

Similarly to Section 4.1, the dust profile is multiplied by a factor f. and subtracted from
the gas profile. This factor puts the continuum to the correct scale and depends on the
relative importance of contamination in the various filters. For example, it is very weak in
the OH and CN filters, as the solar spectrum is weaker in these wavelengths, but stronger
in the Cy and Cj filters. The values of the f. factor in the different filters are shown in the
Table 4.1.

5.4 Results

5.4.1 Gas production rates

The production rates of CN, NH, Cy and C3 with respect to Julian day and heliocentric
distance are presented in this section.

Gas production rate: PanSTARRS

The production rates of comet PanSTARRS with respect to time and heliocentric distance
are shown in Figures 5.1 and 5.2. The evolution of these production rates was also fitted with
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a power-law, and the resulting slopes are listed in Table 5.2. The behavior of the production
rate is consistent across all gas filters: it increases before perihelion and decreases afterward.
While the absolute maximum of the production rate coincides with perihelion, a local peak
in emission also occurs later, around 56941 MJD, after which the production rate declines
again. This secondary peak is particularly prominent in the OH filter. No corresponding
peak in brightness is seen in the magnitude light curve shown in Figure 4.4.

Filter

rp-dependence before
perihelion passage

rp-dependence  after
perihelion passage

OH
NH
CN
Cs
Gy

Not enough data
Not enough data
—1.13 £ 0.06
—4.05 £ 0.46
—1.43 £0.06

—1.59 £ 0.11
—5.94 £0.22
—1.73£0.03
—2.34£0.07
—2.48 £0.03

Table 5.2: Fitted power-law slopes of the r,-dependence of the OH, NH, CN, C3 and C,
production rates of comet PanSTARRS, before and after perihelion passage.
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Figure 5.1: Evolution of the CN, NH and C, production rates in the coma of comet
PanSTARRS as a function of time (left) and heliocentric distance (right)
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Gas production rate: Lovejoy

The production rates of comet Lovejoy as a function of time and heliocentric distance are
given in Figures 5.3 and 5.5. These rates were also fitted with a power-law, and the resulting
slopes are provided in the Table 5.3.

Once again, the behavior is consistent for every gas filter: the production rate increases as
the comet approaches perihelion and decreases afterward. Unlike PanSTARRS however, the
evolution of Lovejoy’s production rate does not display any noticeable emission peak outside
of the perihelion.

The pre-perihelion slopes tend to be slightly steeper than those post-perihelion. For example,
in the NH filter, the slope before perihelion is —4.33 + 0.26, compared to only —3.12 4 0.51
after perihelion.

Filter rp-dependence rp-dependence
before perihelion | after perihelion
passage passage

OH —3.90 £ 0.26 —2.92+0.19

NH —4.33 £ 0.35 —3.12+0.51

CN —2.46 + 0.07 —2.15+0.05

Cs —2.94+0.13 —2.47+0.14

Cy —3.66 £ 0.08 —2.92 +0.07

Table 5.3: Fitted power-law slopes of the r,-dependence of the OH, NH, CN, C3 and Cy
production rates of comet Lovejoy, before and after perihelion passage.
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5.4.2 Gas production ratios and comet taxonomy

Comets are categorized depending on their ratios of gas abundance. The interrelationship of
abundance ratios allows for comets to be separated into two categories: typical comets and
carbon-depleted comets.

The abundance ratio log(Cy/CN) of typical comets according to [14] ranges between -
0.09 and 0.29, with a mean of 0.06. Depleted comets, on the other hand, have a log(Cy/CN)
ratio that ranges from -1.22 to -0.21 with a mean at -0.61. This factor is used as the dis-
criminating factor for cometary taxonomy.

In this section, we study the abundance ratio of Cy production rates compared to that
of CN in order to infer the cometary taxonomy of Lovejoy and PanSTARRS, as well as the
abundance ratios of C3 and OH production rates compared to CN for additional insight into
the behavior of the comae.

PanSTARRS

The abundance ratio log(Qc,/Qcn) of comet PanSTARRS is displayed in Figures 5.6a and
5.6b. The pink and blue zones represent the possible ranges of the abundance ratio for a
typical and a depleted comet, respectively. Nearly all values are firmly within the range of a
typical comet, with only three data points above it and no data points in the depleted zone,
for an average of 0.16 +0.01. We therefore conclude that PanSTARRS is a typical comet in
terms of carbon production.

Moreover, the ratio appears to decrease with heliocentric distance, so the production of
C, increases as the comet approaches the Sun faster than the production of CN does. A
slight increase in the ratio is also observed around 2.3 AU. However, this is likely not a
physical effect but rather an artifact due to low SNR in that region.

On the other hand, the abundance ratio log(Qc,/Qcn), displayed in Figures 5.6¢ and
5.6d, has an average of —0.74 £ 0.06 and is mostly constant, but also seems to decrease a
bit with heliocentric distance. This trend could suggest that the parent molecule of C3 stops
sublimating at that distance, leading to a decline in Csz production relative to CN.

Finally, the abundance ratio log(Qon/Qcn) in Figures 5.6e and 5.6f shows an interesting
behavior: the OH seems to drop after the perihelion passage, only to rise again, reaching a
peak at 56698 MJD (at 3.0 AU) before declining once more. Overall, the average value of the
ratio is 2.62 + 0.02. This behavior was already noticed in Figure 5.2¢: it corresponds to the
OH production peak. This feature appears only in the OH/CN abundance ratio, indicating
that the increase in OH production was significantly stronger than that of CN. In contrast,
the absence of similar features in the abundance ratios log(Qc¢,/Qcn) and log(Qc,/Qcn)
means that the peaks in productions of Cy, C3 and CN at that time all had similar intensities.
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Therefore, around 56698 MJD, PanSTARRS had a temporary outburst of Cy, C3, OH and
CN, with OH being produced in comparatively greater amounts than the other species.

Lovejoy

The abundance ratio log(Qc,/Qcn) of comet Lovejoy is displayed in Figures 5.7a and 5.7b.
Again, the pink and blue zones represent, respectively, the possible ranges of the abundance
ratio for a typical and a depleted comet. Similarly to PanSTARRS, nearly all data points
are firmly within the range of a typical comet, with only two data points in the depleted
zone and only four points outside both zones. The average value of the Cy-to-CN ratio is
0.05 £+ 0.03. We therefore conclude that Lovejoy is a typical comet in terms of carbon pro-
duction.

Continuing with the similarities to PanSTARRS, Lovejoy also displays the anticorrela-
tion between the Cs-to-CN ratio and heliocentric distance, as well as an increase in the "far"
heliocentric distances, starting at 2.3 AU. The Cs-to-CN ratio has an average of —0.7340.02
and is displayed in Figures 5.7c and 5.7d. As with PanSTARRS, we see an increase of the
ratio as the heliocentric distance decreases.

Finally, the OH-to-CN ratio has an average of 2.36 £ 0.04 and is shown in Figures 5.7e

and 5.7f. Interestingly, it seems to have slightly higher values before perihelion than after it,
but not enough data is present to properly define a trend.
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5.4.3 Water production rate

Water production is connected to OH production by the following formula [40]:

Q0 = 1.361 - 7" - Qon.

(5.18)

Using this formula and our previous results regarding the production rate of OH in section
5.4.1 allows for inference of the evolution of the production rate of water with respect to
time and heliocentric distance.

Water production rate of PanSTARRS

The evolution of the water production rate of comet PanSTARRS with respect to time and
heliocentric distance is presented in Figure 5.8. The evolution of these production rates was
also fitted with a power-law, and the resulting slopes are listed in Table 5.4.
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Figure 5.8: Evolution of the water production rates in the coma of comet PanSTARRS as a
function of time (left) and heliocentric distance (right)

Filter

rp-dependence
before perihelion
passage

rp-dependence
after perihelion
passage

’ Water

‘ Not enough data ‘

—2.09 £0.11

|

Table 5.4: Fitted power-law slopes of the r,-dependence of the water production rates of

comet PanSTARRS, before and after perihelion passage.
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Water production rate of Lovejoy

The evolution of the water production rate of comet Lovejoy with respect to time and
heliocentric distance is presented in Figure 5.9. The evolution of these production rates was
also fitted with a power-law, and the resulting slopes are listed in Table 5.5.
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Figure 5.9: Evolution of the water production rates in the coma of comet Lovejoy as a
function of time (left) and heliocentric distance (right)

Filter rp-dependence rp-dependence
before perihelion | after perihelion
passage passage

| Water | —440+£026 | -342+020 |

Table 5.5: Fitted power-law slopes of the r,-dependence of the water production rate of
comet Lovejoy, before and after perihelion passage.
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Chapter 6

Dust activity

In addition to gases, comets eject significant amounts of dust. Dust grains are ejected along
the gas when the parent molecules are ejected from the nucleus, and become part of the
coma. This section focuses on an estimation of the dust production rates of the observed
comets.

The quantification of dust activity is realized through the computation of the so-called
Afp parameter. This chapter begins with an introduction to the parameter, followed by a
presentation of the results.

6.1 Definition: the Afp parameter

The Afp is a quantity that gives an indication of cometary dust activity. It was introduced
for the first time in 1984 by A’Hearn et al [41]. Tt is the product of three different quantities:

e A(0), the Bond albedo of cometary dust grains. This is the fraction of incident light
that is reflected by dust grains at phase angle 6, § being the Sun-object-observer angle.
It is a value between 0 and 1, 0 corresponding to a black body and 1 to a perfect
mirror.

o f the filling factor. f is the total area filled with dust grains in the field of view (i.e:
the number of grains multiplied by their cross-section), divided by the surface of the
field of view, mp?.

e p, the radius of the coma, assumed to be circular, within which the dust activity is
measured.

In practice, it is not possible to compute these three quantities separately. The filling factor in
particular would include counting the number of grains by hand. We can, however, compute
their product. The resulting value is called the Afp parameter. It follows the following

formula: N
r
A 9 _ H comet 1
(O)fp = 22 Tt ©.)
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In this relation, p is the radius (in centimeters) inside which the cometary flux F e is
measured. A is the geocentric distance to the comet (also in cm), and 7y is the heliocentric
distance (in AU). Fiome is the solar flux reflected in the field of view by the dust grains
present within the nucleocentric sphere of radius p and F,, represents the solar flux at 1
AU. Both fluxes depend on the used filter and are expressed in erg-cm=2-s7!. A™' The
quantity Afp is thus expressed in cm. The Afp has the advantage of being theoretically
independent of distance to the nuclei, and thus the size of the aperture, as long as the radial
profile is inversely proportional to p. This behavior is illustrated in Figure 6.1, where the
Afp value stabilizes and becomes approximately constant beyond a distance of 10* km from
the nucleus (dashed line).
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Figure 6.1: Profile of the Afp parameter of comet PanSTARRS as a function of distance
from the nucleus, measured on the night of March 22nd, 2014 in the RC, GC and BC filters.

There are many assumptions in using Afp as a measure of dust production. Since the
scattering function of grains is expected to be strongly peaked in the direction of forward
scattering and less so in the direction of backward scattering, it should also be expected for
the relation between the AFp and actual dust production to vary significantly with phase
angle. It is also assumed that the contribution of reflected light by the nucleus is negligible.
Finally, for many size distributions, the scattered optical light comes largely from grains
with sizes similar to the observed wavelength [42|. Therefore, the extrapolation Afp =>
total production of dust assumes that the size distribution and the physical nature of the
particles remain the same both with time and from one comet to another. The Afp can be
used as a proxy for dust production, but its limitations must be kept in mind.

If the grains in the coma are gray, then Afp will be the same across all filters. Any
variation of Afp concerning filter type represents the spectral reflectivity of the grains.

6.2 The phase angle effect

As said before, the albedo and therefore the Afp depend on the phase angle, as the part of
the comet illuminated by the Sun must be oriented towards Earth for the observer to see the
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reflected light. In particular, the scattering is much more efficient if 6 is large. This is known
as the phase angle effect, and a correction is needed to account for it. This correction consists
of a normalization of the obtained values by a dust phase function. We use a composite dust
phase function defined by D. Schleicher [33|. This function is a combination of two previously
defined functions: the Halley curve, which is better suited for small phase angles, and the
Marcus curve, which is more suited for large phase angles. We chose to normalize the Afp
values at a phase angle 6 of 0° (corresponding to a back-scattering of the light).
A pair of plots showing the curve in linear and in log space is provided in 6.2.
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Figure 6.2: Zero-degree-normalized composite dust phase function defined by D. Schleicher
and used in this work to correct the obtained Afp values for the phase angle effect

6.3 Computation methods

The Afp parameter was computed numerically using equation 6.1. For each image obtained
in the R, RC, BC and GC filters, an Afp value was computed for each annulus of pixels
around the comet’s center. This way, a profile for the A fp as a function of the nucleocentric
distance p was obtained. An interpolation was then performed on this profile to deduce the
Afp at a nucleocentric distance of 10000 km.

These values are then normalized to account for the phase angle effect. For this purpose,
the Sun-target-observer angle at the time of image generation is retrieved for every image
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using the JPL Horizon website [28|. The function provided by D. Schleicher only works for
discrete angle values, so an interpolation of the function is to account for non-discrete angle
values (i.e., angles with decimals).

Finally, the phase-angle-corrected values are all gathered and plotted to follow their
evolution as a function of time.

6.4 Results and discussion: dust activity

In this section, we present the evolution of the Afp parameter as a function of observation
time and heliocentric distance.

Dust activity of PanSTARRS

The evolution of the Afp parameter of comet PanSTARRS with respect to time and he-
liocentric distance is given in Figures 6.3 and 6.4, respectively. The evolution of the dust
activity with respect to heliocentric distance was also fitted with a power-law, and the re-
sulting slopes are listed in Table 6.1.

Across all filters, the behavior of Afp displays a strong asymmetry around perihelion.
Before perihelion passage, the curve remains almost flat across all filters. After perihelion
passage however, the Afp drops sharply, with a significantly steeper slope in the fitted power
law (see Table 6.1), indicating a much stronger dependence on heliocentric distance.

This asymmetric pattern, characterized by a slow increase in A fp before perihelion and a
sharp decline after, have been previously observed in DNCs [31]. In contrast, LPCs typically
exhibit a more rapid increase in activity approaching perihelion [43|. This sharp drop could
be explained by a change in the illumination of active regions on the nucleus. As the comet
approaches and passes perihelion, the angle at which sunlight illuminates these active areas
may change abruptly, causing a rapid decline in observed dust activity. Lastly, the peak in
gas production rate observed in Section 5.4.1 is not reflected in the dust activity, suggesting
the event was a gas-only outburst.
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Filter rp-dependence r,-dependence
before perihelion | after perihelion
passage passage

R —0.270 + 0.003 | —0.970 £ 0.002

RC —0.134 +0.006 | —0.885 + 0.008

BC —0.081+0.024 | —0.789 + 0.025

GC —0.089 + 0.015 | —0.805 £ 0.021

Table 6.1: Fitted power-law slopes of the r,-dependence of the Afp of comet PanSTARRS,
before and after perihelion passage.

Dust activity of Lovejoy

The evolution of the Afp parameter of comet Lovejoy with respect to time and heliocentric
distance is given in Figures 6.5 and 6.6, respectively. The evolution of the dust activity was
also fitted with a power-law, and the resulting slopes are listed in Table 6.2.

Similarly to the case of PanSTARRS, the behavior of the Afp parameter does not vary
significantly from one filter to another. The dust activity increases as the comet approaches
the Sun, then decreases as it moves away. However, in contrast to PanSTARRS, the behav-
ior of the Afp is also similar before and after perihelion passage, or at least from what can
be inferred from the sparse pre-perihelion data. Averaging the power-law parameters across
all filters of Table 6.2 yields —3.58 £ 0.04 before perihelion, compared to a slightly smaller
value of —3.06 £ 0.01 post-perihelion. The dust activity therefore increased faster than it
decreased, as was the case with Lovejoy’s magnitude. The power-law slopes of Lovejoy are
in general much steeper than PanSTARRS, indicating that Lovejoy’s dust activity is much
more variable than that of its DNC counterpart.

On the other hand, the feature observed at 56800 MJD in Figure 4.9 is nowhere to be
seen. This suggests that this peak was nothing but an angle-related geometric effect, which
thus disappears once the dust activity is normalized to account for this effect.

Filter rp-dependence rp-dependence
before perihelion | after perihelion
passage passage

R —3.74 +0.03 —3.04 £0.01

RC —3.56 = 0.05 —3.17+0.03

BC —3.73£0.12 —3.04 +0.04

GC —3.31+£0.08 —3.00 +£0.03

Table 6.2: Fitted power-law slopes of the r,-dependence of the Afp of comet Lovejoy,
before and after perihelion passage.
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Afp of comet Lovejoy in R filter as a function of time

Afp of comet Lovejoy in RC filter as a function of time
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Figure 6.5:
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Evolution of the Afp parameter of comet Lovejoy with respect to time




Afp of comet Lovejoy as a function of heliocentric distance in the R filter

Afp of comet Lovejoy as a function of heliocentric distance in the RC filter
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Figure 6.6: Evolution of the Afp parameter of comet Lovejoy with respect to heliocentric
distance. Data taken before perihelion passage is on the right side of the graph, and data
taken after is on the left side.
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6.5 Dust-to-gas ratios

This section compares the gas activity obtained in Chapter 5 with the dust activity discussed
in the previous section. Such a comparison is a straightforward way to assess if a comet is
dust-rich or gas-rich. For this purpose, the dust-to-gas ratio with respect to Julian time and
heliocentric distance was computed.

The dust-to-gas ratio is the logarithmic ratio between the A fp values measured in the R and
RC filters, and the production rate of CN and water, the latter being computed by applying
the transformation applied in Section 5.4.3 to the production rate of OH. Water serves as
a reliable proxy for total cometary gas emission, while CN is one of the brightest and most
easily detectable gas species in optical observations.

Below is displayed the evolution of the dust-to-gas ratio for comets PanSTARRS and Lovejoy.

Dust-to-gas ratios of PanSTARRS

The evolutions of the dust-to-gas ratios of comet PanSTARRS are given in Figures 6.7 and
6.8, which respectively compare the evolution of the Afp parameter to the CN and water
production rates. In both cases, the Afp is calculated using both the R and RC filters, and
its evolution is presented as a function of both time and heliocentric distance.

In the case of CN, the evolution of the dust-to-gas ratio is essentially identical whether
the R or RC filter is used. In both cases, the ratio decreases as the comet approaches the
Sun, reaching a minimum at perihelion. The ratio then increases again as the comet moves
away from the Sun in a relatively symmetrical manner. This behavior could be explained
by the different dynamics of gas and dust: Far from the Sun, outgassing decreases and the
CN dissipates away. In contrast, the dust can stay closer to the nucleus as it not as strongly
pushed away by the solar radiation pressure as it was at shorter heliocentric distances. This
favors more dust in the aperture relative to CN at far distances. As a result, the observed
CN production rises and falls more rapidly than that of dust.

The dust-to-water ratio, on the other hand, shows a more puzzling trend. Due to the lack
of pre-perihelion data, no conclusion can be drawn about its early behavior. However, post-
perihelion, the ratio decreases and reaches a minimum value at 56941 MJD at a distance of
1.286 AU of —25.164+0.04 in the R filter and —25.15+0.04 in the RC filter. It then increases
again. This dip coincides with the water outburst observed at that time (see Figure 5.8).
Since the gas production increases sharply while the dust does not, the effect on the dust-
to-gas ratio appears as a dip rather than a peak. This further confirms that this outburst in
gas production is not accompanied by a corresponding increase in dust activity.
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Dust-to-gas ratios of comet PanSTARRS vs Observation time in the R and CN filters
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Figure 6.7: Dust-to-gas ratios of comet PanSTARRS. The Afp parameter is expressed in
the R and RC filters, and the gas production is expressed in the CN filter. The ratios are
expressed with respect to observation time (left) and heliocentric distance (right).
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Dust-to-gas ratios of comet PanSTARRS vs heliocentric distance in the R and water filters
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Dust-to-gas ratio of Lovejoy

The evolution of the dust-to-gas ratio of comet Lovejoy is given in Figures 6.9 and 6.10, cor-
responding respectively to the evolution of the Afp compared to CN and water production
rates. In both cases, the Afp is expressed using both the R and RC filters, and its evolution
is shown with respect to time as well as heliocentric distance.

The dust-to-CN ratio displays the same behavior in every Afp filter. Before perihelion,
the ratio increases as the comet approaches the Sun, indicating that the dust production
rises more rapidly than CN production. This is the opposite of what was observed for comet
PanSTARRS, where CN increased more steeply than dust. Overall, the dust-to-CN ratio
is higher after perihelion than before. After perihelion, the ratio decreases and reaches a
minimum around 56760 MJD, at a heliocentric distance of 2.1 AU, before appearing to rise
again.

In contrast, the Afp-to-water production ratio appears constant, but its average value
differs before and after perihelion. Specifically, the post-perihelion values are systematically
higher, suggesting that the comet was dustier after perihelion than before.

This asymmetry in the production rate is likely related to seasonal effects, as is the
asymmetry in the light curve seen in Section 4.3. As the comet approached the Sun, the
latter illuminated a dust-rich region of the nucleus, resulting in increased dust emission.
This implies a heterogeneous nucleus, with certain regions more prone to releasing dust
than others. The precise mechanism driving this asymmetric behavior, however, remains
uncertain.
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Dust-to-gas ratios of comet Lovejoy vs Observation time in the R and CN filters Dust-to-gas ratios of comet Lovejoy vs heliocentric distance in the R and CN filters

n === Perinelion [0.814U) |
-21.4 -21.4 E
-216 -21.6 E
Z s = 218 i
& & |
é -22.0 z 20 E
g _ =] :
g 222 i;li I £ 22 | e - E I
o 224 g a2 } s
= & ! ¥ I
-22.6 e - |
- L 226 fx | I I
—-228 ﬁ ---- Perihelion passage 228 I:ﬁ H
56550 56600 56650 56700 56750 56800 56850 BT T e Y
Observation time (M|D} Heliocentric distance
(a) dust-to-gas ratio in the R and CN filters, with (b) dust-to-gas ratio in the R and CN filters,
respect to observation time with respect to heliocentric distance
Dust-to-%as ratios of comet Lovejoy vs Observation time in the RC and CN filters 72D]u25t-to-ga; ratios of comet Lovejoy vs heliocentric distance in the RC and CN filters
B T Perinelion passage -~ Perinelion {0.5140) |
-21.4 214 !
— 216 216 :
g 2o s e i
g -220 g -220 !
& g j
: L : : I
g 222 = [ [ § -2 i % 5 [
-3 = =4 H
g 24 T oo i Bl gy I
-226 = I 226 e [
228 =X -228 % II i
56550 56600 56650 56700 56750 56800 56850 T T s 5 2 5 o
Observation time (M]D) Heliocentric distance
(¢) dust-to-gas ratio in the RC and CN filters, with (d) dust-to-gas ratio in the RC and CN filters,
respect to observation time with respect to heliocentric distance

Figure 6.9: Dust-to-gas ratios of comet Lovejoy. The Afp parameter is expressed in the R
and RC filters, and the gas production is expressed in the CN filter. The ratios are
expressed with respect to observation time (left) and heliocentric distance (right).
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Dust-to-gas ratios of comet Lovejoy vs Observation time in the R and water filters Dust-to-gas ratios of comet Lovejoy vs heliocentric distance in the R and water filters
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Figure 6.10: Dust-to-gas ratios of comet Lovejoy. The Afp parameter is expressed in the R
and RC filters, and the gas production rate is inferred from the OH filter. The ratios are
expressed with respect to observation time (left) and heliocentric distance (right).
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Chapter 7

Coma morphology

Up to this point, we have focused our analysis on coma composition. In this chapter, we
shift our focus to coma morphology. Comae are typically not homogeneous: some regions
are more dusty or icy than others and, in turn, more active. This gives rise to features in
the coma, such as bright jets, fans, or arcs, that can be observed.

Studying the coma morphology provides indirect insight into the shape of the nucleus,
which is concealed from direct observation by the coma itself. For instance, the position of
active regions on the comet’s surface can be inferred from active zones in the coma. Fur-
thermore, by monitoring the evolution of the coma over time, it is sometimes possible to
determine the comet’s rotation period based on periodic changes in the coma.

In this chapter, we describe the image processing techniques to enhance our images to
detect morphological features, and we present the results of our morphological analysis.

7.1 Image enhancement techniques

Due to the brightness of the coma, features are often difficult to detect on standard images.
Therefore, image enhancement techniques are necessary to improve contrast between the
internal structures and the surrounding coma, making these features detectable.

The primary enhancement technique used in this thesis is the division by azimuthal me-
dian profile. This method, implemented via a Python script developed by Mathieu Vander
Donckt, consists of taking a concentric annulus of pixels centered on the comet’s optocenter
and calculating the median brightness of these pixels. The brightness value of each pixel in
the annulus is then divided by this median value. This process is repeated with annuli of
varying distances until every pixel in the image is enhanced.

Another method based on image rotation, known as the Larson-Sekanika method, was
also applied. This method consists of rotating the original image 10° clockwise, then doing
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the same counterclockwise [44]. The average of the two rotated images is then subtracted
from the original. While this method yielded no visible features, however, it is included here
for completeness.

7.2 Results

We applied the enhancement technique on all CN images of comets PanSTARRS and Love-
joy. Several enhanced images are shown here, and we discuss what structural features are
identified in this section. On all images, the directions of North and East are indicated, and
an orange arrow shows the direction opposite to the Sun, indicating the direction of the ion
tail, and a white arrow shows the projection to the negative of the comet’s direction vector,
indicating the direction of the dust tail.

Coma morphology of PanSTARRS

Prior to 56816 MJD, no structural feature on the coma of PanSTARRS was observed. Around
this date, however, a spiral structure begins to emerge. This feature is likely caused by one
or more active regions on the nucleus, with at least one dominant active zone and possibly a
smaller one on the opposite side. The emission takes the form of a spiral due to the rotation
of the nucleus.

The structure appears particularly strong between MJD 56935 and 56945, a period which
coincides with the beginning of the outburst of CN and OH of PanSTARRS discussed in
Section 5.4.1. This suggests that the outburst in gas observed around this date was caused
by enhanced activity of these active regions. Figure 7.2 also reveals a very faint tail in the
antisolar direction during this time. The spiral pattern gradually dissipates and is no longer
visible by approximately MJD 56980.

CK12K010 CN rh=1.42 au Azimedian filtering LS filtering (10°)

100k km 2014-06-29.96

Figure 7.1: 56838 MJD. Spiral structure of CN emission around comet PanSTARRS
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CK12K010 CN rh=1.24 au Azimedian filtering LS filtering (10°)

100k km 2014-10-06.38

Figure 7.2: 56936 MJD. Spiral structure of CN emission around comet PanSTARRS

CK12K010 CN rh=1.31 au Azimedian filtering LS filtering (10°)

100k km 2014-10-14.38

Figure 7.3: 56944 MJD. Spiral structure of CN emission around comet PanSTARRS

Coma morphology of Lovejoy

Lovejoy’s coma shows the presence of broad triangular features, called fans, indicating the
presence of at least two regions of higher activity. This fan structure starts to dim strongly
after 65612 MJD, and completely disappears from our images after 56734 MJD. This time,
no tail or jet structure is visible. Notably, no features are present around 56800 MJD, which
was the date of the apparent peak in brightness observed in Figure 4.9. This absence of
morphological feature changes further confirms that this peak in brightness does not reflect
an increase in cometary activity but is instead due to phase angle effects.
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CK13R010 CN rh=1.63 au Azimedian filtering LS filtering (10°)

100k km 2013-10-03.34

Figure 7.4: 56568 MJD. CN emission around comet Lovejoy

CK13R010 CN rh=1.38 au Azimedian filtering LS filtering (10°)

100k km

Figure 7.5: 56586 MJD. CN emission around comet Lovejoy
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Chapter 8

Conclusion

Studying comets is essential to improve our understanding of the early solar system. In this
work, we performed photometry and image monitoring of two comets: the dynamically new
comet C/2012 K1 (PanSTARRS) and the long-period returning comet C/2013 R1 (Lovejoy).

This was accomplished using images from the TRAPPIST-South telescope at the La
Silla Observatory. The comets were monitored before, during, and after their passage to
perihelion, from March 2013 to December 2015 for PanSTARRS and from December 2013
to October 2014 for Lovejoy. Using TRAPPIST-South’s various cometary filters, we mon-
itored the evolution of the brightness by computing apparent and heliocentric magnitudes
in the broadband BVRI filters. The gas production rates of OH, CN, NH, C3, and C, were
also derived using narrowband gas filters, as well as gas abundance ratios. Additionally,
the production rate of HoO was inferred from that of OH. The dust activity was monitored
through the Afp parameter using R, RC, BC, and GC filters over extended periods and
was compared to the cometary gas production by computing dust-to-gas ratios. Finally,
the morphology of each comet’s coma was also analyzed in the various filters using image
enhancement techniques.

For the DNC PanSTARRS comet, the heliocentric magnitude light curve in the BVRI
filters revealed an asymmetry: the slopes before perihelion were flatter than those after
perihelion. PanSTARRS has color indices very similar to LPCs, suggesting a similar com-
position. The study of the gas production rates revealed a gas outburst post-perihelion that
was not reflected in the dust activity, indicating a gas-only event. The abundance ratio of
PanSTARRS correlates with that of a carbon-typical comet. Its dust activity also showed
a strong asymmetry, even more pronounced than in the magnitude evolution, with steeper
slopes after perihelion than before, and was otherwise featureless. This asymmetry has been
observed in DNCs before. Finally, the study of its morphological structures in the coma
revealed a spiral structure in the CN gas coma of PanSTARRS, caused by at least one active
region on the nucleus, possibly two with a fainter region on the opposite side. A faint tail
was also detected.
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The evolution of the heliocentric magnitude of Lovejoy is also asymmetric: the comet
faded more rapidly after perihelion than it brightened beforehand. However, Lovejoy’s ap-
parent and heliocentric magnitudes showed much steeper slopes than PanSTARRS, indi-
cating that Lovejoy is by far the more active comet of the two. Although the light curve
displayed an apparent outburst post-perihelion, the study of the dust activity through the
angle-corrected Afp value revealed that it was only a geometric effect due to phase angle.
Lovejoy’s color indices were also consistent with those of LPCs, but interestingly, it was the
DNC PanSTARRS that was the closest in color to the LPC average. In any case, both DNCs
and returning LPCs have the same origin, the Oort Cloud.

Both the A fp and gas production rates of Lovejoy followed steeper power-law slopes than
PanSTARRS. Lovejoy’s gas abundance ratios indicate that it is a carbon-typical comet. Its
dust activity and gas production rate were mostly symmetric around perihelion, as is com-
mon for LPCs, though a small asymmetry remained: the rate of brightness increasing is
faster than its rate of fading. Furthermore, the dust-to-gas ratio revealed that Lovejoy be-
came dustier after perihelion. A possible cause for this behavior is a seasonal effect: the
changing solar illumination angle as the comet passes perihelion may cause different active
regions on the nucleus to become exposed or shadowed, impacting dust and gas emissions.

Finally, the analysis of the CN coma morphology revealed the presence of two fan struc-
tures, indicating the presence of at least two active zones on the surface of Lovejoy’s nucleus.
Both features dissipated some time after perihelion.

In conclusion, our work focused on monitoring and comparing the evolution of a DNC
and a returning LPC. Repeating this type of analysis on a larger sample of DNCs and LPCs
will allow us to progressively improve our understanding of the connection between a comet’s
origin, composition, and evolution. Understanding the source of the asymmetric evolution
of DNCs will help us understand their internal structure and composition. Further detection
and monitoring of active regions on cometary nuclei will help us characterize cometary
surfaces. By applying this approach to a wide range of comets, we can ultimately improve
our understanding of comets and, therefore, of the early solar system.
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Appendix A

Computed gas production rates

This section contains the computed gas production rates of CN, C,, C3, NH, OH, and water
of comets PanSTARRS and Lovejoy. MJD represents the date of the observation night in
Modified Julian Days, and r, and A represent, respectively, the heliocentric and geocentric
distances are expressed in AU, while 79 and 7 represent the average lifetime of the parent
and daughter molecules and are expressed in seconds. Finally, the production rate Q is in

molecules per second.

A.1 Gas production rates of PanSTARRS

Computed gas production rates of CN of comet PanSTARRS

Date MJD Th A To T Q(CN) in molec/s

2014-02-03 | 56691 3.113 | 3.240 | 126000.0 2040000.0 | 4.45x10%£5.78x10%*
2014-02-06 | 56694 3.079 | 3.160 | 123000.0 1990000.0 | 3.93x10%°44.45 x 10*
2014-02-09 | 56697 3.045 | 3.080 | 121000.0 1950000.0 | 3.80x 10%£4.22x 10**
2014-02-11 | 56699 3.023 | 3.027 | 119000.0 1920000.0 | 4.04x10*£3.65 x 10**
2014-02-14 | 56702 2.989 | 2.946 | 116000.0 1880000.0 | 3.76x10%°44.29 x 10*
2014-02-17 | 56705 2.955 | 2.865 | 114000.0 1830000.0 | 5.63x10%°45.02x 10
2014-02-19 | 56707 2.932 | 2.811 | 112000.0 1810000.0 | 4.38x10%°44.16 x 10**
2014-02-26 | 56714 2.852 | 2.623 | 106000.0 1710000.0 | 5.27x10*£3.94 x 10**
2014-03-04 | 56720 2.784 | 2.463 | 101000.0 1630000.0 | 5.72x10*£4.19x 10**
2014-03-13 | 56729 2.680 | 2.232 | 93400.0 1510000.0 | 5.71x10*£3.67 x 10**
2014-03-23 | 56739 2.563 | 1.994 | 85400.0 1380000.0 | 6.29x10%°43.90 x 10**
2014-04-01 | 56748 2.458 | 1.806 | 78500.0 1270000.0 | 7.03x10%°46.04 x 10**
2014-04-08 | 56755 2.376 | 1.683 | 73400.0 1190000.0 | 7.81x10%°46.71x 10*
2014-04-16 | 56763 2.283 | 1.574 | 67800.0 1090000.0 | 7.36x10%£9.43 x 10**
2014-04-23 | 56770 2.201 | 1.511 | 63000.0 1020000.0 | 7.36x 10%£7.56 x 10**
2014-05-01 | 56778 2.107 | 1.475 | 57700.0 932000.0 8.65x10%°£1.01x10%
2014-05-09 | 56786 2.013 | 1.479 | 52700.0 851000.0 8.27x10%°£9.91x10%
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Computed gas production rates of CN of comet PanSTARRS (continued)

2014-05-18
2014-05-20
2014-05-30
2014-06-07
2014-06-08
2014-06-09
2014-06-14
2014-06-23
2014-06-29
2014-07-03
2014-09-06
2014-09-07
2014-09-20
2014-09-27
2014-09-28
2014-10-06
2014-10-07
2014-10-11
2014-10-13
2014-10-13
2014-10-13
2014-10-13
2014-10-13
2014-10-13
2014-10-13
2014-10-13
2014-10-13
2014-10-14
2014-10-14
2014-10-14
2014-10-23
2014-10-27
2014-11-04
2014-11-06
2014-11-07
2014-11-09
2014-11-10
2014-11-13
2014-11-13
2014-11-18
2014-11-27
2014-12-04

56795
56797
56807
96815
56816
56817
56822
56831
56837
56841
56906
56907
56920
56927
56928
56936
56937
56941
56943
56943
56943
56943
56943
56943
56943
56943
56943
56944
56944
56944
96953
56957
56965
56967
96968
96970
56971
56974
56974
56979
26988
56995

1.907
1.884
1.756
1.664
1.653
1.641
1.585
1.486
1.423
1.382
1.067
1.070
1.126
1.171
1.179
1.242
1.250
1.286
1.303
1.303
1.303
1.303
1.304
1.304
1.304
1.304
1.304
1.313
1.313
1.313
1.402
1.443
1.530
1.551
1.561
1.585
1.594
1.629
1.630
1.686
1.789
1.871

1.524
1.539
1.642
1.732
1.744
1.755
1.814
1.914
1.975
2.012
1.816
1.800
1.564
1.424
1.404
1.245
1.227
1.154
1.121
1.121
1.121
1.121
1.120
1.120
1.120
1.120
1.120
1.104
1.104
1.103
0.989
0.962
0.963
0.975
0.982
1.003
1.012
1.054
1.055
1.140
1.339
1.520

47300.0
46100.0
40100.0
36000.0
35500.0
35000.0
32700.0
28700.0
26300.0
24800.0
14800.0
14900.0
16500.0
17800.0
18100.0
20100.0
20300.0
21500.0
22100.0
22100.0
22100.0
22100.0
22100.0
22100.0
22100.0
22100.0
22100.0
22400.0
22400.0
22400.0
25600.0
27100.0
30400.0
31300.0
31700.0
32700.0
33000.0
34500.0
34500.0
37000.0
41600.0
45500.0
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764000.0
745000.0
648000.0
581000.0
574000.0
566000.0
528000.0
464000.0
425000.0
401000.0
239000.0
240000.0
266000.0
288000.0
292000.0
324000.0
328000.0
347000.0
357000.0
357000.0
357000.0
357000.0
357000.0
357000.0
357000.0
357000.0
357000.0
362000.0
362000.0
362000.0
413000.0
437000.0
492000.0
205000.0
512000.0
528000.0
534000.0
557000.0
958000.0
597000.0
672000.0
735000.0

7.57x10%®£7.10x 10*
9.05x 10 £7.76 x 10**
9.22x10%°+6.60x 10%*
1.02x10%645.96 x 1024
9.06x 10%+5.33 x 10**
8.49x10%°+5.23x10%*
8.31x10%°+5.19x 10%*
9.75x10%°+5.99x 10%*
1.18x 10%64+8.76 x 1024
1.24x10%64-8.86 x 1024
1.35x10%649.63 x 10%
1.18x10%649.39x 10%*
9.59x10%°+4.86x 10%*
9.29%x10%°+3.42x 10%*
1.00x 10%643.31x 1024
9.66 x 102°+2.66 x 10%*
1.07x10%643.93x 10%
7.44%10%°4+1.99x 10%*
8.63x10%°+3.28 x 10%*
8.49%x10%°+3.02x 10%*
8.48x10%°4+2.98x 10%*
9.03x10%°+3.11x10%
8.51x10%°+2.48x10%*
8.44x10%+2.35x10%*
8.29%x10%+2.15x 102
8.18x10%°+2.20x 10%*
8.07x10%°+1.98x10%*
7.21x10%°4+2.04x10%
7.59%x10%+2.07x10%*
7.21x10%+1.67x10%*
7.28x10%+2.04x 102
7.74%10%42.07x10%*
5.56x10%°+1.71x10%*
6.34x10%°+1.98x 10%*
5.70x10%+1.87x10%*
6.34x10%°+2.44x 10%*
5.41%x10%+1.92x10%*
5.48x10%°4+1.94x 10%*
5.83x10%°4+2.22x10%
5.86x10%°+1.69x 10%*
5.36x 10%°+1.95x 10%*
4.47x10%+1.90x 10%*




Computed gas production rates of CN of comet PanSTARRS (continued)

2014-12-06
2014-12-08
2014-12-15
2014-12-19
2015-01-03
2015-01-09
2015-01-20
2015-01-28
2015-02-02

56997
56999
57006
57010
57025
57031
57042
57050
57055

1.895
1.918
2.000
2.047
2.224
2.295
2.424
2.518
2.576

1.575
1.629
1.829
1.943
2.381
2.551
2.851
3.056
3.179

46700.0
47800.0
52000.0
54500.0
64300.0
68500.0
76400.0
82400.0
86300.0

754000.0
773000.0
840000.0
880000.0
1040000.0
1110000.0
1230000.0
1330000.0
1390000.0

4.01x10%°+2.86x 10%*
4.78%10%°+£2.20x 10%*
4.54%x10%+1.95%x10%*
3.74%x10%+1.23x10%*
3.30x10%°+2.05x 10%*
2.95%x10%°+1.84x10%*
2.56x10%°4+1.77x10%
1.59x 10%°4+1.74x 10%*
1.50x 10%°4+2.68 x 1024
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Computed gas production rates of Cy of comet PanSTARRS

Date MJD T A To T Q(Cs)

2014-02-03 | 56691 3.113 | 3.240 | 213000.0 640000.0 7.60x 10%° £8.75 x 10%*
2014-02-07 | 56695 3.068 | 3.134 | 207000.0 621000.0 4.87x10%+7.20x10%
2014-02-09 | 56697 3.046 | 3.080 | 204000.0 612000.0 4.31x10%+7.22x10%
2014-02-11 | 56699 3.023 | 3.027 | 201000.0 603000.0 5.68x10%£7.74x 10*
2014-02-14 | 56702 2.989 | 2.947 | 197000.0 590000.0 5.07x10%+£9.54 x 10**
2014-02-20 | 56708 2.921 | 2.784 | 188000.0 563000.0 7.20x10%+£6.10 x 10**
2014-02-26 | 56714 2.853 | 2.623 | 179000.0 537000.0 7.12x10%+6.19x 10*
2014-03-04 | 56720 2.784 | 2.464 | 171000.0 512000.0 8.43%x10%°+6.31x10%*
2014-03-13 | 56729 2.680 | 2.233 | 158000.0 474000.0 7.48%x10%°+4.99x 10%*
2014-03-23 | 56739 2.564 | 1.995 | 145000.0 434000.0 7.06x10%£5.70 x 10**
2014-04-01 | 56748 2.458 | 1.806 | 133000.0 399000.0 6.75x 10 +£6.58 x 10**
2014-04-08 | 56755 2.377 | 1.683 | 124000.0 373000.0 7.56x 10 +£7.55x 10**
2014-04-16 | 56763 2.283 | 1.575 | 115000.0 344000.0 9.23x10%°+9.99x 10%*
2014-04-23 | 56770 2.202 | 1.511 | 107000.0 320000.0 9.36x10%£9.39 x 10**
2014-05-06 | 56783 2.048 | 1.473 | 92300.0 277000.0 8.05x 10%£7.50 x 10**
2014-05-09 | 56786 2.013 | 1.479 | 89100.0 267000.0 9.68x10%+1.05x 10%°
2014-05-18 | 56795 1.907 | 1.524 | 80000.0 240000.0 1.10x 10%648.64 x 10%*
2014-05-20 | 56797 1.884 | 1.539 | 78100.0 234000.0 1.19x 10%64+7.67x 1024
2014-06-07 | 56815 1.664 | 1.732 | 60900.0 183000.0 1.55% 10%64+6.42x 10%*
2014-06-08 | 56816 1.652 | 1.744 | 60000.0 180000.0 1.39x10%64+5.82x 10%
2014-06-09 | 56817 1.641 | 1.756 | 59200.0 178000.0 1.42x10%64+5.78 x 1024
2014-06-14 | 56822 1.585 | 1.814 | 55300.0 166000.0 1.29%x10%64+5.50x 102
2014-06-23 | 56831 1.486 | 1.915 | 48600.0 146000.0 1.69%x10%64+7.00x 10%*
2014-07-03 | 56841 1.382 | 2.012 | 42000.0 126000.0 1.98x 10%64+9.53 x 1024
2014-09-06 | 56906 1.067 | 1.816 | 25000.0 75100.0 2.40x10%6+£9.45 x 10**
2014-09-07 | 56907 1.070 | 1.800 | 25200.0 75600.0 2.19x10%+£9.31 x 10*
2014-09-20 | 56920 1.126 | 1.564 | 27900.0 83700.0 1.74x10%64+5.23 x 1024
2014-09-27 | 56927 1.171 | 1.424 | 30200.0 90500.0 1.71x10%643.49 x 1024
2014-09-28 | 56928 1.178 | 1.404 | 30500.0 91600.0 1.72x10%43.18 x 10%*
2014-10-06 | 56936 1.242 | 1.245 | 33900.0 102000.0 1.68x 10%64+2.96 x 10%*
2014-10-07 | 56937 1.250 | 1.227 | 34400.0 103000.0 1.88%x10%64+3.91 x 10%
2014-10-11 | 56941 1.285 | 1.154 | 36300.0 109000.0 1.59%x10%64+2.96 x 10%*
2014-10-13 | 56943 1.303 | 1.121 | 37400.0 112000.0 1.42x10%643.75x 1024
2014-10-13 | 56943 1.304 | 1.120 | 37400.0 112000.0 1.35%x10%64+4.43 x 10
2014-10-14 | 56944 1.313 | 1.104 | 37900.0 114000.0 1.46x10%642.74 x 10
2014-10-23 | 56953 1.402 | 0.989 | 43200.0 130000.0 1.24x10%64+2.87x 10%*
2014-10-27 | 56957 1.443 | 0.962 | 45800.0 137000.0 1.14x10%42.93x 10%*
2014-11-07 | 56968 1.561 | 0.982 | 53600.0 161000.0 8.48x10%°+4.23x 10%*
2014-11-09 | 56970 1.585 | 1.003 | 55300.0 166000.0 8.21x10%+3.01 x 10**
2014-11-10 | 56971 1.594 | 1.012 | 55900.0 168000.0 8.13x10%°+2.97x10%*
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Computed gas production rates of Cy of comet PanSTARRS (continued)

2014-11-13
2014-11-13
2014-11-15
2014-11-18
2014-11-27
2014-12-04
2014-12-15
2014-12-19
2015-01-03
2015-01-09
2015-01-20
2015-01-28
2015-02-02

56974
56974
56976
96979
56988
56995
57006
57010
57025
57031
57042
57050
57055

1.629
1.629
1.652
1.685
1.790
1.871
2.000
2.047
2.225
2.295
2.425
2.518
2.577

1.054
1.055
1.087
1.139
1.340
1.521
1.829
1.944
2.382
2.551
2.852
3.057
3.179

58400.0
58400.0
60000.0
62500.0
70500.0
77000.0
88000.0
92200.0
109000.0
116000.0
129000.0
139000.0
146000.0

175000.0
175000.0
180000.0
187000.0
211000.0
231000.0
264000.0
277000.0
327000.0
348000.0
388000.0
418000.0
438000.0

7.69x10%+2.59x 10
7.52x10%°4+2.46x10%*
7.34%x10%+3.44x10%*
7.48x10%+2.20x10%*
7.21x10%+2.47x10%
5.06x10%°+2.80x 10%*
5.07x10%°+2.56 x 10%*
4.32x10%+1.63x10%
3.15x10%+3.85x 10%*
3.09%x10%°+3.28 x 10%*
4.25x10%+3.07 x 10*
2.78x10%°+3.01 x 10%
3.44x10%°+4.86x 10%*
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Computed gas production rates of C3 of comet PanSTARRS

Date MJD Th A o T Q(Cs)

2014-02-07 | 56695 3.068 | 3.134 | 26400.0 254000.0 8.34x 10%3+£8.86 x 10
2014-02-11 | 56699 3.023 | 3.027 | 25600.0 247000.0 1.86%x10%34+8.59x 10?3
2014-02-21 | 56709 2.910 | 2.758 | 23700.0 229000.0 2.14%x10%4+£2.41x10%*
2014-03-23 | 56739 2.564 | 1.994 | 18400.0 178000.0 5.62x10%*£1.56 x 10**
2014-04-01 | 56748 2.458 | 1.805 | 16900.0 163000.0 6.38x 10%*£1.98 x 10**
2014-04-08 | 56755 2.376 | 1.683 | 15800.0 152000.0 6.03x10%*£2.63 x 10**
2014-05-30 | 56807 1.756 | 1.643 | 8630.0 83300.0 1.80x10%°+2.37x 10%*
2014-06-07 | 56815 1.664 | 1.732 | 7750.0 74800.0 2.10x10%°+1.93x10%*
2014-06-08 | 56816 1.653 | 1.744 | 7650.0 73800.0 1.85x10%°4+1.82x 10%*
2014-06-09 | 56817 1.641 | 1.755 | 7540.0 72700.0 1.93x10%°+1.85x10%
2014-09-06 | 56906 1.067 | 1.816 | 3190.0 30700.0 3.54x10%+3.51 x 10*
2014-09-20 | 56920 1.126 | 1.564 | 3550.0 34200.0 2.44x10%+1.85x10%*
2014-09-27 | 56927 1.171 | 1.424 | 3840.0 37000.0 2.30x10%°+1.16x10%*
2014-09-28 | 56928 1.178 | 1.404 | 3890.0 37500.0 2.73x10%£1.08 x 10*
2014-10-06 | 56936 1.242 | 1.245 | 4320.0 41600.0 2.40x10%+£8.89 x 10
2014-10-07 | 56937 1.250 | 1.227 | 4380.0 42200.0 2.94%x10%+1.91x10%*
2014-10-11 | 56941 1.286 | 1.154 | 4630.0 44700.0 2.68x10%+1.43x10%
2014-10-13 | 56943 1.303 | 1.121 | 4750.0 45800.0 2.19%x10%+1.15x10%*
2014-10-13 | 56943 1.304 | 1.120 | 4760.0 45900.0 1.97x10%°4+1.44x10%*
2014-10-14 | 56944 1.313 | 1.104 | 4830.0 46500.0 2.18x10%°+7.21x10%
2014-10-23 | 56953 1.402 | 0.989 | 5500.0 53100.0 1.88%10%°4+5.91 x 103
2014-10-27 | 56957 1.443 | 0.962 | 5830.0 56200.0 1.93%x10%°+6.05% 10?3
2014-11-07 | 56968 1.561 | 0.982 | 6820.0 65800.0 1.34%x10%°+8.16x 10?3
2014-11-10 | 56971 1.594 | 1.012 | 7110.0 68600.0 1.26x10%°4+9.57x10%
2014-11-13 | 56974 1.629 | 1.054 | 7430.0 71600.0 1.18x10%°4+9.36x 10?3
2014-11-13 | 56974 1.630 | 1.055 | 7440.0 71700.0 1.20x10%°+7.01x10%
2014-11-15 | 56976 1.653 | 1.087 | 7650.0 73800.0 1.13%x10%°4+1.28 x 10%*
2014-11-18 | 56979 1.685 | 1.139 | 7950.0 76700.0 1.23%x10%°+8.17x10%
2014-11-27 | 56988 1.789 | 1.339 | 8960.0 86400.0 1.14x10%°+8.74x 102
2014-11-27 | 56988 1.790 | 1.339 | 8970.0 86500.0 1.13x10%°49.14x 102
2014-12-04 | 56995 1.871 | 1.520 | 9800.0 94500.0 7.92x10%*49.90 x 10
2014-12-08 | 56999 1.918 | 1.630 | 10300.0 99300.0 8.75x 10%*£1.25 x 10*
2014-12-15 | 57006 2.0 1.829 | 11200.0 108000.0 8.60x 10%*+6.67 x 10
2014-12-19 | 57010 2.047 | 1.944 | 11700.0 113000.0 6.10x 10%*4+4.75x 10?3
2015-01-03 | 57025 2.225 | 2.381 | 13900.0 134000.0 3.84%x10%4+1.14x10%*

92




Computed gas production rates of NH of comet PanSTARRS

Date MJD Th A To T Q(NH)

2014-02-21 | 56709 2.910 | 2.758 | 423000.0 1270000.0 | 4.17x10*+3.56x 10%°
2014-04-08 | 56755 2.376 | 1.683 | 282000.0 847000.0 4.48x10%+1.01 x 10%¢
2014-09-06 | 56906 1.067 | 1.816 | 56900.0 171000.0 3.11x10%6+4.81x10%
2014-09-27 | 56927 1.171 | 1.424 | 68600.0 206000.0 2.13x10%+£1.73x10%
2014-09-28 | 56928 1.179 | 1.404 | 69500.0 209000.0 2.32x10%+1.69 x 10%°
2014-10-06 | 56936 1.242 | 1.245 | 77100.0 231000.0 2.00x10%6+1.31x10%
2014-10-07 | 56937 1.250 | 1.227 | 78100.0 234000.0 2.04x10%6+1.83%x10%
2014-10-11 | 56941 1.286 | 1.154 | 82700.0 248000.0 1.60x10%641.17x 102
2014-10-13 | 56943 1.304 | 1.120 | 85000.0 255000.0 1.31x10%64+1.86x10%
2014-10-14 | 56944 1.313 | 1.104 | 86200.0 259000.0 1.54%x10%64+1.02x10%
2014-10-23 | 56953 1.402 | 0.989 | 98300.0 295000.0 1.08x10%64+8.95x 10%*
2014-10-27 | 56957 1.443 | 0.962 | 104000.0 312000.0 1.02%x10%649.99 x 102
2014-11-09 | 56970 1.585 | 1.003 | 126000.0 377000.0 4.60x10%°+1.61x10%
2014-11-10 | 56971 1.594 | 1.012 | 127000.0 381000.0 4.80x10%°+1.27x10%
2014-11-13 | 56974 1.629 | 1.054 | 133000.0 398000.0 3.87x10%+1.20%x10%
2014-11-13 | 56974 1.630 | 1.055 | 133000.0 399000.0 3.91x10%+1.66 x 10
2014-11-18 | 56979 1.686 | 1.140 | 142000.0 426000.0 3.97x 10 +£7.95x 10*
2014-11-27 | 56988 1.789 | 1.339 | 160000.0 480000.0 4.33x10%+9.48 x 10**
2014-12-04 | 56995 1.871 | 1.520 | 175000.0 525000.0 7.82x10%3+1.12%x10%
2014-12-06 | 56997 1.895 | 1.575 | 180000.0 539000.0 1.10x10%°4+1.65x10%
2014-12-08 | 56999 1.918 | 1.629 | 184000.0 552000.0 3.64x10%*+1.06x10%
2014-12-15 | 57006 2.000 | 1.828 | 200000.0 600000.0 9.62x10%*£8.11 x 10**
2014-12-19 | 57010 2.046 | 1.943 | 209000.0 628000.0 1.03%x10%34+1.60x 10%*
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Computed gas production rates of OH of comet PanSTARRS

Date MJD Th A To T Q(OH)

2014-03-23 | 56739 2.563 | 1.993 | 158000.0 1050000.0 | 2.83x 10%*£8.89 x 10*7
2014-06-14 | 56822 1.585 | 1.814 | 60300.0 402000.0 4.39x10%+1.47%x 1028
2014-06-29 | 56837 1.423 | 1.975 | 48600.0 324000.0 6.92x1028+£2.22x10%8
2014-09-06 | 56906 1.067 | 1.816 | 27300.0 182000.0 3.41x10%8+1.20%x10%8
2014-09-07 | 56907 1.070 | 1.800 | 27500.0 183000.0 2.43x 102 +£7.55 x 1077
2014-09-20 | 56920 1.126 | 1.564 | 30400.0 203000.0 2.52x1028+5.42x10%7
2014-09-27 | 56927 1.171 | 1.424 | 32900.0 219000.0 2.81x102%+4.01x10%7
2014-09-28 | 56928 1.179 | 1.403 | 33400.0 222000.0 3.12x10%%+3.97x10%7
2014-10-06 | 56936 1.242 | 1.245 | 37000.0 247000.0 4.14%x10%+4.25x10%"
2014-10-07 | 56937 1.250 | 1.227 | 37500.0 250000.0 4.00x 102 £5.38 x 1077
2014-10-11 | 56941 1.286 | 1.153 | 39700.0 265000.0 5.20x 102 +£4.77 x 1077
2014-10-13 | 56943 1.304 | 1.120 | 40800.0 272000.0 4.49x 102 +4.68 x 1077
2014-10-14 | 56944 1.313 | 1.103 | 41400.0 276000.0 4.03x10%£3.59x 10%"
2014-10-23 | 56953 1.402 | 0.989 | 47200.0 314000.0 3.73x 102 £3.08 x 1077
2014-10-27 | 56957 1.443 | 0.962 | 50000.0 333000.0 4.03x 10%®£3.36 x 1077
2014-11-09 | 56970 1.585 | 1.003 | 60300.0 402000.0 3.56x 102 £3.92 x 1077
2014-11-13 | 56974 1.629 | 1.054 | 63700.0 425000.0 2.87x10%+£3.17x 1077
2014-11-13 | 56974 1.630 | 1.055 | 63800.0 425000.0 2.83x 102 +3.68 x 10?7
2014-11-18 | 56979 1.686 | 1.140 | 68200.0 455000.0 2.82x10%£3.17x 1077
2014-11-27 | 56988 1.789 | 1.339 | 76800.0 512000.0 2.55x 102 £3.01 x 1077
2014-12-04 | 56995 1.871 | 1.519 | 84000.0 560000.0 2.21x10%8+2.59%x10%7
2014-12-06 | 56997 1.895 | 1.575 | 86200.0 575000.0 2.10x 102 +3.33 x 1077
2014-12-08 | 56999 1.917 | 1.629 | 88200.0 588000.0 2.01x10%+£2.43 x 1077
2014-12-15 | 57006 2.000 | 1.828 | 96000.0 640000.0 1.78x 10%64+2.15x 10%7
2014-12-19 | 57010 2.046 | 1.942 | 100000.0 670000.0 1.55%x10%84+1.62x 10%7
2015-01-03 | 57025 2.224 | 2.380 | 119000.0 791000.0 9.47x10%"£1.76 x 1077
2015-01-09 | 57031 2.295 | 2.550 | 126000.0 843000.0 8.30x 10%"£1.66 x 1077
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Computed gas production rates of water of comet PanSTARRS

Date MJD Th A To T1 Q(HQO)

2014-03-23 | 56739 2.563 | 1.993 | 158000.0 1050000.0 | 2.40x 102 £7.56 x 10*7
2014-06-14 | 56822 1.585 | 1.814 | 60300.0 402000.0 4.74%x10%+1.59x 1028
2014-06-29 | 56837 1.423 | 1.975 | 48600.0 324000.0 7.90x10%8+£2.53x10%8
2014-09-06 | 56906 1.067 | 1.816 | 27300.0 182000.0 4.50x10%+1.58 x 10%8
2014-09-07 | 56907 1.07 | 1.8 27500.0 183000.0 3.20x 10%+£9.94 x 1077
2014-09-20 | 56920 1.126 | 1.564 | 30400.0 203000.0 3.23x 102 +£6.95 x 1077
2014-09-27 | 56927 1.171 | 1.424 | 32900.0 219000.0 3.53x1028+5.04 x 10%7
2014-09-28 | 56928 1.179 | 1.403 | 33400.0 222000.0 3.91x10%8+4.98 x 10%7
2014-10-06 | 56936 1.242 | 1.245 | 37000.0 247000.0 5.06x 102 £5.19 x 10?7
2014-10-07 | 56937 1.25 | 1.227 | 37500.0 250000.0 4.87x 102 £6.55 x 1077
2014-10-11 | 56941 1.286 | 1.153 | 39700.0 265000.0 6.24x 102 £5.73 x 1077
2014-10-13 | 56943 1.304 | 1.12 | 40800.0 272000.0 5.35x 102 +£5.58 x 10?7
2014-10-14 | 56944 1.313 | 1.103 | 41400.0 276000.0 4.79%10%8+£4.26 x 10*"
2014-10-23 | 56953 1.402 | 0.989 | 47200.0 314000.0 4.29x 102 +£3.54 x 1077
2014-10-27 | 56957 1.443 | 0.962 | 50000.0 333000.0 4.57x10%+£3.81 x 1077
2014-11-09 | 56970 1.585 | 1.003 | 60300.0 402000.0 3.85x1028+4.24x10%7
2014-11-13 | 56974 1.629 | 1.054 | 63700.0 425000.0 3.06x 102 +£3.38 x 1077
2014-11-13 | 56974 1.63 | 1.055 | 63800.0 425000.0 3.01x 102 +3.92 x 10?7
2014-11-18 | 56979 1.686 | 1.14 | 68200.0 455000.0 2.96x 102 £3.32 x 1077
2014-11-27 | 56988 1.789 | 1.339 | 76800.0 512000.0 2.59x 102 £3.07 x 1077
2014-12-04 | 56995 1.871 | 1.519 | 84000.0 560000.0 2.20x1028+2.58 x 10%7
2014-12-06 | 56997 1.895 | 1.575 | 86200.0 575000.0 2.08x 102 +£3.29 x 1077
2014-12-08 | 56999 1.917 | 1.629 | 88200.0 588000.0 1.97x10%84+2.39x 10%7
2014-12-15 | 57006 2.0 1.828 | 96000.0 640000.0 1.71x 102 42.07x 10%7
2014-12-19 | 57010 2.046 | 1.942 | 100000.0 670000.0 1.48x 10%84+1.54x 10%7
2015-01-03 | 57025 2.224 | 2.38 | 119000.0 791000.0 8.65x10%"+1.61x10%7
2015-01-09 | 57031 2.295 | 2.55 | 126000.0 843000.0 7.46x10%"+£1.49%x10%7
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A.2 Gas production rates of Lovejoy

Computed gas production rates of CN of comet Lovejoy

Date MJD Th A To T Q(CN)

2013-09-11 | 56546 1.920 | 1.835 | 47900.0 774000.0 2.62x10%£8.32x 10%
2013-09-16 | 56551 1.854 | 1.714 | 44700.0 722000.0 2.97x10%+9.09 x 10
2013-09-21 | 56556 1.787 | 1.594 | 41500.0 671000.0 2.99x10%+£1.37x 10*
2013-09-24 | 56559 1.746 | 1.519 | 39600.0 640000.0 3.24%x10%+1.14x10%*
2013-09-25 | 56560 1.733 | 1.495 | 39000.0 631000.0 3.36x 10%+£1.27x 10*
2013-09-29 | 56564 1.680 | 1.399 | 36700.0 593000.0 3.61x10%£1.62x 10*
2013-10-03 | 56568 1.626 | 1.300 | 34400.0 555000.0 3.72x10%+1.22x10%*
2013-10-04 | 56569 1.612 | 1.275 | 33800.0 546000.0 3.93x10%+1.16x10%*
2013-10-05 | 56570 1.599 | 1.252 | 33200.0 537000.0 4.00x 10 +£1.17x 10*
2013-10-06 | 56571 1.585 | 1.227 | 32700.0 528000.0 3.67x10%+1.12x10%
2013-10-08 | 56573 1.558 | 1.178 | 31600.0 510000.0 3.47%x10%+1.19x10%*
2013-10-10 | 56575 1.532 | 1.130 | 30500.0 493000.0 4.56x 10 £1.51 x 10*
2013-10-20 | 56585 1.398 | 0.892 | 25400.0 410000.0 5.15x10%£1.91 x 10*
2013-10-21 | 56586 1.384 | 0.868 | 24900.0 402000.0 5.85x10%+£2.08 x 10**
2013-10-24 | 56589 1.344 | 0.798 | 23500.0 379000.0 6.47x10%+£1.80 x 10**
2013-10-26 | 56591 1.318 | 0.754 | 22600.0 365000.0 6.48 x 10%+£2.96 x 10**
2013-11-02 | 56598 1.227 | 0.605 | 19600.0 316000.0 8.05x 10%£2.59 x 10**
2014-02-13 | 56701 1.256 | 1.556 | 20500.0 331000.0 7.83%x10%+4.12x10%*
2014-02-14 | 56702 1.269 | 1.560 | 20900.0 338000.0 6.44x 10%£3.36 x 10**
2014-02-16 | 56704 1.295 | 1.567 | 21800.0 352000.0 5.48x 10%+£2.96 x 10**
2014-02-21 | 56709 1.361 | 1.581 | 24100.0 389000.0 5.33x10%°4+2.47x 10%*
2014-03-06 | 56722 1.535 | 1.589 | 30600.0 495000.0 4.65x10%£1.70 x 10**
2014-03-13 | 56729 1.629 | 1.580 | 34500.0 557000.0 3.99%x10%+1.45%x10%*
2014-03-18 | 56734 1.696 | 1.569 | 37400.0 604000.0 3.44x10%£1.60 x 10**
2014-03-20 | 56736 1.723 | 1.564 | 38600.0 623000.0 3.41x10%+1.26x10%*
2014-03-25 | 56741 1.791 | 1.549 | 41700.0 674000.0 3.44%x10%+1.12x10%
2014-03-26 | 56742 1.804 | 1.546 | 42300.0 683000.0 3.58x10%°+1.15x10%*
2014-04-04 | 56751 1.924 | 1.516 | 48100.0 777000.0 2.74x10%+9.02 x 10
2014-04-10 | 56757 2.004 | 1.497 | 52200.0 843000.0 3.00x10%+1.10x10%*
2014-04-14 | 56761 2.057 | 1.485 | 55000.0 889000.0 2.34x10%+£2.09 x 10**
2014-04-18 | 56765 2.109 | 1.476 | 57800.0 934000.0 2.40x10%+1.53 x 10*
2014-04-22 | 56769 2.161 | 1.469 | 60700.0 981000.0 2.62x10%+1.20x10%*
2014-04-25 | 56772 2.201 | 1.465 | 63000.0 1020000.0 | 2.27x10%+1.07x10%*
2014-05-08 | 56785 2.369 | 1.478 | 73000.0 1180000.0 | 1.73x10%*£1.83x10*
2014-05-14 | 56791 2.442 | 1.501 | 77500.0 1250000.0 | 1.80%x10%+2.24x10%*
2014-05-20 | 56797 2.520 | 1.539 | 82600.0 1330000.0 | 7.48x10**£1.60x 10**
2014-05-24 | 56801 2.571 | 1.572 | 85900.0 1390000.0 | 1.36x10%°+1.96x10%*
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Computed gas production rates of CN of comet Lovejoy (continued)

2014-05-27
2014-05-31
2014-06-07
2014-06-22
2014-06-24
2014-06-30
2014-07-04
2014-07-06
2014-07-18
2014-08-04

56804
56808
96815
96830
56832
56838
56842
56844
96856
26873

2.608
2.656
2.743
2.926
2.950
3.022
3.067
3.102
3.234
3.430

1.600
1.642
1.734
1.988
2.027
2.151
2.234
2.301
2.568
3.003

88400.0

91700.0

97800.0

111000.0
113000.0
119000.0
122000.0
125000.0
136000.0
153000.0

1430000.0
1480000.0
1580000.0
1800000.0
1830000.0
1920000.0
1980000.0
2020000.0
2200000.0
2470000.0

1.45%x10%+1.84 x 10
1.51x10%4+1.22x10%*
1.28x10%°4+1.85x 10%*
6.60x10%*+1.35x10%*
7.16x10%4+1.32x10%*
8.95%x10%4+2.13x10%*
0.21x10%*4+2.23x10%
7.49%x10%*+1.80x 10%*
4.73%x10%*+1.38x10%*
1.63x10%*4+2.52x 1024
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Computed gas production rates of Cy of comet Lovejoy

Date MJD T A To T Q(Cs)

2013-09-12 | 56547 1.907 | 1.811 | 80000.0 240000.0 2.20x10%+1.12x10%*
2013-09-16 | 56551 1.853 | 1.713 | 75500.0 227000.0 2.58%x10%°+1.91x10%*
2013-09-21 | 56556 1.788 | 1.594 | 70300.0 211000.0 2.83%x10%+2.10x10%*
2013-09-25 | 56560 1.733 | 1.495 | 66100.0 198000.0 3.80x10%°+1.25x10%*
2013-09-29 | 56564 1.680 | 1.399 | 62100.0 186000.0 4.17%x10%+2.10x10%*
2013-10-03 | 56568 1.625 | 1.299 | 58100.0 174000.0 3.95x10%+1.12x10%*
2013-10-08 | 56573 1.558 | 1.178 | 53400.0 160000.0 4.06x10%+1.57x10%*
2013-10-10 | 56575 1.531 | 1.130 | 51600.0 155000.0 5.10x10%°+3.25x 10%*
2013-10-20 | 56585 1.398 | 0.891 | 43000.0 129000.0 6.65x10%£3.35x 10**
2013-10-21 | 56586 1.384 | 0.868 | 42100.0 126000.0 6.91x10%°+1.99x10%*
2013-10-24 | 56589 1.344 | 0.799 | 39700.0 119000.0 8.49%x10%°+2.25x10%*
2013-10-26 | 56591 1.319 | 0.755 | 38300.0 115000.0 8.60x 10%+3.70 x 10**
2013-11-02 | 56598 1.228 | 0.606 | 33200.0 99500.0 1.19x10%64+2.67x 10%*
2014-02-13 | 56701 1.256 | 1.556 | 34700.0 104000.0 1.20%x 10%64+4.24 x 10%
2014-02-15 | 56703 1.282 | 1.564 | 36200.0 108000.0 1.00x10%643.60 x 10%*
2014-02-21 | 56709 1.361 | 1.581 | 40800.0 122000.0 7.66x10%+£2.95x 10*
2014-02-22 | 56710 1.374 | 1.583 | 41500.0 125000.0 8.52x 10%+£2.57x 10*
2014-02-28 | 56716 1.454 | 1.590 | 46500.0 140000.0 6.54x 10%+1.93 x 10**
2014-03-06 | 56722 1.534 | 1.589 | 51800.0 155000.0 6.28x10%°+1.67x10%*
2014-03-13 | 56729 1.629 | 1.580 | 58400.0 175000.0 5.10x10%°+1.63x 10%*
2014-03-18 | 56734 1.696 | 1.569 | 63300.0 190000.0 4.27%x10%+2.43x10%*
2014-03-25 | 56741 1.790 | 1.549 | 70500.0 211000.0 4.10%x10%+2.32x10%*
2014-03-26 | 56742 1.803 | 1.546 | 71500.0 215000.0 3.87x10%+1.61x10%
2014-04-04 | 56751 1.924 | 1.516 | 81400.0 244000.0 2.97x10%+1.44x10%*
2014-04-10 | 56757 2.003 | 1.497 | 88300.0 265000.0 2.90x10%+1.75x10%*
2014-04-14 | 56761 2.057 | 1.485 | 93100.0 279000.0 2.35x10%+2.17x10%*
2014-04-18 | 56765 2.109 | 1.476 | 97900.0 294000.0 2.30x10%+2.22x10%*
2014-04-22 | 56769 2.161 | 1.468 | 103000.0 308000.0 2.72x10%+3.00 x 10**
2014-04-25 | 56772 2.200 | 1.465 | 106000.0 319000.0 1.62x10%°42.83x10%*
2014-05-08 | 56785 2.369 | 1.478 | 123000.0 370000.0 6.19%x10%*+4.16 x 10%*
2014-05-14 | 56791 2.442 | 1.501 | 131000.0 394000.0 1.47%x10%°4+3.92x 10%
2014-05-20 | 56797 2.520 | 1.539 | 140000.0 419000.0 7.75%10%*£2.89 x 10**
2014-05-31 | 56808 2.656 | 1.643 | 155000.0 466000.0 1.47x10%°4+2.05x 1024
2014-06-07 | 56815 2.743 | 1.735 | 166000.0 497000.0 2.33x10%°+6.21 x10%*
2014-06-24 | 56832 2.950 | 2.028 | 191000.0 574000.0 2.44%10%*+2.00x 10%*
2014-07-04 | 56842 3.067 | 2.235 | 207000.0 621000.0 7.21x10%*+2.55%x10%*
2014-07-07 | 56845 3.102 | 2.302 | 212000.0 635000.0 1.34x10%°+3.38 x 10%*
2014-07-13 | 56851 3.176 | 2.448 | 222000.0 666000.0 3.12x10%+6.20x 10%*
2014-07-18 | 56856 3.234 | 2.568 | 230000.0 690000.0 1.34%x10%°4+1.90x 10%*
2014-08-04 | 56873 3.430 | 3.004 | 259000.0 776000.0 4.79%10%*£5.35 x 10**
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Computed gas production rates of C3 of comet Lovejoy

Date MJD Th A o T Q(Cs)

2013-09-12 | 56547 1.907 | 1.810 | 10200.0 98200.0 4.73x10%*£3.41x10%
2013-09-21 | 56556 1.787 | 1.593 | 8940.0 86200.0 5.61x10%*+6.26 x 10
2013-09-29 | 56564 1.68 | 1.398 | 7900.0 76200.0 6.98x10%*+3.33 x 10
2013-10-03 | 56568 1.625 | 1.300 | 7390.0 71300.0 7.59x10%*+3.26 x 10
2013-10-05 | 56570 1.599 | 1.251 | 7160.0 69000.0 7.86x10%4+3.41x10%3
2013-10-21 | 56586 1.384 | 0.868 | 5360.0 51700.0 8.40x10%*+3.96 x 10
2013-10-24 | 56589 1.344 | 0.798 | 5060.0 48800.0 1.45%x10%°+7.98x 10?3
2013-10-26 | 56591 1.318 | 0.754 | 4860.0 46900.0 1.36x10%°4+6.55x10%3
2013-11-02 | 56598 1.227 | 0.605 | 4220.0 40600.0 1.94x10%°4+6.57x10%3
2014-02-14 | 56702 1.269 | 1.560 | 4510.0 43500.0 1.44x10%°4+1.26x 10%*
2014-02-21 | 56709 1.361 | 1.581 | 5190.0 50000.0 1.16x10%°+1.02x 10%*
2014-03-06 | 56722 1.535 | 1.589 | 6600.0 63600.0 9.41x10%*+5.67x 10
2014-03-13 | 56729 1.629 | 1.580 | 7430.0 71600.0 8.33x10%*+6.78 x 10
2014-03-18 | 56734 1.696 | 1.569 | 8050.0 77700.0 6.73x10%*£8.23 x 10
2014-03-26 | 56742 1.804 | 1.546 | 9110.0 87900.0 7.26x10%*+£3.79 x 10
2014-04-04 | 56751 1.924 | 1.516 | 10400.0 99900.0 A.77x10%*£3.23x10%
2014-04-10 | 56757 2.004 | 1.497 | 11200.0 108000.0 5.40x10%*+£4.17x 10
2014-04-15 | 56762 2.069 | 1.483 | 12000.0 116000.0 4.65x10%*+5.83x 1023
2014-04-19 | 56766 2.122 | 1.474 | 12600.0 122000.0 3.58x10%*+9.10 x 10
2014-04-25 | 56772 2.201 | 1.465 | 13600.0 131000.0 2.80x10%*+5.00 x 10
2014-05-27 | 56804 2.608 | 1.600 | 19000.0 184000.0 2.44x10%*+4.39%x10%3
2014-05-31 | 56808 2.656 | 1.643 | 19800.0 190000.0 2.30x10%*+6.45 x 10
2014-06-07 | 56815 2.743 | 1.734 | 21100.0 203000.0 1.93%x10%*4+9.61x 10?3
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Computed gas production rates of NH of comet Lovejoy

Date MJD Th A To T Q(NH)

2013-09-20 | 56555 1.800 | 1.617 | 162000.0 486000.0 1.04x10%°4+£9.49x 10*
2013-09-21 | 56556 1.787 | 1.593 | 160000.0 479000.0 3.84x10%£1.44x 10%
2013-09-26 | 56561 1.719 | 1.470 | 148000.0 443000.0 5.98x10%£1.05x10%
2013-09-29 | 56564 1.679 | 1.398 | 141000.0 423000.0 5.62x10%£1.11x10%
2013-10-04 | 56569 1.612 | 1.275 | 130000.0 390000.0 7.64x10%°£8.99x10%
2013-10-21 | 56586 1.384 | 0.867 | 95800.0 287000.0 1.28x10%541.41x10%
2013-10-24 | 56589 1.344 | 0.798 | 90300.0 271000.0 1.52x10%641.44x10%
2013-10-26 | 56591 1.318 | 0.754 | 86900.0 261000.0 1.54x10%4+£1.43x10%
2013-11-03 | 56599 1.214 | 0.585 | 73700.0 221000.0 2.10x10%°£1.60x 10%
2014-02-15 | 56703 1.282 | 1.564 | 82200.0 24'7000.0 1.34x10%54:2.57x10%
2014-02-21 | 56709 1.361 | 1.581 | 92600.0 278000.0 1.12x10%542.01x 10%
2014-03-06 | 56722 1.535 | 1.589 | 118000.0 353000.0 9.73x10%£1.41x10%
2014-03-13 | 56729 1.629 | 1.580 | 133000.0 398000.0 8.20x 10%°£1.26x 10%
2014-03-18 | 56734 1.696 | 1.569 | 144000.0 431000.0 4.68x10%°41.63x10%
2014-03-26 | 56742 1.804 | 1.546 | 163000.0 488000.0 5.84x10%£9.17x10%
2014-04-04 | 56751 1.924 | 1.516 | 185000.0 555000.0 2.67x10%£1.06 x 10%
2014-04-16 | 56763 2.084 | 1.480 | 217000.0 651000.0 1.86x10%°42.01x10%
2014-04-19 | 56766 2.122 | 1.474 | 225000.0 675000.0 2.64x10%£2.12x10%
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Computed gas production rates of OH of comet Lovejoy

Date MJD Th A To T Q(OH)

2013-09-12 | 56547 1.907 | 1.810 | 87300.0 582000.0 7.02x10%"£1.22 x 1077
2013-09-20 | 56555 1.800 | 1.617 | 77800.0 518000.0 5.69x10%7£7.31 x 10%¢
2013-09-21 | 56556 1.787 | 1.592 | 76600.0 511000.0 8.44x10%"£1.01x10%"
2013-09-26 | 56561 1.720 | 1.471 | 71000.0 473000.0 1.14x10%£1.35%x 1077
2013-10-03 | 56568 1.626 | 1.300 | 63500.0 423000.0 1.12x10%£1.48 x 1077
2013-10-05 | 56570 1.599 | 1.252 | 61400.0 409000.0 1.10x10%84+1.51 x 10%*7
2013-10-08 | 56573 1.558 | 1.178 | 58300.0 388000.0 1.28x10%841.62x 10%7
2013-10-10 | 56575 1.532 | 1.131 | 56300.0 376000.0 1.29x10%£1.95% 1077
2013-10-20 | 56585 1.398 | 0.892 | 46900.0 313000.0 2.15x10%%£3.35x10%"
2013-10-21 | 56586 1.384 | 0.867 | 46000.0 306000.0 2.29%x 1028 £2.45%10%"
2013-10-24 | 56589 1.344 | 0.798 | 43400.0 289000.0 2.58x 102 £2.77 x 10?7
2013-10-26 | 56591 1.318 | 0.754 | 41700.0 278000.0 2.60x 102 £3.04 x 107
2013-11-03 | 56599 1.214 | 0.585 | 35400.0 236000.0 2.95x 102 £3.52x10%"
2014-02-13 | 56701 1.256 | 1.556 | 37900.0 252000.0 1.86x10%£4.16 x 10?7
2014-02-15 | 56703 1.282 | 1.564 | 39400.0 263000.0 1.50x 102 £2.96 x 1027
2014-02-21 | 56709 1.361 | 1.581 | 44500.0 296000.0 1.25%x10%842.15x 10%7
2014-03-06 | 56722 1.535 | 1.589 | 56500.0 377000.0 1.17x10%84+£1.57x 10%7
2014-03-13 | 56729 1.629 | 1.580 | 63700.0 425000.0 1.06x10%84+1.30x 10%7
2014-03-18 | 56734 1.696 | 1.569 | 69000.0 460000.0 8.41x10%"£1.12x10%"
2014-03-26 | 56742 1.804 | 1.546 | 78100.0 521000.0 8.02x 1027 £7.85x 10
2014-04-10 | 56757 2.004 | 1.497 | 96400.0 643000.0 6.00 x 1027 £6.64 x 102
2014-04-15 | 56762 2.069 | 1.483 | 103000.0 685000.0 4.93x10%"£6.32x 10%
2014-04-18 | 56765 2.110 | 1.475 | 107000.0 712000.0 4.68x 1027 £5.66 x 10?6
2014-04-22 | 56769 2.160 | 1.469 | 112000.0 746000.0 4.64x10%"45.43 x 10%6
2014-04-25 | 56772 2.201 | 1.465 | 116000.0 775000.0 3.27x 102" £4.72x 10
2014-05-14 | 56791 2.442 | 1.500 | 143000.0 954000.0 5.09%10%6+£1.12 x 10?7
2014-05-20 | 56797 2.520 | 1.539 | 152000.0 1020000.0 | 6.42x10%04£4.92x10%
2014-05-27 | 56804 2.608 | 1.600 | 163000.0 1090000.0 | 3.54x 10%7£7.40x 10%
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Computed gas production rates of water of comet Lovejoy

Date MJD Th A To T1 Q(HQO)

2013-09-12 | 56547 1.907 | 1.81 | 87300.0 582000.0 6.92x10%7£1.20x 10%"
2013-09-20 | 56555 1.8 1.617 | 77800.0 518000.0 5.77x10%7£7.41x10%
2013-09-21 | 56556 1.787 | 1.592 | 76600.0 511000.0 8.59x 10%741.03x 10%7
2013-09-26 | 56561 1.72 1.471 | 71000.0 473000.0 1.18x10%4£1.40x 10*7
2013-10-03 | 56568 1.626 | 1.3 63500.0 423000.0 1.19%10%£1.58 x 10*7
2013-10-05 | 56570 1.599 | 1.252 | 61400.0 409000.0 1.18x10%841.62x 10*7
2013-10-08 | 56573 1.558 | 1.178 | 58300.0 388000.0 1.40x 102 £1.77x 1077
2013-10-10 | 56575 1.532 | 1.131 | 56300.0 376000.0 1.42x10%4£2.15x 10%7
2013-10-20 | 56585 1.398 | 0.892 | 46900.0 313000.0 2.47x10%84:3.85x 107
2013-10-21 | 56586 1.384 | 0.867 | 46000.0 306000.0 2.64x10%84:2.84x 107
2013-10-24 | 56589 1.344 | 0.798 | 43400.0 289000.0 3.03x10%43.25x10%"
2013-10-26 | 56591 1.318 | 0.754 | 41700.0 278000.0 3.08x10%43.61x10%"
2013-11-03 | 56599 1.214 | 0.585 | 35400.0 236000.0 3.64x10%+£4.34x10%"
2014-02-13 | 56701 1.256 | 1.556 | 37900.0 252000.0 2.26 x 10%84:5.05x 10%7
2014-02-15 | 56703 1.282 | 1.564 | 39400.0 263000.0 1.80x 1028 £3.55x 10%7
2014-02-21 | 56709 1.361 | 1.581 | 44500.0 296000.0 1.46x10?842.50x 10*7
2014-03-06 | 56722 1.535 | 1.589 | 56500.0 377000.0 1.29x10%+£1.72x 1077
2014-03-13 | 56729 1.629 | 1.58 | 63700.0 425000.0 1.13x10%£1.38x 10?7
2014-03-18 | 56734 1.696 | 1.569 | 69000.0 460000.0 8.79x10%"41.17x 10%7
2014-03-26 | 56742 1.804 | 1.546 | 78100.0 521000.0 8.12x 10%74:7.96 x 102°
2014-04-10 | 56757 2.004 | 1.497 | 96400.0 643000.0 5.76 x 1027 £6.38 x 1026
2014-04-15 | 56762 2.069 | 1.483 | 103000.0 685000.0 4.66x10%745.98 x 10%6
2014-04-18 | 56765 2.11 1.475 | 107000.0 712000.0 4.39%10%745.31 x 10%
2014-04-22 | 56769 2.16 | 1.469 | 112000.0 746000.0 4.29%x 10%74:5.03 x 102°
2014-04-25 | 56772 2.201 | 1.465 | 116000.0 775000.0 3.00 x 10%74:4.33 x 102°
2014-05-14 | 56791 2442 1 1.5 143000.0 954000.0 4.43%10%649.72x 10%
2014-05-20 | 56797 2.52 1.539 | 152000.0 1020000.0 | 5.51x10%64:4.22x 10%
2014-05-27 | 56804 2.608 | 1.6 163000.0 1090000.0 | 2.98x10274:6.24 x 10%6

102




Appendix B

(Gas production rates ratios

This section contains the logarithmic gas abundance ratios Ca-to-CN, C3-to-CN, and OH-to-
CN of comets PanSTARRS and Lovejoy. MJD represents the date of the observation night

in Modified Julian Days, while r, represents the heliocentric distance and is expressed in
AU.

B.1 Gas abundance ratios of comet PanSTARRS

Abundance ratio log(Q(C3)/Q(CN) of comet PanSTARRS
Date MJD | ry log(Q(Cs)/Q(CN))
2014-02-03 | 56691 | 3.113 | 0.23 £ 0.08
2014-02-07 | 56695 | 3.068 | 0.09 £ 0.08
2014-02-09 | 56697 | 3.046 | 0.05 £ 0.09
2014-02-11 | 56699 | 3.023 | 0.15 £0.07
2014-02-14 | 56702 | 2.989 | 0.13 £0.10
2014-02-20 | 56708 | 2.921 | 0.22 4+ 0.06
2014-02-26 | 56714 | 2.853 | 0.13 £ 0.05
2014-03-04 | 56720 | 2.784 | 0.17 £0.05
2014-03-13 | 56729 | 2.680 | 0.12 £0.04
2014-03-23 | 56739 | 2.564 | 0.05 £ 0.04
2014-04-01 | 56748 | 2.458 | —0.02 £ 0.06
2014-04-08 | 56755 | 2.377 | —0.01 £0.06
2014-04-16 | 56763 | 2.283 | 0.10 £0.07
2014-04-23 | 56770 | 2.202 | 0.10 £ 0.06
2014-05-09 | 56786 | 2.013 | 0.07 £0.07
2014-05-18 | 56795 | 1.907 | 0.16 £ 0.05
2014-05-20 | 56797 | 1.884 | 0.12 £ 0.05
2014-06-07 | 56815 | 1.664 | 0.18 £0.03
2014-06-08 | 56816 | 1.652 | 0.19 £0.03
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Abundance ratio log(Q(C)/Q(CN) of comet PanSTARRS

2014-06-09 | 56817 | 1.641 | 0.22 £0.03
2014-06-14 | 56822 | 1.585 | 0.19 £0.03
2014-06-23 | 56831 | 1.486 | 0.24 £0.03
2014-07-03 | 56841 | 1.382 | 0.20 £ 0.04
2014-09-06 | 56906 | 1.067 | 0.25 £0.04
2014-09-07 | 56907 | 1.070 | 0.27 = 0.04
2014-09-20 | 56920 | 1.126 | 0.26 £ 0.03
2014-09-27 | 56927 | 1.171 | 0.26 £ 0.02
2014-09-28 | 56928 | 1.178 | 0.24 £0.02
2014-10-06 | 56936 | 1.242 | 0.24 £ 0.01
2014-10-07 | 56937 | 1.250 | 0.24 £0.02
2014-10-11 | 56941 | 1.285 | 0.33 £0.01
2014-10-13 | 56943 | 1.303 | 0.22 £0.02
2014-10-13 | 56943 | 1.304 | 0.22 £0.02
2014-10-14 | 56944 | 1.313 | 0.31 £ 0.01
2014-10-23 | 56953 | 1.402 | 0.23 £0.02
2014-10-27 | 56957 | 1.443 | 0.17 £0.02
2014-11-07 | 56968 | 1.561 | 0.17 £0.03
2014-11-09 | 56970 | 1.585 | 0.11 £0.02
2014-11-10 | 56971 | 1.594 | 0.18 £ 0.02
2014-11-13 | 56974 | 1.629 | 0.15 £0.02
2014-11-13 | 56974 | 1.629 | 0.11 £0.02
2014-11-18 | 56979 | 1.685 | 0.11 £0.02
2014-11-27 | 56988 | 1.790 | 0.13 £0.02
2014-12-04 | 56995 | 1.871 | 0.05 £0.03
2014-12-15 | 57006 | 2.000 | 0.05 £0.03
2014-12-19 | 57010 | 2.047 | 0.06 £ 0.02
2015-01-03 | 57025 | 2.225 | —0.02 £ 0.06
2015-01-09 | 57031 | 2.295 | 0.02 £ 0.05
2015-01-20 | 57042 | 2.425 | 0.22 £ 0.04
2015-01-28 | 57050 | 2.518 | 0.24 £ 0.07
2015-02-02 | 57055 | 2.577 | 0.36 == 0.10
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Abundance ratio log(Q(C3)/Q(CN) of comet PanSTARRS

Date MID | rp, log(Q(C3)/Q(CN))
2014-02-11 | 56699 | 3.023 | —2.34 + 2.00
2014-03-23 | 56739 | 2.564 | —1.05 £ 0.12
2014-04-01 | 56748 | 2.458 | —1.04 £0.14
2014-04-08 | 56755 | 2.376 | —1.11 £0.19
2014-05-30 | 56807 | 1.756 | —0.71 £ 0.06
2014-06-07 | 56815 | 1.664 | —0.69 £ 0.05
2014-06-08 | 56816 | 1.653 | —0.69 4+ 0.05
2014-06-09 | 56817 | 1.641 | —0.64 £0.05
2014-09-06 | 56906 | 1.067 | —0.58 £0.05
2014-09-20 | 56920 | 1.126 | —0.59 £0.04
2014-09-27 | 56927 | 1.171 | —0.61 £0.03
2014-09-28 | 56928 | 1.178 | —0.56 £ 0.02
2014-10-06 | 56936 | 1.242 | —0.60 4 0.02
2014-10-07 | 56937 | 1.250 | —0.56 £ 0.03
2014-10-11 | 56941 | 1.286 | —0.44 4+ 0.03
2014-10-13 | 56943 | 1.303 | —0.59 £ 0.03
2014-10-13 | 56943 | 1.304 | —0.61 = 0.03
2014-10-14 | 56944 | 1.313 | —0.52 £ 0.02
2014-10-23 | 56953 | 1.402 | —0.59 £ 0.02
2014-10-27 | 56957 | 1.443 | —0.60 £ 0.02
2014-11-07 | 56968 | 1.561 | —0.63 £ 0.03
2014-11-10 | 56971 | 1.594 | —0.63 = 0.04
2014-11-13 | 56974 | 1.629 | —0.67 = 0.04
2014-11-13 | 56974 | 1.630 | —0.69 £ 0.03
2014-11-18 | 56979 | 1.685 | —0.68 £ 0.03
2014-11-27 | 56988 | 1.789 | —0.67 £0.04
2014-11-27 | 56988 | 1.790 | —0.67 £0.04
2014-12-04 | 56995 | 1.871 | —0.75 4+ 0.06
2014-12-08 | 56999 | 1.918 | —0.74 £0.07
2014-12-15 | 57006 | 2.000 | —0.72 £0.04
2014-12-19 | 57010 | 2.047 | —0.79 +0.04
2015-01-03 | 57025 | 2.225 | —0.93 £ 0.13
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Abundance ratio log(Q(NH)/Q(CN) of comet PanSTARRS

Date

MJD

Th

log(Q(NH)/Q(CN))

2014-04-08
2014-09-06
2014-09-27
2014-09-28
2014-10-06
2014-10-07
2014-10-11
2014-10-13
2014-10-14
2014-10-23
2014-10-27
2014-11-09
2014-11-10
2014-11-13
2014-11-13
2014-11-18
2014-11-27
2014-12-04
2014-12-06
2014-12-08
2014-12-15
2014-12-19

26755
56906
596927
56928
96936
56937
56941
56943
56944
96953
56957
96970
56971
56974
56974
56979
296988
96995
56997
296999
57006
97010

2.376
1.067
1.171
1.179
1.242
1.250
1.286
1.304
1.313
1.402
1.443
1.585
1.594
1.629
1.630
1.686
1.789
1.871
1.895
1.918
2.000
2.046

—0.24 £0.98
0.36 £0.07
0.36 £ 0.04
0.37+0.03
0.32 £ 0.03
0.28 £ 0.04
0.33 £0.03
0.19 £0.06
0.31 +=0.03
0.17£0.04
0.12 +£0.04
—0.14 £0.15
—0.05+=0.12
—0.15£0.14
—0.17£0.19
—0.17£0.09
—0.09 £0.10
—1.76 £6.20
—0.56 = 0.65
—1.12£1.27
—0.67 £ 0.37
—2.56 £6.71
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Abundance ratio log(Q(OH)/Q(CN) of comet PanSTARRS

Date

MJD

Tn

log(Q(OH)/Q(CN))

2014-03-23
2014-06-14
2014-06-29
2014-09-06
2014-09-07
2014-09-20
2014-09-27
2014-09-28
2014-10-06
2014-10-07
2014-10-11
2014-10-13
2014-10-14
2014-10-23
2014-10-27
2014-11-09
2014-11-13
2014-11-13
2014-11-18
2014-11-27
2014-12-04
2014-12-06
2014-12-08
2014-12-15
2014-12-19
2015-01-03
2015-01-09

56739
56822
56837
56906
56907
26920
26927
56928
56936
56937
56941
26943
56944
56953
56957
56970
56974
26974
56979
26988
96995
26997
26999
57006
57010
57025
27031

2.563
1.585
1.423
1.067
1.070
1.126
1.171
1.179
1.242
1.250
1.286
1.304
1.313
1.402
1.443
1.585
1.629
1.630
1.686
1.789
1.871
1.895
1.917
2.000
2.046
2.224
2.295

2.65+0.14
2.72+0.15
2.77£0.14
2.40=£0.16
231+£0.14
2.42 £ 0.10
2.48 £ 0.06
2.49 £0.06
2.63 = 0.05
2.57 £0.06
2.84 £0.04
2.73 £ 0.05
2.75£0.04
2.71£0.04
2.72£0.04
2.75£0.05
2.72£0.05
2.69 + 0.06
2.68 £0.05
2.68 = 0.05
2.69 £ 0.05
2.72£0.08
2.62 + 0.06
2.59 £0.06
2.62 = 0.05
2.46 £0.09
2.45 £ 0.09
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B.2 Gas abundance ratios of comet Lovejoy

Abundance ratio log(Q(C3)/Q(CN) of comet Lovejoy

Date MJID | 7, log(Q(C2)/Q(CN))

2013-09-12 | 56547 | 1.907 | —0.08 £ 0.03
2013-09-16 | 56551 | 1.853 | —0.06 &= 0.03
2013-09-21 | 56556 | 1.788 | —0.02 £ 0.04
2013-09-25 | 56560 | 1.733 | 0.05 £ 0.02
2013-09-29 | 56564 | 1.680 | 0.06 = 0.03
2013-10-03 | 56568 | 1.625 | 0.03 = 0.02
2013-10-08 | 56573 | 1.558 | 0.07 £ 0.02
2013-10-10 | 56575 | 1.531 | 0.05 £ 0.03
2013-10-20 | 56585 | 1.398 | 0.11 +0.03
2013-10-21 | 56586 | 1.384 | 0.07 = 0.02
2013-10-24 | 56589 | 1.344 | 0.12 4 0.02
2013-10-26 | 56591 | 1.319 | 0.12 £+ 0.03
2013-11-02 | 56598 | 1.228 | 0.17 £ 0.02
2014-02-13 | 56701 | 1.256 | 0.19 £0.03
2014-02-15 | 56703 | 1.282 | 0.19 £0.03
2014-02-21 | 56709 | 1.361 | 0.16 = 0.03
2014-02-22 | 56710 | 1.374 | 0.20 £ 0.02
2014-03-06 | 56722 | 1.534 | 0.13 £ 0.02
2014-03-13 | 56729 | 1.629 | 0.11 +£0.02
2014-03-18 | 56734 | 1.696 | 0.09 £ 0.03
2014-03-25 | 56741 | 1.790 | 0.08 £ 0.03
2014-03-26 | 56742 | 1.803 | 0.03 = 0.02
2014-04-04 | 56751 | 1.924 | 0.04 £ 0.03
2014-04-10 | 56757 | 2.003 | —0.02 £ 0.03
2014-04-14 | 56761 | 2.057 | 0.00 £ 0.06
2014-04-18 | 56765 | 2.109 | —0.02 £ 0.05
2014-04-22 | 56769 | 2.161 | 0.02 £ 0.05
2014-04-25 | 56772 | 2.200 | —0.15£0.08
2014-05-08 | 56785 | 2.369 | —0.45 £ 0.30
2014-05-14 | 56791 | 2.442 | —0.09 £0.13
2014-05-20 | 56797 | 2.520 | 0.02 £0.19
2014-05-31 | 56808 | 2.656 | —0.01 £ 0.07
2014-06-07 | 56815 | 2.743 | 0.26 = 0.13
2014-06-24 | 56832 | 2.950 | —0.47 £ 0.36
2014-07-04 | 56842 | 3.067 | —0.11 £0.19
2014-07-07 | 56845 | 3.102 | 0.25 £ 0.15
2014-07-18 | 56856 | 3.234 | 0.45 4+0.14
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Abundance ratio log(Q(C)/Q(CN) of comet Lovejoy

2014-08-04 | 56873 | 3.430 | 0.47 +0.83
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Abundance ratio log(Q(C3)/Q(CN) of comet Lovejoy

Date MID | rp, log(Q(C3)/Q(CN))
2013-09-21 | 56556 | 1.787 | —0.73 £ 0.05
2013-09-29 | 56564 | 1.680 | —0.71 £ 0.03
2013-10-03 | 56568 | 1.625 | —0.69 £ 0.02
2013-10-05 | 56570 | 1.599 | —0.71 £0.02
2013-10-21 | 56586 | 1.384 | —0.84 +0.03
2013-10-24 | 56589 | 1.344 | —0.65 £+ 0.03
2013-10-26 | 56591 | 1.318 | —0.68 £0.03
2013-11-02 | 56598 | 1.227 | —0.62 £ 0.02
2014-02-14 | 56702 | 1.269 | —0.65 £+ 0.04
2014-02-21 | 56709 | 1.361 | —0.66 4 0.04
2014-03-06 | 56722 | 1.535 | —0.69 4 0.03
2014-03-13 | 56729 | 1.629 | —0.68 4+ 0.04
2014-03-18 | 56734 | 1.696 | —0.71 £ 0.06
2014-03-26 | 56742 | 1.804 | —0.69 £ 0.03
2014-04-04 | 56751 | 1.924 | —0.76 £ 0.03
2014-04-10 | 56757 | 2.004 | —0.75 £ 0.04
2014-04-15 | 56762 | 2.069 | —0.70 4+ 0.07
2014-04-19 | 56766 | 2.122 | —0.83 = 0.11
2014-04-25 | 56772 | 2.201 | —0.91 £0.08
2014-05-27 | 56804 | 2.608 | —0.77 £ 0.10
2014-05-31 | 56808 | 2.656 | —0.82 £ 0.13
2014-06-07 | 56815 | 2.743 | —0.82 £ 0.23
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Abundance ratio log(Q(NH)/Q(CN) of comet Lovejoy

Date MJID | log(Q(NH)/Q(CN))

2013-09-20 | 56555 | 1.800 | —0.46 = 0.40
2013-09-21 | 56556 | 1.787 | 0.11 £ 0.16
2013-09-29 | 56564 | 1.679 | 0.19 = 0.09
2013-10-04 | 56569 | 1.612 | 0.29 = 0.05
2013-10-21 | 56586 | 1.384 | 0.34 £ 0.05
2013-10-24 | 56589 | 1.344 | 0.37 £0.04
2013-10-26 | 56591 | 1.318 | 0.38 =0.04
2014-02-15 | 56703 | 1.282 | 0.32 £ 0.09
2014-02-21 | 56709 | 1.361 | 0.32 +0.08
2014-03-06 | 56722 | 1.535 | 0.32 £ 0.06
2014-03-13 | 56729 | 1.629 | 0.31 £0.07
2014-03-18 | 56734 | 1.696 | 0.13 £0.15
2014-03-26 | 56742 | 1.804 | 0.21 £0.07
2014-04-04 | 56751 | 1.924 | —0.01 £0.17
2014-04-19 | 56766 | 2.122 | 0.04 £0.35
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Abundance ratio log(Q(OH)/Q(CN) of comet Lovejoy

Date MJID | 7, log(Q(OH)/Q(CN))

2013-09-20 | 56555 | 1.800 | 2.28 +0.06
2013-09-21 | 56556 | 1.787 | 2.45 £ 0.06
2013-10-03 | 56568 | 1.626 | 2.48 4= 0.06
2013-10-05 | 56570 | 1.599 | 2.44 £ 0.06
2013-10-08 | 56573 | 1.558 | 2.57 £ 0.06
2013-10-10 | 56575 | 1.532 | 2.45 £ 0.07
2013-10-20 | 56585 | 1.398 | 2.62 £ 0.07
2013-10-21 | 56586 | 1.384 | 2.59 £ 0.05
2013-10-24 | 56589 | 1.344 | 2.60 £ 0.05
2013-10-26 | 56591 | 1.318 | 2.60 == 0.05
2014-02-13 | 56701 | 1.256 | 2.38 £ 0.10
2014-02-15 | 56703 | 1.282 | 2.44 £ 0.09
2014-02-21 | 56709 | 1.361 | 2.37 £ 0.08
2014-03-06 | 56722 | 1.535 | 2.40 = 0.06
2014-03-13 | 56729 | 1.629 | 2.42 +0.06
2014-03-18 | 56734 | 1.696 | 2.39 £ 0.06
2014-03-26 | 56742 | 1.804 | 2.35 £ 0.04
2014-04-10 | 56757 | 2.004 | 2.30 £0.05
2014-04-15 | 56762 | 2.069 | 2.32 £0.07
2014-04-18 | 56765 | 2.110 | 2.29 £ 0.06
2014-04-22 | 56769 | 2.160 | 2.25 £ 0.05
2014-04-25 | 56772 | 2.201 | 2.16 £ 0.07
2014-05-14 | 56791 | 2.442 | 1.45 £ 0.95
2014-05-20 | 56797 | 2.520 | 1.93 +£0.35
2014-05-27 | 56804 | 2.608 | 2.39 £0.11
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Appendix C

Computed Afp parameter

This section presents the computed Afp parameter in the R, RC, BC, and GC filters. The
date of each observation is given in Modified Julian Days (MJD). The heliocentric distance
r, and geocentric distance A are expressed in AU, and the corresponding phase angle is also
provided. The Afp values, both uncorrected and corrected for phase angle, are expressed in
centimeters.

C.1 Afp of comet PanSTARRS

Computed Afp parameter in the R filter of comet PanSTARRS

Date MJD | r, A Afp angle | corrected Afp
2013-03-28 | 56379 | 6.21 | 5.91 | 2948 £ 56 9.02 | 4150 £ 79
2013-03-28 | 56379 | 6.21 | 5.91 | 3076 + 68 9.02 | 4330 £ 96
2013-03-28 | 56379 | 6.21 | 5.91 | 3001 £ 61 9.02 | 4225+ 86
2013-03-28 | 56379 | 6.21 | 5.91 | 2765 47 9.02 | 3893 £ 66
2013-03-28 | 56379 | 6.21 | 5.91 | 3032 + 63 9.02 | 4269 + 89
2013-03-30 | 56381 | 6.19 | 5.86 | 3376 + 76 8.99 | 4748 £ 107
2013-03-30 | 56381 | 6.19 | 5.86 | 2957 + 48 8.99 | 4159 + 68
2013-03-30 | 56381 | 6.19 | 5.86 | 3138 40 8.99 | 4413 £ 56
2013-03-30 | 56381 | 6.19 | 5.86 | 3041 £ 54 8.99 | 4278 £ 76
2013-04-06 | 56388 | 6.13 | 5.71 | 3008 % 30 8.82 | 4206 £ 42
2013-04-06 | 56388 | 6.13 | 5.71 | 3086 + 37 8.82 | 4315 £ 52
2013-04-06 | 56388 | 6.13 | 5.71 | 2877 £ 30 8.82 | 4023 £ 42
2013-04-13 | 56395 | 6.07 | 5.56 | 2797 + 29 8.58 | 3878 £40
2013-04-13 | 56395 | 6.07 | 5.56 | 2971 &+ 28 8.58 | 4119+ 39
2013-04-13 | 56395 | 6.07 | 5.56 | 3038 =45 8.58 | 4212+ 63
2013-04-13 | 56395 | 6.07 | 5.56 | 3022 + 24 8.58 | 4190 + 33
2013-04-20 | 56402 | 6.00 | 5.42 | 3060 £ 32 8.27 | 4197 £43
2013-04-20 | 56402 | 6.00 | 5.42 | 3032+ 29 8.27 | 4160 £ 40
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Computed Afp parameter in the R filter of comet PanSTARRS (continued)

2013-04-20 | 56402 | 6.00 | 5.42 | 3025 27 8.27 | 4150 £ 37
2013-04-20 | 56402 | 6.00 | 5.42 | 2963 + 33 8.27 | 4065 £ 45
2013-04-26 | 56408 | 5.95 | 5.31 | 2611 £ 78 7.97 | 3546 £ 106
2013-04-26 | 56408 | 5.95 | 5.31 | 2407 £ 61 797 | 3269 £ 83
2013-04-26 | 56408 | 5.95 | 5.31 | 2426 £ 95 797 | 3295+ 129
2013-04-26 | 56408 | 5.95 | 5.31 | 2148 =86 797 | 2917 =116
2013-05-03 | 56415 | 5.88 | 5.19 | 3124 £+ 38 7.62 | 4189 £51
2013-05-03 | 56415 | 5.88 | 5.19 | 3077 £ 37 7.62 | 4126 £ 50
2013-05-03 | 56415 | 5.88 | 5.19 | 2846 £ 29 7.62 | 3816 £ 39
2013-05-03 | 56415 | 5.88 | 5.19 | 3034 £ 37 7.62 | 4068 £ 49
2013-05-07 | 56419 | 5.85 | 5.13 | 3239 =40 744 | 4313 £53
2013-05-10 | 56422 | 5.82 | 5.09 | 2878 &+ 28 7.31 | 3816 £ 37
2013-05-10 | 56422 | 5.82 | 5.09 | 2542 £ 28 731 | 3371 £ 38
2013-05-10 | 56422 | 5.82 | 5.09 | 2727+ 31 7.31 | 3616 £ 42
2013-05-10 | 56422 | 5.82 | 5.09 | 2745 £+ 32 7.31 | 3640 £ 42
2013-05-16 | 56428 | 5.77 | 5.00 | 3099 £ 33 7.10 | 4079 £ 44
2013-05-16 | 56428 | 5.77 | 5.00 | 3140 £ 32 7.10 | 4134 £42
2013-05-16 | 56428 | 5.77 | 5.00 | 3024 £ 31 7.10 | 3980 £ 41
2013-05-16 | 56428 | 5.77 | 5.00 | 3037 £ 32 7.10 | 3998 + 42
2013-05-21 | 56433 | 5.72 | 4.95 | 3123 £ 32 7.00 | 4097 £ 42
2013-05-21 | 56433 | 5.72 | 4.95 | 3264 + 38 7.00 | 4282 £ 50
2013-05-21 | 56433 | 5.72 | 4.95 | 2913 £ 34 7.00 | 3821 +£45
2013-05-21 | 56433 | 5.72 | 4.95 | 3066 = 35 7.00 | 4022 £ 45
2013-05-22 | 56434 | 5.71 | 4.93 | 3168 =47 6.99 | 4154 £61
2013-05-22 | 56434 | 5.71 | 4.93 | 2985 £ 43 6.99 | 3914 £ 56
2013-05-22 | 56434 | 5.71 | 4.93 | 3181+ 39 6.99 | 4171 £51
2013-05-22 | 56434 | 5.71 | 4.93 | 3165 = 36 6.99 | 4151 £47
2013-05-29 | 56441 | 5.65 | 4.86 | 2929 42 7.02 | 3845+ 55
2013-05-29 | 56441 | 5.65 | 4.86 | 2893 £ 33 7.02 | 3797 £43
2013-05-29 | 56441 | 5.65 | 4.86 | 2991 + 33 7.02 | 3926 £43
2013-05-29 | 56441 | 5.65 | 4.86 | 2947 +43 7.02 | 3868 £ 57
2013-06-07 | 56450 | 5.57 | 4.79 | 3315+ 25 7.33 | 4399 £ 34
2013-06-07 | 56450 | 5.57 | 4.79 | 3239 & 28 7.33 | 4299 £ 38
2013-06-07 | 56450 | 5.56 | 4.79 | 3182+ 26 7.33 | 4222+ 34
2013-06-07 | 56450 | 5.56 | 4.79 | 3184 £ 27 7.33 | 4225+ 36
2013-06-22 | 56465 | 5.42 | 4.73 | 3148+ 74 8.39 | 4336 £ 103
2013-07-08 | 56481 | 5.28 | 4.73 | 3003 + 31 9.83 | 434444
2013-07-08 | 56481 | 5.28 | 4.73 | 2845 £ 25 9.83 | 4116 £37
2013-07-08 | 56481 | 5.28 | 4.73 | 2870 £ 23 9.83 | 4151+ 34
2013-07-08 | 56481 | 5.28 | 4.73 | 2975 £ 25 9.83 | 4304 £ 36
2013-07-12 | 56485 | 5.24 | 4.73 | 2890 £ 25 10.17 | 4230 £ 37
2013-07-16 | 56489 | 5.20 | 4.74 | 3081 £ 26 10.49 | 4557 £ 39
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Computed Afp parameter in the R filter of comet PanSTARRS (continued)

2013-07-19 | 56492 | 5.17 | 4.75 | 3107 &= 56 10.72 | 4630 =83
2013-08-01 | 56505 | 5.05 | 4.80 | 3012+ 31 11.49 | 4602 + 47
2013-08-01 | 56505 | 5.05 | 4.80 | 2960 % 30 11.49 | 4523 £ 46
2013-08-01 | 56505 | 5.04 | 4.80 | 2974+ 31 11.49 | 4545 + 48
2013-08-01 | 56505 | 5.04 | 4.80 | 3024 £ 28 11.49 | 4621 £43
2013-08-14 | 56518 | 4.92 | 4.87 | 2837 £ 29 11.87 | 4388 =46
2013-08-14 | 56518 | 4.91 | 4.87 | 3219 £46 11.87 | 4980 £ 71
2013-08-14 | 56518 | 4.91 | 4.87 | 2987 £ 43 11.87 | 4620 £+ 66
2013-08-14 | 56518 | 4.91 | 4.87 | 3169 +44 11.87 | 4902 £ 68
2013-08-14 | 56518 | 4.91 | 4.87 | 3002 £ 30 11.87 | 4645 + 47
2013-08-18 | 56522 | 4.88 | 4.89 | 3015 £ 34 11.90 | 4670 =53
2013-08-18 | 56522 | 4.88 | 4.89 | 2820 =40 11.90 | 4368 + 61
2013-08-18 | 56522 | 4.88 | 4.89 | 2959 & 38 11.90 | 4582 £+ 58
2013-08-18 | 56522 | 4.88 | 4.89 | 2903 £ 46 11.90 | 4496 + 71
2013-08-20 | 56524 | 4.86 | 4.90 | 2990 £ 34 11.90 | 4630 £ 52
2013-08-20 | 56524 | 4.86 | 4.90 | 3047 =33 11.90 | 4719 =51
2013-08-20 | 56524 | 4.86 | 4.90 | 3244 £41 11.90 | 5023 £ 63
2013-08-20 | 56524 | 4.86 | 4.90 | 3153 £33 11.90 | 4884 £ 52
2013-09-12 | 56547 | 4.62 | 5.00 | 3383 £43 11.22 | 5126 £ 65
2013-09-12 | 56547 | 4.62 | 5.00 | 3282+ 43 11.22 | 4973 £ 65
2013-09-12 | 56547 | 4.62 | 5.00 | 3190 £ 38 11.22 | 4833 £ 58
2013-09-12 | 56547 | 4.62 | 5.00 | 3260 £ 41 11.22 | 4939 + 62
2014-02-03 | 56691 | 3.11 | 3.24 | 2845 £ 36 17.65 | 5221 £ 66
2014-02-05 | 56693 | 3.09 | 3.19 | 2876 £ 37 17.93 | 5321 £ 69
2014-02-06 | 56694 | 3.08 | 3.16 | 2914 £ 37 18.07 | 5409 £ 69
2014-02-07 | 56695 | 3.07 | 3.13 | 2892 £ 37 18.21 | 5388 £ 68
2014-02-08 | 56696 | 3.06 | 3.11 | 2835+ 35 18.34 | 5301 =65
2014-02-09 | 56697 | 3.05 | 3.08 | 2734 £+ 32 18.47 | 5130 £ 61
2014-02-10 | 56698 | 3.04 | 3.05 | 2826 £+ 32 18.60 | 5321 £ 60
2014-02-11 | 56699 | 3.02 | 3.03 | 2906 £ 39 18.73 | 5489 £ 75
2014-02-14 | 56702 | 2.99 | 2.95 | 2757 £ 35 19.09 | 5258 £ 67
2014-02-15 | 56703 | 2.98 | 2.92 | 2622 + 34 19.21 | 5015 4 66
2014-02-16 | 56704 | 2.97 | 2.89 | 2672+ 37 19.32 | 5127 £ 71
2014-02-17 | 56705 | 2.96 | 2.87 | 2826 £ 49 19.43 | 5437 £ 95
2014-02-19 | 56707 | 2.93 | 2.81 | 2740 £ 27 19.63 | 5299 £ 53
2014-02-20 | 56708 | 2.92 | 2.79 | 2606 £ 27 19.73 | 5052 £ 52
2014-02-21 | 56709 | 2.91 | 2.76 | 2709 £ 35 19.83 | 5265 %69
2014-02-23 | 56711 | 2.89 | 2.71 | 2789 £ 35 20.01 | 5446 £ 69
2014-02-26 | 56714 | 2.85 | 2.62 | 2726 £ 26 20.25 | 5355 £ 51
2014-03-01 | 56717 | 2.82 | 2.54 | 2786 £+ 31 20.46 | 5501 £ 61
2014-03-04 | 56720 | 2.78 | 2.46 | 2645 £+ 27 20.62 | 5245 £ 54
2014-03-13 | 56729 | 2.68 | 2.23 | 2622 £+ 23 20.90 | 5234 £47
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Computed Afp parameter in the R filter of comet PanSTARRS (continued)

2014-03-16 | 56732 | 2.65 | 2.16 | 2593 £ 27 20.92 | 5180 £ 54
2014-03-17 | 56733 | 2.63 | 2.13 | 2601 £ 29 20.91 | 5194 £ 57
2014-03-23 | 56739 | 2.56 | 2.00 | 2565 £ 27 20.85 | 5114 £ 54
2014-03-24 | 56740 | 2.55 | 1.97 | 25643 £ 25 20.83 | 5068 £ 50
2014-04-01 | 56748 | 2.46 | 1.81 | 2571 £ 27 20.69 | 5107 £ 54
2014-04-08 | 56755 | 2.38 | 1.68 | 2666 + 32 20.79 | 5308 £ 64
2014-04-16 | 56763 | 2.28 | 1.57 | 2612 £ 50 21.56 | 5298 £ 102
2014-04-22 | 56769 | 2.21 | 1.52 | 2574 £ 48 22.80 | 5376 £ 101
2014-04-23 | 56770 | 2.20 | 1.51 | 2534 £ 54 23.06 | 5324 +£114
2014-05-01 | 56778 | 2.11 | 1.48 | 2511 £59 25.66 | 5584 £ 130
2014-05-06 | 56783 | 2.05 | 1.47 | 2317 £ 57 27.56 | 5350 £ 132
2014-05-09 | 56786 | 2.01 1.48 | 2278 £ 56 28.71 | 5376 £ 132
2014-05-18 | 56795 | 1.91 | 1.52 | 2103 +44 31.85 | 5233 £ 110
2014-05-19 | 56796 | 1.88 | 1.54 | 2116 41 32.15 | 5289 £ 102
2014-05-30 | 56807 | 1.76 | 1.64 | 2004 £ 32 34.41 | 5176 =83
2014-05-30 | 56807 | 1.76 | 1.64 | 2000 £ 31 34.41 | 5167 £81
2014-05-31 | 56808 | 1.75 | 1.64 | 2148 44 34.52 | 5557 £ 114
2014-06-05 | 56813 | 1.69 | 1.71 | 2133 £ 31 34.77 | 5538 £ 81
2014-06-07 | 56815 | 1.66 | 1.73 | 2082 £ 33 34.74 | 5403 £ 85
2014-06-07 | 56815 | 1.66 | 1.73 | 2081 + 33 34.74 | 5401 £ 85
2014-06-08 | 56816 | 1.65 | 1.74 | 2111 £ 32 34.71 | 5475 £ 83
2014-06-08 | 56816 | 1.65 | 1.74 | 2095 £+ 33 34.71 | 5433 £ 86
2014-06-09 | 56817 | 1.64 | 1.75 | 2043 £ 28 34.65 | 5296 £ 74
2014-06-09 | 56817 | 1.64 | 1.76 | 2060 £ 35 34.65 | 5339 £91
2014-06-23 | 56831 | 1.49 | 1.92 | 2248 £45 32.02 | 5609 £ 113
2014-06-29 | 56837 | 1.42 | 1.98 | 2365 £ 51 29.89 | 5698 £ 123
2014-07-03 | 56841 | 1.38 | 2.01 | 2477 £ 53 28.14 | 5786 £ 124
2014-09-06 | 56906 | 1.07 | 1.82 | 2299 £ 58 27.62 | 5315 £ 135
2014-09-06 | 56906 | 1.07 | 1.82 | 2393 £ 58 27.62 | 5533 £135
2014-09-07 | 56907 | 1.07 | 1.80 | 2523 £+ 64 28.58 | 5941 £ 151
2014-09-07 | 56907 | 1.07 | 1.80 | 2501 £ 61 28.58 | H889 £ 144
2014-09-20 | 56920 | 1.13 | 1.56 | 1824 £ 32 39.55 | 4997 £ 88
2014-09-20 | 56920 | 1.13 | 1.56 | 1836 = 30 39.55 | 5031 £ 83
2014-09-27 | 56927 | 1.17 | 1.43 | 1553 £ 24 43.91 | 4423 + 68
2014-09-27 | 56927 | 1.17 | 1.42 | 1601 £ 20 43.91 | 4558 £ 58
2014-09-28 | 56928 | 1.18 | 1.40 | 1574 £ 18 44.42 | 4499 £+ 51
2014-09-28 | 56928 | 1.18 | 1.40 | 1572+ 16 44.42 | 4495 £ 47
2014-10-06 | 56936 | 1.24 | 1.25 | 1559 £ 13 47.32 | 4543 £ 39
2014-10-06 | 56936 | 1.24 | 1.25 | 1559 £ 12 47.32 | 4542 £+ 36
2014-10-06 | 56936 | 1.24 | 1.25 | 1549 +13 47.32 | 4511 £ 37
2014-10-07 | 56937 | 1.25 | 1.23 | 1573+ 24 47.52 | 4588 £ 71
2014-10-07 | 56937 | 1.25 | 1.23 | 1581 £ 19 47.52 | 4611 £ 57
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Computed Afp parameter in the R filter of comet PanSTARRS (continued)

2014-10-11 | 56941 | 1.28 | 1.15 | 1463 £ 18 47.93 | 4276 £ 53
2014-10-11 | 56941 | 1.28 | 1.15 | 1469 £ 21 47.93 | 4292 £+ 62
2014-10-13 | 56943 | 1.30 | 1.12 | 1441 £ 22 47.90 | 4210 £ 63
2014-10-13 | 56943 | 1.30 | 1.12 | 1433 £29 4790 | 4187 £ 84
2014-10-29 | 56959 | 1.47 | 0.95 | 1256 £ 18 42.45 | 3529 £ 49
2014-11-04 | 56965 | 1.53 | 0.96 | 1258 =15 39.37 | 3441 £41
2014-11-06 | 56967 | 1.55 | 0.97 | 1288 £ 12 38.44 | 3490 £ 33
2014-11-07 | 56968 | 1.56 | 0.98 | 1279 £ 16 38.01 | 3451 £ 44
2014-11-09 | 56970 | 1.58 | 1.00 | 1279+ 14 37.21 | 3421 £ 37
2014-11-10 | 56971 | 1.59 | 1.01 1100 £ 12 36.85 | 2929 £+ 33
2014-11-13 | 56974 | 1.63 | 1.05 | 1238 £9 35.89 | 3261 £ 24
2014-11-13 | 56974 | 1.63 | 1.05 | 1243 £ 11 35.89 | 3275 £ 28
2014-11-15 | 56976 | 1.65 | 1.09 | 1170 £ 11 35.34 | 3061 £ 28
2014-11-18 | 56979 | 1.69 | 1.14 | 1209 £8 34.65 | 3134 £ 21
2014-11-19 | 56980 | 1.70 | 1.16 | 1245+ 11 34.44 | 3218 £ 30
2014-11-27 | 56988 | 1.79 | 1.34 | 1188 £ 10 33.00 | 3009 £ 25
2014-11-27 | 56988 | 1.79 | 1.34 | 1176 =10 33.00 | 2977 £25
2014-12-04 | 56995 | 1.87 | 1.52 | 1162+ 14 31.74 | 2887 £ 36
2014-12-04 | 56995 | 1.87 | 1.52 | 1150 £ 12 31.74 | 2857 £ 30
2014-12-06 | 56997 | 1.90 | 1.57 | 1164+ 14 31.35 | 2873 £ 34
2014-12-08 | 56999 | 1.92 | 1.63 | 1167 £ 13 30.94 | 2863 £ 32
2014-12-08 | 56999 | 1.92 | 1.63 | 1165 £ 15 30.94 | 2859 + 36
2014-12-15 | 57006 | 2.00 | 1.83 | 1130£8 29.40 | 2700 £19
2014-12-15 | 57006 | 2.00 | 1.83 | 1130+ 11 29.40 | 2700 £ 26
2014-12-19 | 57010 | 2.05 | 1.94 | 1175+ 12 28.43 | 2758 £ 28
2014-12-19 | 57010 | 2.05 | 1.94 | 1194+9 28.43 | 2804 £+ 20
2015-01-03 | 57025 | 2.22 | 2.38 | 1182+ 10 24.39 | 2559 £ 22
2015-01-09 | 57031 | 2.29 | 2.55 | 1205£9 22.66 | 2510 =19
2015-01-20 | 57042 | 242 | 2.85 | 1239+ 11 19.44 | 2384 £ 22
2015-01-29 | 57051 | 2.3 | 3.08 | 1205+ 13 16.82 | 2162 £ 24
2015-01-29 | 57051 | 2.53 | 3.08 | 1190 £ 14 16.82 | 2135 £ 25
2015-01-29 | 57051 | 2.53 | 3.08 | 1258 £15 16.82 | 2256 + 27
2015-02-12 | 57065 | 2.69 | 3.41 1216 £ 17 12.93 | 1945 £ 28
2015-02-12 | 57065 | 2.69 | 3.41 1206 + 18 12.93 | 1930 £ 29
2015-02-12 | 57065 | 2.69 | 3.41 1259 £ 20 12.93 | 2014 £ 32
2015-02-12 | 57065 | 2.69 | 3.41 1231 £+ 23 12.93 | 1969 + 37
2015-05-18 | 57160 | 3.75 | 4.25 | 1060 £ 14 12.60 | 1678 4= 22
2015-05-18 | 57160 | 3.75 | 4.25 | 1009 £ 13 12.60 | 1597 £ 20
2015-05-31 | 57173 | 3.89 | 4.20 | 990 £ 21 13.70 | 1622 £ 34
2015-05-31 | 57173 | 3.89 | 4.20 | 946+ 14 13.70 | 1550 £ 24
2015-05-31 | 57173 | 3.89 | 4.20 | 980+ 18 13.70 | 1605 £ 29
2015-06-06 | 57179 | 3.95 | 4.16 | 107216 14.03 | 1773 £27
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Computed Afp parameter in the R filter of comet PanSTARRS (continued)

2015-06-06 | 57179 | 3.95 | 4.16 | 1016 =13 14.03 | 1681 £ 21
2015-06-06 | 57179 | 3.95 | 4.16 | 1052+ 14 14.03 | 1740 £ 23
2015-06-11 | 57184 | 4.00 | 4.13 | 968 £ 15 14.20 | 1610 £ 25
2015-06-11 | 57184 | 4.00 | 4.13 | 962 £ 12 14.20 | 1600 £+ 19
2015-06-18 | 57191 | 4.08 | 4.09 | 868 £ 10 14.29 | 1447 = 17
2015-06-18 | 57191 | 4.08 | 4.09 | 861 +11 14.29 | 1435 £ 19
2015-06-18 | 57191 | 4.08 | 4.09 |871£10 14.29 | 1452 £ 17
2015-07-07 | 57210 | 4.27 | 3.96 | 918 £ 16 13.53 | 1495 £ 25
2015-07-07 | 57210 | 4.27 | 3.96 | 923 £ 22 13.53 | 1504 + 35
2015-07-07 | 57210 | 4.27 | 3.96 | 913 £33 13.53 | 1487 £ 53
2015-07-17 | 57220 | 4.37 | 3.90 | 879=£12 12.52 | 1388 £19
2015-07-17 | 57220 | 4.37 | 3.90 | 88 =*9 12,52 | 1355 £ 14
2015-07-17 | 57220 | 4.37 | 3.90 | 924 £8 12.52 | 1460 £ 13
2015-08-14 | 57248 | 4.66 | 3.83 | 884 %11 7.95 | 1200 £ 14
2015-08-14 | 57248 | 4.66 | 3.83 | 847 £ 12 795 | 1149+ 17
2015-08-24 | 57258 | 4.75 | 3.85 | 931+£10 6.19 | 1186 £ 13
2015-08-24 | 57258 | 4.75 | 3.85 | 934£10 6.19 | 1189 £12
2015-08-24 | 57258 | 4.75 | 3.85 | 899L7 6.19 | 1145£9

2015-08-26 | 57260 | 4.77 | 3.86 | 93824 09.89 | 1182+ 30
2015-08-27 | 57261 | 4.78 | 3.87 | 910+ 15 5.74 | 1140 £ 19
2015-08-27 | 57261 | 4.78 | 3.87 | 934+t 14 5.74 | 1170 £ 17
2015-08-27 | 57261 | 4.78 | 3.87 | 932+ 14 5.74 | 1168 £ 18
2015-09-01 | 57266 | 4.83 | 3.90 | 944 £23 5.14 | 1156 £ 28
2015-09-01 | 57266 | 4.83 | 3.90 | 1009 £ 33 0.14 | 1237 £ 41
2015-09-01 | 57266 | 4.83 | 3.90 | 977 £28 5.14 | 1197 £ 34
2015-09-04 | 57269 | 4.86 | 3.92 | 900 +£ 16 490 | 1093 +£19
2015-09-04 | 57269 | 4.86 | 3.92 | 944+ 14 490 | 1146 =16
2015-09-13 | 57278 | 4.95 | 4.01 | 906 £ 10 4.83 | 1097 £ 12
2015-09-13 | 57278 | 495 | 4.01 |909£7 4.83 | 1101 +9

2015-09-13 | 57278 | 4.95 | 4.01 | 939+ 12 4.83 | 1137+ 14
2015-09-18 | 57283 | 5.00 | 4.08 | 842+14 5.17 11032 £ 17
2015-09-18 | 57283 | 5.00 | 4.08 | 909=£10 5.17 | 1115 £13
2015-09-18 | 57283 | 5.00 | 4.08 | 85610 5.17 | 1050 £ 13
2015-09-30 | 57295 | 5.11 | 4.27 | 819 £48 6.57 | 1058 £61
2015-09-30 | 57295 | 5.11 | 4.27 | 819£54 6.57 | 1057 £ 69
2015-09-30 | 57295 | 5.11 | 4.27 | 851 +£43 6.57 | 1098 £ 56
2015-10-03 | 57298 | 5.14 | 4.32 | 722£25 6.96 | 945+ 33

2015-10-03 | 57298 | 5.14 | 4.33 | 591 £ 31 6.96 | 77540

2015-10-27 | 57322 | 5.37 | 4.84 | 636 =42 9.47 | 909 £ 60

2015-10-27 | 57322 | 5.37 | 4.84 | 584 £ 65 947 | 835+93

2015-11-05 | 57331 | 5.45 | 5.07 | 633 £44 9.96 | 920 +64

2015-11-05 | 57331 | 5.45 | 5.07 | 616 £ 42 9.96 | 89561
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Computed Afp parameter in the R filter of comet PanSTARRS (continued)

2015-11-05 | 57331 | 545 | 5.07 | 579 =41 9.96 | 841 +60
2015-11-08 | 57334 | 548 | 5.14 | 633 £ 17 10.06 | 923 £ 24
2015-11-08 | 57334 | 548 | 5.14 | 607 £ 17 10.06 | 885 £24
2015-11-08 | 57334 | 548 | 5.14 | 635£18 10.06 | 926 £ 27
2015-11-13 | 57339 | 5.533 | 5.27 | 602 £ 20 10.16 | 881 £+ 29
2015-11-13 | 57339 | 5.53 | 5.27 | 590 & 32 10.16 | 864 £ 46
2015-11-13 | 57339 | 5.53 | 5.27 | 652 £29 10.16 | 954 £ 42
2015-11-18 | 57344 | 5.57 | 540 | 582 £ 17 10.18 | 852 £ 25
2015-11-18 | 57344 | 5.57 | 5.40 | 631 £21 10.18 | 924 £+ 30
2015-11-18 | 57344 | 5.57 | 540 | 639+24 10.18 | 935 £ 35
2015-12-06 | 57362 | 5.74 | 5.88 | 609 £ 20 9.65 | 876 = 28
2015-12-06 | 57362 | 5.74 | 5.88 | 537 £ 20 9.65 | 772+ 28
2015-12-06 | 57362 | 5.74 | 5.88 | 550 £23 9.65 | 791 £33
2015-12-08 | 57364 | 5.76 | 5.93 | 540 £ 22 9.54 | 774432
2015-12-08 | 57364 | 5.76 | 5.93 | 490 £ 29 954 | 703 +41
2015-12-08 | 57364 | 5.76 | 5.93 | 564 £40 9.54 | 80757
2015-12-14 | 57370 | 5.81 | 6.08 | 605 £ 27 9.16 | 856 =39
2015-12-14 | 57370 | 5.81 | 6.08 | 586 £ 29 9.16 | 82941
2015-12-14 | 57370 | 5.81 | 6.08 | 618 £29 9.16 | 874+41
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Computed Afp parameter in the RC filter of comet PanSTARRS

Date MJID | ry A Afp angle | corrected Afp)
2013-06-22 | 56465 | 5.42 4.73 3052 4+ 108 8.39 | 4205+ 149
2013-07-12 | 56485 | 5.24 | 4.73 3093 £ 28 10.17 | 4526 4+ 41
2013-08-14 | 56518 | 4.92 4.87 | 3102 £ 29 11.87 | 4799 £ 44
2013-08-19 | 56523 | 4.87 | 4.89 2891 447 11.90 | 4477 £ 72
2014-02-05 | 56693 | 3.09 3.19 3083 £ 22 17.93 | 5703 + 41
2014-02-07 | 56695 | 3.07 | 3.13 2943 4+ 25 18.21 | 5484 + 47
2014-02-08 | 56696 | 3.06 3.11 3009 £ 30 18.34 | 5627 4+ 56
2014-02-10 | 56698 | 3.03 | 3.05 | 3050 £ 25 18.60 | 5743 £47
2014-02-16 | 56704 | 2.97 | 2.89 2861 £+ 29 19.32 | 5489 4+ 55
2014-02-23 | 56711 | 2.89 2.70 2827 + 24 20.01 | 5521 + 46
2014-03-01 | 56717 | 2.82 2.04 | 2816 £+ 28 20.46 | 5560 + 55
2014-03-17 | 56733 | 2.63 2.13 2513 4+ 34 20.91 | 5020 £+ 67
2014-03-23 | 56739 | 2.56 2.00 2688 + 28 20.85 | 5360 + 57
2014-04-01 | 56748 | 2.46 1.81 2707 + 23 20.69 | 5376 £ 45
2014-04-08 | 56755 | 2.38 1.68 2827 + 23 20.79 | 5630 + 46
2014-04-16 | 56763 | 2.28 1.57 | 2699 + 54 21.56 | 5475+ 109
2014-04-22 | 56769 | 2.21 1.52 2716 4+ 34 22.80 | 5672 £ 71
2014-05-01 | 56778 | 2.11 1.48 2296 £ 28 25.66 | 5105 £+ 63
2014-05-06 | 56783 | 2.05 1.47 | 2117 £ 28 27.56 | 4890 £ 65
2014-05-09 | 56786 | 2.01 1.48 2030 £ 28 28.71 | 4791 £ 65
2014-05-18 | 56795 | 1.91 1.52 2255 + 29 31.85 | 5611 + 72
2014-06-07 | 56815 | 1.66 1.73 2181 4+ 23 34.74 | 5660 £ 61
2014-06-08 | 56816 | 1.65 1.74 | 2180 4+ 20 34.71 | 5654 £ 52
2014-06-23 | 56831 | 1.49 1.92 2319 + 23 32.02 | 5787 £ 58
2014-09-06 | 56906 | 1.07 1.82 2298 £+ 31 27.62 | 5314 £ 72
2014-09-20 | 56920 | 1.13 1.56 1813 + 29 39.55 | 4967 £ 79
2014-09-27 | 56927 | 1.17 1.42 15994+ 14 43.91 | 4553 + 39
2014-09-28 | 56928 | 1.18 1.40 1566 + 13 44.42 | 4477 4+ 36
2014-10-06 | 56936 | 1.24 1.25 1591 £ 17 47.32 | 4636 £ 50
2014-10-07 | 56937 | 1.25 1.23 1578 £ 15 47.52 | 4602 + 44
2014-10-11 | 56941 | 1.28 1.15 1514 + 16 47.93 | 4424 + 48
2014-10-13 | 56943 | 1.30 1.12 1471 + 30 47.90 | 4297 £ 87
2014-10-23 | 56953 | 1.40 | 0.99 1315+ 14 45.37 | 3787 £ 41
2014-10-27 | 56957 | 1.44 | 0.96 1337 £ 21 43.48 | 3794 + 60
2014-11-07 | 56968 | 1.56 | 0.98 1339 £ 15 38.01 | 3613 +41
2014-11-10 | 56971 | 1.59 1.01 1298 + 26 36.85 | 3457 + 68
2014-11-13 | 56974 | 1.63 1.05 1274 +£ 12 35.89 | 3354 £+ 31
2014-11-13 | 56974 | 1.63 1.05 1335 + 11 35.89 | 3515+ 30
2014-11-15 | 56976 | 1.65 1.09 1257+ 13 35.34 | 3288 £+ 33
2014-11-18 | 56979 | 1.69 1.14 1326 £ 11 34.65 | 3437 £ 28
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Computed Afp parameter in the RC filter of comet PanSTARRS (continued)

2014-11-27 | 56988 | 1.79 | 1.34 | 1247 £ 26 33.00 | 3158 £ 65
2014-12-04 | 56995 | 1.87 | 1.52 | 1230 £ 15 31.74 | 3055 £ 37
2014-12-15 | 57006 | 2.00 | 1.83 | 1280 £ 18 29.40 | 3059 £ 42
2014-12-19 | 57010 | 2.05 | 1.94 | 1308 £8 28.43 | 3072 £ 19
2015-01-03 | 57025 | 2.23 | 2.38 | 1278 £ 19 24.39 | 2766 £+ 40
2015-01-09 | 57031 | 2.30 | 2.55 | 1250 £ 20 22.66 | 2603 £41
2015-01-20 | 57042 | 2.42 | 2.85 | 1271 £12 19.44 | 2447 £ 23
2015-01-28 | 57050 | 2.52 | 3.06 | 1224 £12 17.11 | 2213 £ 22
2015-02-02 | 57055 | 2.8 | 3.18 | 1228 £ 23 15.68 | 2133 £41
2015-09-01 | 57266 | 4.83 | 3.90 | 1059 £ 53 5.14 | 1297 £ 65
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Computed Afp parameter in the BC filter of comet PanSTARRS

Date MJID | ry A Afp angle | corrected Afp)
2013-07-12 | 56485 | 5.24 4.73 2808 4+ 125 10.17 | 4110 £+ 182
2013-08-13 | 56517 | 4.92 4.87 | 27794+ 132 11.85 | 4298 4+ 205
2013-08-19 | 56523 | 4.87 | 4.89 2683 + 162 11.90 | 4156 4 251
2014-02-05 | 56693 | 3.09 3.19 2459 4+ 136 17.93 | 4548 4 252
2014-02-08 | 56696 | 3.06 3.11 2484 + 124 18.34 | 4644 4+ 231
2014-02-09 | 56697 | 3.05 3.08 2412 + 97 18.47 | 4526 4+ 183
2014-02-10 | 56698 | 3.03 3.05 2540 + 70 18.60 | 4783 + 132
2014-02-11 | 56699 | 3.02 3.03 2320 £+ 66 18.73 | 4383 £ 125
2014-02-16 | 56704 | 2.97 | 2.89 2410 + 118 19.32 | 4624 4 227
2014-02-19 | 56707 | 2.93 2.81 2385 4+ 92 19.63 | 4612 + 179
2014-02-21 | 56709 | 2.91 2.76 2204 + 91 19.83 | 4285 + 177
2014-02-23 | 56711 | 2.89 2.70 2263 £ 68 20.01 | 4418 £ 132
2014-02-26 | 56714 | 2.85 2.62 2262 + 74 20.25 | 4444 + 146
2014-03-01 | 56717 | 2.82 2.54 | 2219+ 80 20.46 | 4381 + 159
2014-03-04 | 56720 | 2.78 2.46 2248 + 72 20.62 | 4457 + 143
2014-03-13 | 56729 | 2.68 2.23 2415+ 54 20.90 | 4821 + 108
2014-03-16 | 56732 | 2.65 2.16 2372 + 76 20.92 | 4738 + 152
2014-03-23 | 56739 | 2.56 1.99 2254 4+ 69 20.85 | 4493 £+ 137
2014-04-01 | 56748 | 2.46 1.80 | 2408 £ 83 20.69 | 4783 £ 165
2014-04-08 | 56755 | 2.38 1.68 2485 + 112 20.79 | 4948 + 223
2014-04-16 | 56763 | 2.28 1.57 2311 4+ 202 21.56 | 4688 + 410
2014-04-22 | 56769 | 2.21 1.52 2281 4+ 126 22.80 | 4763 + 263
2014-04-23 | 56770 | 2.20 1.51 2124 4+ 115 23.06 | 4463 £ 242
2014-05-01 | 56778 | 2.11 1.48 2211 4+ 140 25.66 | 4917 + 311
2014-05-09 | 56786 | 2.01 1.48 1998 + 136 28.71 | 4715 + 322
2014-05-18 | 56795 | 1.91 1.52 1927 £+ 103 31.85 | 4796 + 257
2014-06-07 | 56815 | 1.66 1.73 1777 + 66 34.74 | 4610 £ 171
2014-06-08 | 56816 | 1.65 1.74 1768 + 71 34.71 | 4587 + 183
2014-06-09 | 56817 | 1.64 1.76 1751 + 67 34.65 | 4539 £ 175
2014-06-23 | 56831 | 1.49 1.92 1845 £+ 72 32.02 | 4603 + 180
2014-06-29 | 56837 | 1.42 1.98 2079 + 110 29.89 | 5010 + 266
2014-07-03 | 56841 | 1.38 2.01 2073 + 104 28.14 | 4841 + 242
2014-09-06 | 56906 | 1.07 1.82 1873 + 117 27.62 | 4331 £ 270
2014-09-07 | 56907 | 1.07 1.80 1872 +£99 28.58 | 4406 + 233
2014-09-20 | 56920 | 1.13 1.56 1380 £ 54 39.55 | 3782 £+ 149
2014-09-27 | 56927 | 1.17 1.42 1198 + 32 43.91 | 3412 £ 92
2014-09-28 | 56928 | 1.18 1.40 1173 £ 29 44.42 | 3353 £ 84
2014-10-06 | 56936 | 1.24 1.25 1181 4+ 22 47.32 | 3441 + 63
2014-10-07 | 56937 | 1.25 1.23 1172 4+ 36 47.52 | 3419+ 104
2014-10-11 | 56941 | 1.29 1.15 1028 £ 24 47.93 | 3003 £ 70
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Computed Afp parameter in the BC filter of comet PanSTARRS (continued)

2014-10-13 | 56943 | 1.30 | 1.12 | 1131 £ 39 47.90 | 3305 £ 115
2014-10-23 | 56953 | 1.40 | 0.99 | 889 £ 25 45.37 | 2559 £ 73
2014-10-27 | 56957 | 1.44 | 0.96 | 981 £28 43.48 | 2784 £ 79
2014-11-04 | 56965 | 1.53 | 0.96 | 1013 £ 37 39.37 | 2770 £ 102
2014-11-07 | 56968 | 1.56 | 0.98 | 883 £29 38.01 | 2382 £79
2014-11-09 | 56970 | 1.58 | 1.00 | 1013 =42 37.21 | 2710 £ 112
2014-11-10 | 56971 | 1.59 | 1.01 | 947 +£21 36.85 | 2524 £55
2014-11-13 | 56974 | 1.63 | 1.05 | 1006 £ 35 35.89 | 2648 £92
2014-11-13 | 56974 | 1.63 | 1.05 | 1010 £ 28 35.89 | 2659 £ 74
2014-11-15 | 56976 | 1.65 | 1.09 | 850 £ 58 35.34 | 2224 £ 153
2014-11-18 | 56979 | 1.69 | 1.14 | 992 £ 17 34.65 | 2572 £45
2014-12-04 | 56995 | 1.87 | 1.52 | 984 £ 36 31.74 | 2444 £ 89
2014-12-06 | 56997 | 1.90 | 1.58 | 1017 £49 31.35 | 2512 £ 120
2014-12-08 | 56999 | 1.92 | 1.63 | 1003 &= 39 30.94 | 2459 £ 95
2014-12-15 | 57006 | 2.00 | 1.83 | 985 £ 22 29.40 | 2352 £ 54
2014-12-19 | 57010 | 2.05 | 1.94 | 960 £ 21 28.43 | 2253 £330
2015-01-03 | 57025 | 2.23 | 2.38 | 1021 £ 35 24.39 | 2210 £ 77
2015-01-09 | 57031 | 2.29 | 2.55 | 1045 £ 40 22.66 | 2175 £ 84
2015-01-20 | 57042 | 2.42 | 2.85 | 972+ 32 19.44 | 1870 + 61
2015-01-28 | 57050 | 2.52 | 3.06 | 952 £43 17.11 | 1722 £ 78
2015-02-02 | 57055 | 2.58 | 3.18 | 947 £ 80 15.68 | 1645 £ 139
2015-09-01 | 57266 | 4.83 | 3.90 | 792 £ 179 5.14 | 970 £ 219
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Computed Afp parameter in the GC filter of comet PanSTARRS

Date MJID | ry A Afp angle | corrected Afp)
2013-07-12 | 56485 | 5.24 4.73 2924 4+ 52 10.17 | 4279 £ 76
2013-08-14 | 56518 | 4.92 4.87 | 2768 4+ 54 11.87 | 4282 4+ 83
2013-08-19 | 56523 | 4.87 | 4.89 2650 + 99 11.90 | 4104 £ 153
2014-02-03 | 56691 | 3.11 3.24 | 2698 £ 50 17.65 | 4951 £91
2014-02-06 | 56694 | 3.08 3.16 2613 4+ 105 18.07 | 4850 4+ 194
2014-02-08 | 56696 | 3.06 3.11 2570 + 74 18.34 | 4805 4+ 138
2014-02-09 | 56697 | 3.05 3.08 2578 4+ 49 18.47 | 4836 4+ 91
2014-02-14 | 56702 | 2.99 2.95 2449 + 48 19.09 | 4670 =91
2014-02-16 | 56704 | 2.97 | 2.89 | 2455+ 97 19.32 | 4710 £ 185
2014-02-20 | 56708 | 2.92 2.78 2438 + 41 19.73 | 4727 £ 80
2014-02-23 | 56711 | 2.89 2.70 2196 + 52 20.01 | 4289 + 102
2014-03-01 | 56717 | 2.82 2.04 | 2367 £ 33 20.46 | 4674 £ 66
2014-03-17 | 56733 | 2.63 2.13 2399 £ 45 20.91 | 4792 £ 89
2014-03-23 | 56739 | 2.56 | 2.00 | 2282 447 20.85 | 4551 £ 95
2014-04-01 | 56748 | 2.46 1.81 2342 4+ 43 20.69 | 4653 + 85
2014-04-08 | 56755 | 2.38 1.68 2485 + 52 20.79 | 4948 + 103
2014-04-16 | 56763 | 2.28 1.57 2218 + 61 21.56 | 4500 £+ 125
2014-04-22 | 56769 | 2.21 1.52 2299 4+ 72 22.80 | 4803 £ 151
2014-05-01 | 56778 | 2.11 1.48 2119 + 69 25.66 | 4713 £ 154
2014-05-09 | 56786 | 2.01 1.48 1893 £+ 67 28.71 | 4467 + 159
2014-05-18 | 56795 | 1.91 1.52 1950 + 61 31.85 | 4853 + 152
2014-05-31 | 56808 | 1.75 1.64 1825 4+ 51 34.52 | 4721 + 131
2014-06-07 | 56815 | 1.66 1.73 1788 4+ 41 34.74 | 4641 £+ 105
2014-06-08 | 56816 | 1.65 1.74 1856 £ 41 34.71 | 4814 + 105
2014-09-06 | 56906 | 1.07 1.82 1956 + 59 27.62 | 4523 + 137
2014-09-20 | 56920 | 1.13 1.56 1481 £+ 37 39.55 | 4058 + 101
2014-09-27 | 56927 | 1.17 1.42 1290 4+ 21 43.91 | 3674 + 61
2014-09-28 | 56928 | 1.18 1.40 1286 4+ 22 44.42 | 3678 4 62
2014-10-06 | 56936 | 1.24 1.25 1284 £ 18 47.32 | 3741 £ 52
2014-10-07 | 56937 | 1.25 1.23 1289 + 26 47.52 | 3760 £ 75
2014-10-11 | 56941 | 1.28 1.15 1223 + 21 47.93 | 3574 £ 62
2014-10-13 | 56943 | 1.30 1.12 1189 4+ 28 47.90 | 3473 £ 82
2014-10-23 | 56953 | 1.40 | 0.99 10414+ 14 45.37 | 2996 + 39
2014-10-27 | 56957 | 1.44 | 0.96 1076 £ 26 43.48 | 3052+ 74
2014-11-07 | 56968 | 1.56 | 0.98 1010 £ 21 38.01 | 2725 £ 56
2014-11-10 | 56971 | 1.59 1.01 1067 £ 17 36.85 | 2843 + 45
2014-11-13 | 56974 | 1.63 1.05 1063 + 14 35.89 | 2800 + 36
2014-11-15 | 56976 | 1.65 1.09 1001 4+ 21 35.34 | 2619 £ 55
2014-11-18 | 56979 | 1.69 1.14 1040 + 24 34.65 | 2695 £+ 61
2014-11-27 | 56988 | 1.79 1.34 1035 £ 17 33.00 | 2621 + 44
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Computed Afp parameter in the GC filter of comet PanSTARRS (continued)

2014-12-04
2014-12-15
2014-12-19
2015-01-03

56995
57006
57010
57025

1.87
2.00
2.05
2.23

1.52
1.83
1.94
2.38

1024 £ 22
1048 £ 20
1062 £ 13
1151 £ 37

31.74
29.40
28.43
24.39

2544 £ 55
2503 £47
2493 £ 30
2492 £ 81

125




C.2 Afp of comet Lovejoy

Computed Afp parameter in the R filter of comet Lovejoy

Date MJD | r, A Afp angle | corrected Afp)
2013-09-11 | 56546 | 1.92 | 1.83 | 168+ 3 30.88 | 412+ 8
2013-09-12 | 56547 | 1.91 | 1.81 | 179+4 31.17 | 440 + 11
2013-09-16 | 56551 | 1.85 | 1.71 | 178 +4 32.32 | 447+ 9
2013-09-20 | 56555 | 1.80 | 1.62 | 161 +5 33.52 | 410 + 12
2013-09-21 | 56556 | 1.79 | 1.59 | 190 =6 33.83 | 487 + 16
2013-09-25 | 56560 | 1.73 | 1.50 | 229 +6 35.11 | 598 + 17
2013-09-26 | 56561 | 1.72 | 1.47 |231+4 35.44 | 604 + 10
2013-09-29 | 56564 | 1.68 | 1.40 | 22749 36.45 | 602 + 23
2013-10-03 | 56568 | 1.63 | 1.30 | 278 +4 37.86 | 749 + 12
2013-10-04 | 56569 | 1.61 | 1.27 | 276+ 5 38.22 | 746 =13
2013-10-05 | 56570 | 1.60 | 1.25 | 277 +7 38.60 | 752 + 20
2013-10-06 | 56571 | 1.58 | 1.23 | 28245 38.97 | 767 + 13
2013-10-08 | 56573 | 1.56 | 1.18 | 273 +6 39.74 | 748 + 17
2013-10-10 | 56575 | 1.53 | 1.13 | 339+ 10 40.54 | 938 + 29
2013-10-20 | 56585 | 1.40 | 0.89 | 45247 45.02 | 1298 + 19
2013-10-21 | 56586 | 1.38 | 0.87 | 41149 45.53 | 1184 4+ 26
2013-10-24 | 56589 | 1.34 | 0.80 | 515+ 10 47.13 | 1499 4+ 28
2013-10-24 | 56589 | 1.34 | 0.80 | 543 +8 47.13 | 1581 4+ 23
2013-10-26 | 56591 | 1.32 | 0.76 | 573+ 14 48.28 | 1678 £+ 40
2013-11-02 | 56598 | 1.23 | 0.61 | 685+ 10 53.03 | 2025 + 28
2014-02-13 | 56701 | 1.26 | 1.56 | 1675+ 30 39.38 | 4583 + 81
2014-02-14 | 56702 | 1.27 | 1.56 | 1513 + 28 39.24 | 4133 £ 76
2014-02-15 | 56703 | 1.28 | 1.56 | 1463 + 27 39.11 | 3993 + 73
2014-02-16 | 56704 | 1.29 | 1.57 | 1392 + 30 38.99 | 3795 + 81
2014-02-21 | 56709 | 1.36 1.58 1203 £+ 23 38.42 | 3261 + 62
2014-02-22 | 56710 | 1.37 1.58 1261 £ 16 38.31 | 3415+ 43
2014-03-01 | 56717 | 1.47 | 1.59 | 1015+ 10 37.59 | 2727 £ 28
2014-03-06 | 56722 | 1.53 | 1.59 | 917+ 10 37.03 | 2449 £ 27
2014-03-13 | 56729 | 1.63 | 1.58 | 757+ 9 36.10 | 1999 + 24
2014-03-17 | 56733 | 1.68 | 1.57 | 700 + 15 35.46 | 1832 41
2014-03-18 | 56734 | 1.70 | 1.57 | 654 +12 35.29 | 1709 + 31
2014-03-25 | 56741 | 1.79 | 1.55 | 575+ 10 33.87 | 1473 £ 25
2014-03-26 | 56742 | 1.80 | 1.55 | 567 £ 23 33.63 | 1450 + 58
2014-04-04 | 56751 | 1.92 1.52 442 + 14 31.13 | 1087 £+ 34
2014-04-10 | 56757 | 2.00 1.50 444+ 9 29.04 | 1053 £ 21
2014-04-14 | 56761 | 2.06 1.49 394 £8 27.44 | 907 £ 19
2014-04-15 | 56762 | 2.07 | 1.48 | 408 £ 20 27.02 | 932 + 46
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Computed Afp parameter in the R filter of comet Lovejoy (continued)

2014-04-16 | 56763 | 2.08 | 1.48 | 374=£9 26.58 | 847 £ 20
2014-04-18 | 56765 | 2.11 1.48 | 3556 £12 25.68 | 789 £ 27
2014-04-22 | 56769 | 2.16 | 1.47 | 352+£13 23.77 | 752 £ 29
2014-04-25 | 56772 | 2.20 | 1.47 | 393 £23 22.24 | 811 +48
2014-05-06 | 56783 | 2.34 | 1.47 | 237 £ 30 16.01 | 416 £ 52
2014-05-08 | 56785 | 2.37 | 1.48 | 318 £19 14.80 | 538 =33
2014-05-14 | 56791 | 2.44 | 1.50 | 287 £25 11.11 | 433 £ 38
2014-05-20 | 56797 | 2.52 | 1.54 | 249+ 12 7.39 | 33116
2014-05-24 | 56801 | 2.57 | 1.57 | 359 £28 496 | 437£34
2014-05-27 | 56804 | 2.61 | 1.60 | 377+ 11 3.18 | 429 + 12
2014-05-31 | 56808 | 2.66 | 1.64 | 429 %8 091 | 4458

2014-06-22 | 56830 | 2.93 | 1.99 | 243+£11 9.25 | 345+16
2014-06-24 | 56832 | 2.95 | 2.03 | 279£6 9.94 |404+9

2014-06-30 | 56838 | 3.02 | 2.15 | 241+£12 11.76 | 372+ 19
2014-07-04 | 56842 | 3.07 | 2.23 | 199+£8 12.78 | 316 £ 13
2014-07-06 | 56844 | 3.10 | 2.30 | 195£9 13.24 | 314 £ 15
2014-07-13 | 56851 | 3.18 | 2.45 | 191+£18 14.57 | 321 £ 30
2014-07-18 | 56856 | 3.23 | 2.57 | 170 £ 8 15.29 | 293+ 14
2014-07-25 | 56863 | 3.32 | 2.75 | 138 £28 15.99 | 242 £ 48
2014-08-04 | 56873 | 3.43 | 3.00 |96 +13 16.49 | 170 £ 22
2014-08-09 | 56878 | 3.50 | 3.16 | 122£8 16.54 | 218 =15
2014-08-09 | 56878 | 3.50 | 3.16 | 145+6 16.54 | 257 £ 11
2014-08-09 | 56878 | 3.50 | 3.16 | 133£10 16.54 | 236 £ 18
2014-08-09 | 56878 | 3.50 | 3.16 | 1259 16.54 | 222 £17
2014-08-20 | 56889 | 3.61 | 3.43 | 111 +11 16.27 | 196 £ 19
2014-08-20 | 56889 | 3.61 | 3.43 | 114+£10 16.27 | 201 £ 17
2014-08-20 | 56889 | 3.61 | 3.43 | 111=£8 16.27 | 196 £ 14
2014-08-20 | 56889 | 3.61 | 3.43 | 1207 16.27 | 212 £ 13
2014-09-06 | 56906 | 3.80 | 3.88 | 65 =12 15.04 | 111 £20
2014-09-06 | 56906 | 3.80 | 3.88 | 79+13 15.04 | 134 £ 22
2014-09-06 | 56906 | 3.80 | 3.88 | 60 =17 15.04 | 102 £ 30
2014-09-06 | 56906 | 3.80 | 3.88 | 64 £15 15.04 | 110 £ 25
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Computed Afp parameter in the RC filter of comet Lovejoy

Date MJID | ry A Afp angle | corrected Afp)
2013-09-12 | 56547 | 1.91 1.81 174+ 4 31.17 | 428 £ 11
2013-09-21 | 56556 | 1.79 1.59 194+ 7 33.83 | 496 £ 18
2013-09-29 | 56564 | 1.68 1.40 273 £6 36.45 | 724 £ 16
2013-10-06 | 56571 | 1.58 1.23 295+ 8 38.97 | 803 £ 22
2013-10-21 | 56586 | 1.38 0.87 | 477+ 8 45.53 | 1375 £ 23
2013-10-26 | 56591 | 1.32 0.76 561 4+ 12 48.28 | 1642 + 34
2013-11-02 | 56598 | 1.23 0.61 693 + 8 53.03 | 2049 £ 23
2014-02-14 | 56702 | 1.27 1.56 1574 £+ 28 39.24 | 4300 £ 76
2014-02-22 | 56710 | 1.37 1.58 1326 £ 17 38.31 | 3589 + 45
2014-03-01 | 56717 | 1.47 1.59 1102 £ 14 37.59 | 2959 + 36
2014-03-17 | 56733 | 1.68 1.57 783 + 14 35.46 | 2050 + 35
2014-03-18 | 56734 | 1.70 1.57 718 + 14 35.29 | 1878 £+ 37
2014-03-26 | 56742 | 1.80 1.55 601 £ 29 33.63 | 1536 £ 73
2014-04-04 | 56751 | 1.92 1.52 | 491 + 11 31.13 | 1209 + 27
2014-04-10 | 56757 | 2.00 1.50 | 459 4+ 18 29.04 | 1090 + 43
2014-04-15 | 56762 | 2.07 1.48 448 + 20 27.02 | 1024 + 46
2014-04-18 | 56765 | 2.11 1.48 404 + 27 25.68 | 900 4 60
2014-04-25 | 56772 | 2.20 1.47 411 £ 20 22.24 | 847 4 42
2014-05-20 | 56797 | 2.52 1.54 | 283 + 22 739 | 377+ 30
2014-05-27 | 56804 | 2.61 1.60 | 446 4+ 29 3.18 508 4 32
2014-06-07 | 56815 | 2.74 1.74 | 4224+ 12 2.84 | 474+14
2014-06-22 | 56830 | 2.93 1.99 212+ 11 9.25 3014+ 15
2014-06-24 | 56832 | 2.95 2.03 125+ 11 9.94 181 £ 15
2014-07-18 | 56856 | 3.23 | 2.57 | 198 £16 15.29 | 339 + 28
2014-08-04 | 56873 | 3.43 3.00 93 + 55 16.49 | 165 + 98
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Computed Afp parameter in the BC filter of comet Lovejoy

Date MJID | ry A Afp angle | corrected Afp)
2013-09-16 | 56551 | 1.85 1.71 141 +7 32.32 | 354 4+ 18
2013-09-21 | 56556 | 1.79 1.59 168 £ 10 33.83 | 432+ 27
2013-09-25 | 56560 | 1.73 1.50 146 4+ 12 35.11 | 381 £ 31
2013-09-29 | 56564 | 1.68 1.40 176 =9 36.45 | 466 £ 24
2013-10-03 | 56568 | 1.62 1.30 2224+ 10 37.86 | 597 £ 26
2013-10-05 | 56570 | 1.60 1.25 2224+ 6 38.60 | 604 £ 18
2013-10-08 | 56573 | 1.56 1.18 24149 39.74 | 661 4+ 24
2013-10-10 | 56575 | 1.53 1.13 259+9 40.54 | 715 £ 25
2013-10-20 | 56585 | 1.40 | 0.89 322+ 11 45.02 | 924 £+ 32
2013-10-24 | 56589 | 1.34 | 0.80 361 + 15 47.13 | 1051 £45
2013-10-26 | 56591 | 1.32 0.75 461 + 14 48.28 | 1348 +£41
2014-02-13 | 56701 | 1.26 1.56 1473 4+ 60 39.38 | 4031 £+ 165
2014-02-15 | 56703 | 1.28 1.56 1255 £ 51 39.11 | 3424 £+ 140
2014-02-21 | 56709 | 1.36 1.58 1018 £+ 33 38.42 | 2758 + 88
2014-02-22 | 56710 | 1.37 1.58 1045 £+ 34 38.31 | 2828 £92
2014-02-28 | 56716 | 1.45 1.59 792 + 22 37.69 | 2130 £ 58
2014-03-01 | 56717 | 1.47 1.59 864 + 31 37.59 | 2321 £ 83
2014-03-06 | 56722 | 1.53 1.59 767 £+ 18 37.03 | 2047 £+ 47
2014-03-13 | 56729 | 1.63 1.58 651 £ 24 36.10 | 1718 £ 64
2014-03-17 | 56733 | 1.68 1.57 | 563 49 35.46 | 1476 + 128
2014-03-18 | 56734 | 1.70 1.57 | 606 + 21 35.29 | 1584 + 56
2014-03-25 | 56741 | 1.79 1.55 | 481 +18 33.87 | 1233 + 46
2014-03-26 | 56742 | 1.80 1.55 | 484 £ 18 33.63 | 1237 £+ 46
2014-04-04 | 56751 | 1.92 1.52 | 2794+ 16 31.13 | 687 £ 38
2014-04-10 | 56757 | 2.00 1.50 367 £ 15 29.04 | 872+ 35
2014-04-14 | 56761 | 2.06 1.49 358 + 21 27.44 | 825 £ 48
2014-04-18 | 56765 | 2.11 1.48 318 + 23 25.68 | 708 £ 50
2014-04-22 | 56769 | 2.16 1.47 | 305 +18 23.77 | 651 4 38
2014-04-25 | 56772 | 2.20 147 | 316 =13 22.24 | 651 £ 27
2014-05-08 | 56785 | 2.37 | 1.48 | 358 +24 14.80 | 607 + 41
2014-05-14 | 56791 | 2.44 1.50 283 +£47 11.11 | 427+ 71
2014-05-20 | 56797 | 2.52 1.54 | 252+ 17 7.39 335 4+ 23
2014-05-24 | 56801 | 2.57 1.57 | 328+ 33 4.96 399 4+ 40
2014-05-27 | 56804 | 2.61 1.60 326 £ 32 3.18 370 £ 36
2014-05-31 | 56808 | 2.66 1.64 | 3954+ 12 0.91 410 £ 12
2014-06-07 | 56815 | 2.74 1.73 338 + 19 2.84 379 £+ 22
2014-06-22 | 56830 | 2.93 1.99 226 4+ 26 9.25 321 £ 37
2014-06-24 | 56832 | 2.95 2.03 198 £ 18 9.94 287 4+ 25
2014-06-30 | 56838 | 3.02 2.15 189 £+ 23 11.76 | 291 £+ 36
2014-07-04 | 56842 | 3.07 | 2.23 176 4+ 20 12.78 | 280 + 32
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Computed Afp parameter in the BC filter of comet Lovejoy (continued)

2014-07-07
2014-07-18
2014-08-04

56845
56856
56873

3.10
3.23
3.43

2.30
2.57
3.00

150 £ 31
100 £ 23
50 £ 57

13.45
15.29
16.49

244 £51
172 + 40
89 £ 101
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Computed Afp parameter in the GC filter of comet Lovejoy

Date MJID | ry A Afp angle | corrected Afp)
2013-09-12 | 56547 | 1.91 1.81 139+ 6 31.17 | 342+ 15
2013-09-29 | 56564 | 1.68 1.40 196 £ 7 36.45 | 5204+ 19
2013-10-05 | 56570 | 1.60 1.25 | 2406 38.60 | 6561 £ 16
2013-10-21 | 56586 | 1.38 0.87 | 382+12 45.53 | 1101 £ 36
2013-10-26 | 56591 | 1.32 0.76 | 463 + 14 48.28 | 1355 + 40
2013-11-02 | 56598 | 1.23 0.61 498 + 9 53.03 | 1472 £+ 26
2014-02-14 | 56702 | 1.27 1.56 1331+ 34 39.24 | 3637 £+ 93
2014-02-22 | 56710 | 1.37 | 1.58 1089 + 19 38.31 | 2947 £ 53
2014-03-01 | 56717 | 1.47 1.59 898 + 14 37.59 | 2412 + 39
2014-03-17 | 56733 | 1.68 1.57 | 624+ 16 35.46 | 1635 + 42
2014-03-18 | 56734 | 1.70 1.57 | B77+ 16 35.29 | 1507 + 42
2014-03-26 | 56742 | 1.80 1.55 513 + 10 33.63 | 1310 £+ 26
2014-04-04 | 56751 | 1.92 1.52 353+£9 31.13 | 869 £ 22
2014-04-10 | 56757 | 2.00 1.50 | 375+ 11 29.04 | 890 + 26
2014-04-15 | 56762 | 2.07 1.48 359 + 16 27.02 | 821 £ 38
2014-04-18 | 56765 | 2.11 1.48 378 £ 15 25.68 | 841 + 33
2014-04-25 | 56772 | 2.20 1.47 299 + 13 22.24 | 617 426
2014-05-20 | 56797 | 2.52 1.54 | 252+ 22 7.39 335 £+ 29
2014-05-27 | 56804 | 2.61 1.60 | 4344+ 15 3.18 | 494 £ 17
2014-05-31 | 56808 | 2.66 1.64 410 £ 11 0.91 425 £ 11
2014-06-07 | 56815 | 2.74 1.74 | 362 4+ 12 2.84 | 406 £ 14
2014-07-04 | 56842 | 3.07 | 2.23 180 + 30 12.78 | 286 + 48
2014-08-04 | 56873 | 3.43 3.00 117 + 61 16.49 | 208 + 109
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Appendix D

Dust-to-gas ratios

This section contains the logarithmic dust-to-gas abundance ratios. The Afp parameter is
in cm and measured in the R and RC filters, and is compared to the gas productions of CN
and H,0O, in molecules per second. The ratios of Afp (R) values and CN production rates,
Afp (RC) values and CN production rates, Afp (R) values and HyO production rates and
Afp (RC) values and HoO production rates are each presented in individual tables, for each

comet.

MJD represents the date of the observation night in Modified Julian Days, while r, represents

the heliocentric distance and is expressed in AU.

D.1 Dust-to-gas ratio of comet PanSTARRS

Ratios of Afp (R) values and CN production rates of comet PanSTARRS
Date MID | rp log (Afp(R)/Q(CN))
2014-02-03 | 56691 | 3.113 | —21.93 = 0.06
2014-02-06 | 56694 | 3.079 | —21.86 £ 0.05
2014-02-09 | 56697 | 3.045 | —21.87 £ 0.05
2014-02-11 | 56699 | 3.023 | —21.87 £0.04
2014-02-14 | 56702 | 2.989 | —21.85£0.05
2014-02-17 | 56705 | 2.955 | —22.01 £0.04
2014-02-19 | 56707 | 2.932 | —21.92 + 0.04
2014-02-26 | 56714 | 2.852 | —21.99 + 0.03
2014-03-04 | 56720 | 2.784 | —22.04 £0.03
2014-03-13 | 56729 | 2.680 | —22.04 £0.03
2014-03-23 | 56739 | 2.563 | —22.09 £0.03
2014-04-01 | 56748 | 2.458 | —22.14 + 0.04
2014-04-08 | 56755 | 2.376 | —22.17 £ 0.04
2014-04-16 | 56763 | 2.283 | —22.14 £0.06
2014-04-23 | 56770 | 2.201 | —22.14 £ 0.05
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Ratios of Afp (R) values and CN production rates of comet PanSTARRS (continued)

2014-05-01 | 56778 | 2.107 | —22.19 £0.05
2014-05-09 | 56786 | 2.013 | —22.19 £0.05
2014-05-18 | 56795 | 1.907 | —22.16 £ 0.04
2014-05-20 | 56797 | 1.884 | —22.23 +£0.04
2014-05-30 | 56807 | 1.756 | —22.25 + 0.03
2014-06-07 | 56815 | 1.664 | —22.27 £0.03
2014-06-08 | 56816 | 1.653 | —22.22 +£0.03
2014-06-09 | 56817 | 1.641 | —22.21 £0.03
2014-06-23 | 56831 | 1.486 | —22.24 £ 0.03
2014-06-29 | 56837 | 1.423 | —22.32 £ 0.03
2014-07-03 | 56841 | 1.382 | —22.33 £0.03
2014-09-06 | 56906 | 1.067 | —22.39 £0.03
2014-09-07 | 56907 | 1.070 | —22.30 £0.04
2014-09-20 | 56920 | 1.126 | —22.28 £ 0.02
2014-09-27 | 56927 | 1.171 | —22.31 £0.02
2014-09-28 | 56928 | 1.179 | —22.35 £0.02
2014-10-06 | 56936 | 1.242 | —22.33 £0.01
2014-10-07 | 56937 | 1.250 | —22.37 £0.02
2014-10-11 | 56941 | 1.286 | —22.24 £0.01
2014-10-13 | 56943 | 1.303 | —22.31 £ 0.02
2014-10-13 | 56943 | 1.303 | —22.31 £ 0.02
2014-10-13 | 56943 | 1.303 | —22.31 £0.02
2014-10-13 | 56943 | 1.303 | —22.33 £0.02
2014-10-13 | 56943 | 1.304 | —22.31 £0.02
2014-10-13 | 56943 | 1.304 | —22.30 £ 0.01
2014-10-13 | 56943 | 1.304 | —22.30 £0.01
2014-10-13 | 56943 | 1.304 | —22.29 £0.01
2014-10-13 | 56943 | 1.304 | —22.28 £0.01
2014-11-04 | 56965 | 1.530 | —22.21 £0.01
2014-11-06 | 56967 | 1.551 | —22.26 £0.01
2014-11-07 | 56968 | 1.561 | —22.22 £ 0.02
2014-11-09 | 56970 | 1.585 | —22.27 £ 0.02
2014-11-10 | 56971 | 1.594 | —22.27 £0.02
2014-11-13 | 56974 | 1.629 | —22.22 £0.02
2014-11-13 | 56974 | 1.630 | —22.25 £ 0.02
2014-11-18 | 56979 | 1.686 | —22.27 £ 0.01
2014-11-27 | 56988 | 1.789 | —22.26 &= 0.02
2014-12-04 | 56995 | 1.871 | —22.19 £0.02
2014-12-06 | 56997 | 1.895 | —22.14 £0.03
2014-12-08 | 56999 | 1.918 | —22.22 £ 0.02
2014-12-15 | 57006 | 2.000 | —22.23 +0.02
2014-12-19 | 57010 | 2.047 | —22.13 £ 0.01
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Ratios of Afp (R) values and CN production rates of comet PanSTARRS (continued)

2015-01-03 | 57025 | 2.224 | —22.11 £0.03
2015-01-09 | 57031 | 2.295 | —22.07 £0.03
2015-01-20 | 57042 | 2.424 | —22.03 £0.03
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Ratios of Afp (RC) values and CN production rates of comet PanSTARRS

Date MID | rp, log (Afp(RC)/Q(CN))
2014-02-06 | 56694 | 3.079 | —21.85 £ 0.05
2014-02-09 | 56697 | 3.045 | —21.82 +0.05
2014-03-23 | 56739 | 2.563 | —22.07 £ 0.03
2014-04-01 | 56748 | 2.458 | —22.12 £0.04
2014-04-08 | 56755 | 2.376 | —22.14 + 0.04
2014-04-16 | 56763 | 2.283 | —22.13 + 0.06
2014-04-23 | 56770 | 2.201 | —22.11 £0.04
2014-05-01 | 56778 | 2.107 | —22.23 £ 0.05
2014-05-09 | 56786 | 2.013 | —22.24 £ 0.05
2014-05-18 | 56795 | 1.907 | —22.13 + 0.04
2014-06-07 | 56815 | 1.664 | —22.25 + 0.03
2014-06-08 | 56816 | 1.653 | —22.20 £ 0.03
2014-06-09 | 56817 | 1.641 | —22.18 £0.03
2014-06-23 | 56831 | 1.486 | —22.23 + 0.03
2014-09-06 | 56906 | 1.067 | —22.40 + 0.03
2014-09-20 | 56920 | 1.126 | —22.29 +0.02
2014-09-27 | 56927 | 1.171 | —22.31 +£0.02
2014-09-28 | 56928 | 1.179 | —22.35 £ 0.01
2014-10-06 | 56936 | 1.242 | —22.32 £ 0.01
2014-10-07 | 56937 | 1.250 | —22.37 £ 0.02
2014-10-11 | 56941 | 1.286 | —22.23 +£0.01
2014-10-13 | 56943 | 1.303 | —22.30 £+ 0.02
2014-10-13 | 56943 | 1.303 | —22.30 £ 0.02
2014-10-13 | 56943 | 1.303 | —22.30 £ 0.02
2014-10-13 | 56943 | 1.303 | —22.32 +0.02
2014-10-13 | 56943 | 1.304 | —22.30 4+ 0.02
2014-10-13 | 56943 | 1.304 | —22.29 +0.01
2014-10-13 | 56943 | 1.304 | —22.29 +£0.01
2014-10-13 | 56943 | 1.304 | —22.28 £ 0.01
2014-10-13 | 56943 | 1.304 | —22.27 £ 0.01
2014-10-23 | 56953 | 1.402 | —22.28 +0.01
2014-10-27 | 56957 | 1.443 | —22.31 £ 0.01
2014-11-06 | 56967 | 1.551 | —22.24 +0.01
2014-11-07 | 56968 | 1.561 | —22.20 4 0.02
2014-11-09 | 56970 | 1.585 | —22.26 £ 0.02
2014-11-10 | 56971 | 1.594 | —22.19 4+ 0.02
2014-11-13 | 56974 | 1.629 | —22.21 4+ 0.02
2014-11-13 | 56974 | 1.630 | —22.22 £+ 0.02
2014-11-18 | 56979 | 1.686 | —22.23 £0.01
2014-11-27 | 56988 | 1.789 | —22.23 £ 0.02
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Ratios of Afp (RC) values and CN production rates of comet PanSTARRS (continued)

2014-12-04 | 56995 | 1.871 | —22.17 £0.02
2014-12-15 | 57006 | 2.000 | —22.17 £0.02
2014-12-19 | 57010 | 2.047 | —22.09 £0.01
2015-01-03 | 57025 | 2.224 | —22.08 £ 0.03
2015-01-09 | 57031 | 2.295 | —22.05 £ 0.03
2015-01-20 | 57042 | 2.424 | —22.02 £0.03
2015-01-28 | 57050 | 2.518 | —21.86 £0.05
2015-02-02 | 57055 | 2.576 | —21.85 £ 0.08
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Ratios of Afp (R) values and HyO production rates of comet PanSTARRS

Date MJID | log (Afp(R)/Q(H20))
2014-03-23 | 56739 | 2.563 | —24.67 +£0.14
2014-06-29 | 56837 | 1.423 | —25.14 £ 0.14
2014-09-06 | 56906 | 1.067 | —24.91 £0.15
2014-09-07 | 56907 | 1.070 | —24.73 £0.14
2014-09-20 | 56920 | 1.126 | —24.81 £0.09
2014-09-27 | 56927 | 1.171 | —24.89 £ 0.06
2014-09-28 | 56928 | 1.179 | —24.94 £ 0.06
2014-10-06 | 56936 | 1.242 | —25.05 £0.04
2014-10-07 | 56937 | 1.250 | —25.02 £ 0.06
2014-10-11 | 56941 | 1.286 | —25.16 = 0.04
2014-10-13 | 56943 | 1.304 | —25.11 £0.05
2014-11-09 | 56970 | 1.585 | —25.05 £ 0.05
2014-11-13 | 56974 | 1.629 | —24.97 £ 0.05
2014-11-13 | 56974 | 1.630 | —24.96 £ 0.06
2014-11-18 | 56979 | 1.686 | —24.97 £0.05
2014-11-27 | 56988 | 1.789 | —24.94 £0.05
2014-12-04 | 56995 | 1.871 | —24.88 £0.05
2014-12-06 | 56997 | 1.895 | —24.86 + 0.07
2014-12-08 | 56999 | 1.917 | —24.84 £0.05
2014-12-15 | 57006 | 2.000 | —24.80 £ 0.05
2014-12-19 | 57010 | 2.046 | —24.73 £0.05
2015-01-03 | 57025 | 2.224 | —24.53 £ 0.08
2015-01-09 | 57031 | 2.295 | —24.47 £ 0.09

137




Ratios of Afp (RC) values and HyO production rates of comet PanSTARRS

Date MID | rp, log (Afp(RC)/Q(H50))
2014-03-23 | 56739 | 2.563 | —24.65 + 0.14
2014-09-06 | 56906 | 1.067 | —24.93 £ 0.15
2014-09-20 | 56920 | 1.126 | —24.81 + 0.09
2014-09-27 | 56927 | 1.171 | —24.89 + 0.06
2014-09-28 | 56928 | 1.179 | —24.94 + 0.06
2014-10-06 | 56936 | 1.242 | —25.04 £ 0.04
2014-10-07 | 56937 | 1.250 | —25.02 £ 0.06
2014-10-11 | 56941 | 1.286 | —25.15 +0.04
2014-10-13 | 56943 | 1.304 | —25.10 £ 0.05
2014-10-23 | 56953 | 1.402 | —25.05 £ 0.04
2014-10-27 | 56957 | 1.443 | —25.08 +0.04
2014-11-09 | 56970 | 1.585 | —25.05 £ 0.05
2014-11-13 | 56974 | 1.629 | —24.94 + 0.05
2014-11-13 | 56974 | 1.630 | —24.93 + 0.06
2014-11-18 | 56979 | 1.686 | —24.93 £ 0.05
2014-11-27 | 56988 | 1.789 | —24.91 £+ 0.05
2014-12-04 | 56995 | 1.871 | —24.86 4 0.05
2014-12-15 | 57006 | 2.000 | —24.75 £ 0.05
2014-12-19 | 57010 | 2.046 | —24.68 £ 0.05
2015-01-03 | 57025 | 2.224 | —24.49 4+ 0.08
2015-01-09 | 57031 | 2.295 | —24.46 + 0.09
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D.2 Dust-to-gas ratio of comet Lovejoy

Ratios of Afp (R) values and CN production rates of comet Lovejoy
Date MJD | ry log (Afp(R)/Q(CN))
2013-09-11 | 56546 | 1.920 | —22.80 £ 0.02
2013-09-16 | 56551 | 1.854 | —22.82 £ (0.02
2013-09-21 | 56556 | 1.787 | —22.79 £ 0.02
2013-09-24 | 56559 | 1.746 | —22.73 £+ 0.02
2013-09-25 | 56560 | 1.733 | —22.75 £ 0.02
2013-09-29 | 56564 | 1.680 | —22.78 £ 0.03
2013-10-03 | 56568 | 1.626 | —22.70 £ 0.02
2013-10-04 | 56569 | 1.612 | —22.72 £+ 0.01
2013-10-05 | 56570 | 1.599 | —22.73 £ 0.02
2013-10-06 | 56571 | 1.585 | —22.68 + 0.02
2013-10-08 | 56573 | 1.558 | —22.67 £ 0.02
2013-10-10 | 56575 | 1.532 | —22.69 £ 0.02
2013-10-20 | 56585 | 1.398 | —22.60 £ 0.02
2013-10-21 | 56586 | 1.384 | —22.69 + 0.02
2013-10-24 | 56589 | 1.344 | —22.61 +£0.01
2013-10-26 | 56591 | 1.318 | —22.59 + 0.02
2013-11-02 | 56598 | 1.227 | —22.60 £ 0.02
2014-02-13 | 56701 | 1.256 | —22.23 +0.02
2014-02-14 | 56702 | 1.269 | —22.19 4+ 0.02
2014-02-16 | 56704 | 1.295 | —22.16 £ 0.03
2014-02-21 | 56709 | 1.361 | —22.21 £ 0.02
2014-03-06 | 56722 | 1.535 | —22.28 £ 0.02
2014-03-13 | 56729 | 1.629 | —22.30 4+ 0.02
2014-03-18 | 56734 | 1.696 | —22.30 £ 0.02
2014-03-25 | 56741 | 1.791 | —22.37 £ 0.02
2014-03-26 | 56742 | 1.804 | —22.39 £+ 0.02
2014-04-04 | 56751 | 1.924 | —22.40 £ 0.02
2014-04-10 | 56757 | 2.004 | —22.45 4+ 0.02
2014-04-14 | 56761 | 2.057 | —22.41 £0.04
2014-04-18 | 56765 | 2.109 | —22.48 £ 0.03
2014-04-22 | 56769 | 2.161 | —22.54 £ 0.03
2014-04-25 | 56772 | 2.201 | —22.45+0.03
2014-05-08 | 56785 | 2.369 | —22.51 £ 0.05
2014-05-14 | 56791 | 2.442 | —22.62 £ 0.07
2014-05-20 | 56797 | 2.520 | —22.35 £ 0.10
2014-05-24 | 56801 | 2.571 | —22.49 £+ 0.07
2014-05-27 | 56804 | 2.608 | —22.53 £ 0.06
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Ratios of Afp (R) values and CN production rates of comet Lovejoy (continued)

2014-05-31 | 56808 | 2.656 | —22.53 £0.04
2014-06-22 | 56830 | 2.926 | —22.28 £0.09
2014-06-24 | 56832 | 2.950 | —22.25 £ 0.08
2014-06-30 | 56838 | 3.022 | —22.38 £0.11
2014-07-04 | 56842 | 3.067 | —22.46 £ 0.11
2014-07-06 | 56844 | 3.102 | —22.38 £0.11
2014-07-18 | 56856 | 3.234 | —22.21 £0.13
2014-08-04 | 56873 | 3.430 | —21.98 £ 0.68

140




Ratios of Afp (RC) values and CN production rates of comet Lovejoy

Date MID | rp, log (Afp(RC)/Q(CN))
2013-09-11 | 56546 | 1.920 | —22.79 £+ 0.02
2013-09-21 | 56556 | 1.787 | —22.78 £0.03
2013-09-29 | 56564 | 1.680 | —22.70 £ 0.02
2013-10-06 | 56571 | 1.585 | —22.66 £ 0.02
2013-10-21 | 56586 | 1.384 | —22.63 £ 0.02
2013-10-26 | 56591 | 1.318 | —22.60 £ 0.02
2013-11-02 | 56598 | 1.227 | —22.59 +£0.01
2014-02-13 | 56701 | 1.256 | —22.26 £ 0.02
2014-02-14 | 56702 | 1.269 | —22.18 £ 0.02
2014-03-18 | 56734 | 1.696 | —22.26 4+ 0.02
2014-03-25 | 56741 | 1.791 | —22.35 +0.03
2014-03-26 | 56742 | 1.804 | —22.37 4+ 0.02
2014-04-04 | 56751 | 1.924 | —22.36 £+ 0.02
2014-04-10 | 56757 | 2.004 | —22.44 £ 0.02
2014-04-14 | 56761 | 2.057 | —22.36 £ 0.04
2014-04-18 | 56765 | 2.109 | —22.43 +£0.04
2014-04-25 | 56772 | 2.201 | —22.43 £0.03
2014-05-20 | 56797 | 2.520 | —22.30 £0.10
2014-05-27 | 56804 | 2.608 | —22.45 + 0.06
2014-06-07 | 56815 | 2.743 | —22.43 + 0.06
2014-06-22 | 56830 | 2.926 | —22.34 + 0.09
2014-06-24 | 56832 | 2.950 | —22.60 £ 0.09
2014-07-18 | 56856 | 3.234 | —22.14 +£0.13
2014-08-04 | 56873 | 3.430 | —21.99 £0.72
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Ratios of Afp (R) values and HyO production rates of comet Lovejoy

Date MJID | rp log (Afp(R)/Q(H20))
2013-09-12 | 56547 | 1.907 | —25.20 + 0.08
2013-09-20 | 56555 | 1.800 | —25.15 £ 0.06
2013-09-21 | 56556 | 1.787 | —25.25 £ 0.05
2013-09-26 | 56561 | 1.720 | —25.29 £ 0.05
2013-10-03 | 56568 | 1.626 | —25.20 £ 0.06
2013-10-05 | 56570 | 1.599 | —25.20 + 0.06
2013-10-08 | 56573 | 1.558 | —25.27 £ 0.06
2013-10-10 | 56575 | 1.532 | —25.18 £0.07
2013-10-20 | 56585 | 1.398 | —25.28 £ 0.07
2013-10-21 | 56586 | 1.384 | —25.35 £ 0.05
2013-10-24 | 56589 | 1.344 | —25.28 £ 0.05
2013-10-26 | 56591 | 1.318 | —25.26 £ 0.05
2014-02-13 | 56701 | 1.256 | —24.69 £ 0.10
2014-02-15 | 56703 | 1.282 | —24.65 £ 0.09
2014-02-21 | 56709 | 1.361 | —24.65 £ 0.08
2014-03-06 | 56722 | 1.535 | —24.72 £ 0.06
2014-03-13 | 56729 | 1.629 | —24.75 +0.05
2014-03-18 | 56734 | 1.696 | —24.71 £ 0.06
2014-03-26 | 56742 | 1.804 | —24.75 £ 0.05
2014-04-10 | 56757 | 2.004 | —24.74 £ 0.05
2014-04-15 | 56762 | 2.069 | —24.70 + 0.06
2014-04-18 | 56765 | 2.110 | —24.75 £ 0.05
2014-04-22 | 56769 | 2.160 | —24.76 £ 0.05
2014-04-25 | 56772 | 2.201 | —24.57 £ 0.07
2014-05-14 | 56791 | 2.442 | —24.01 £ 0.95
2014-05-20 | 56797 | 2.520 | —24.22 +0.33
2014-05-27 | 56804 | 2.608 | —24.84 +0.09
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Ratios of Afp (RC) values and HyO production rates of comet Lovejoy

Date MID | rp, log (Afp(RC)/Q(H50))
2013-09-12 | 56547 | 1.907 | —25.21 £ 0.08
2013-09-20 | 56555 | 1.800 | —25.07 £ 0.06
2013-09-21 | 56556 | 1.787 | —25.24 £ 0.05
2013-10-21 | 56586 | 1.384 | —25.28 £ 0.05
2013-10-26 | 56591 | 1.318 | —25.27 £ 0.05
2014-02-13 | 56701 | 1.256 | —24.72 +0.10
2014-02-21 | 56709 | 1.361 | —24.61 £+ 0.07
2014-03-18 | 56734 | 1.696 | —24.67 £ 0.06
2014-03-26 | 56742 | 1.804 | —24.72 £ 0.05
2014-04-10 | 56757 | 2.004 | —24.72 £ 0.05
2014-04-15 | 56762 | 2.069 | —24.66 + 0.06
2014-04-18 | 56765 | 2.110 | —24.69 + 0.06
2014-04-25 | 56772 | 2.201 | —24.55 £ 0.07
2014-05-20 | 56797 | 2.520 | —24.16 £ 0.33
2014-05-27 | 56804 | 2.608 | —24.77 £+ 0.10
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