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Resumen

La principal labor investigadora desarrollada en esta tesis doctoral consiste en la caracterizacion
del polvo ambiental generado en los cometas como consecuencia de su actividad a lo largo de su
orbita. Estos estudios han sido implementados para varios cometas, de diferentes familias, usando
un c6digo de Monte Carlo. Este programa computacional, que ha sido desarrollado integramente en
el Departamento de Sistema Solar del Instituto de Astrofisica de Andalucia (IAA) (véase Moreno
2009), permite la generacion de imédgenes sintéticas que pueden ser directamente comparadas con
las observaciones cometarias. El c6digo ha sido usado, entre otras muchas aplicaciones, en la carac-
terizacion del polvo del cometa 67P/Churyumov-Gerasimenko, para el instrumento GIADA (Grain
Impact and Dust Accumulator) de la misién Rosetta (el llamado “Granada model”, ver Fulle et al.
2010), y permite inferir, en funcion de la distancia heliocéntrica, la tasa de produccion de polvo, las
velocidades terminales de las particulas, la funcidn de distribucion de tamaios y las propiedades
de anisotropia de la emision. Desafortunadamente, al ser un problema con miltiples pardmetros
de entrada, la solucién no es unica, en el sentido de que podria encontrarse mas de un conjunto
de parametros de entrada que generasen un mismo resultado. Ahora bien, si el nimero de obser-
vaciones cometarias es lo suficientemente amplio, la degeneracién de las soluciones disminuye
considerablemente. Por ello, en nuestros estudios, usamos el mayor nimero de ellas, intentando
cubrir la mayor parte del arco orbital.

Los resultados obtenidos se muestran agrupados en distintos articulos, atendiendo a las difer-
entes familias cometarias. En primer lugar, el c6digo ha sido usado para la caracterizacion de
una muestra de once cometas de la Familia de Jupiter. Para dichos estudios, hemos usado gen-
eralmente observaciones realizadas en el Observatorio de Sierra Nevada con el telescopio de 1.52
m. Ademads, con objeto de aumentar la informacién disponible para cada cometa, hemos usado
medidas del pardmetro A fp realizadas por distintos miembros de la asociacién astronoma amateur
Cometas-Obs. En este trabajo, ademas de la caracterizacion en términos de polvo, hemos estudiado
la historia dindmica de cada cometa, haciendo uso del integrador numérico hibrido implementado
por Chambers (1999) en su coédigo Mercury. Los resultados de estos estudios se muestran en los
articulos I, IT y III, en donde, para cada cometa, se proporciona una detallada caracterizacién del
polvo ambiental en funcion de la distancia heliocéntrica y un andlisis dindmico que cubre los ulti-
mos 15 millones de afios, de donde deducimos cudles han sido las regiones mds visitadas y cuanto
tiempo llevan formando parte de la Familia de Jupiter. El resultado global mas relevante que hemos
encontrado es que existe una cierta relacion entre la cantidad de polvo emitido anualmente y la edad
en la Familia de Jupiter, siendo los cometas mas activos los méas jévenes.

También han sido analizados los cometas del Cintur6n Principal P/2012 T1 (PANSTARRS)
y P/2013 P5 (PANSTARRS). Estos objetos forman parte de una familia cometaria que ha sido
descubierta recientemente, en donde los objetos tienen tanto rasgos cometarios (cola de polvo) co-
mo caracteristicas asteroidales (pardmetros orbitales). De esta nueva poblacion apenas se conocen
once miembros, siendo el mayor interrogante el mecanismo que los activa. Los resultados se pre-
sentan en los articulos IV y V. En ellos determinamos como causas mas probables de activacion la
sublimacion de hielos, en el caso de P/2012 T1, y la ruptura rotacional, en el caso de P/2013 P5.
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En el articulo VI, presentamos un amplio estudio llevado a cabo sobre el cometa de largo pe-
riodo C/2012 S1 (ISON), perteneciente a la Nube de Oort. Este trabajo ha sido realizado usando
telescopios de diferentes observatorios (Observatorio de Sierra Nevada, Observatorio de Calar Al-
to y el Solar and Heliospheric Observatory) en diferentes épocas, y medidas de A fp en funcion de
la distancia heliocéntrica llevadas a cabo por Cometas-Obs. Esto nos permitié tener informacion
observacional desde su descubrimiento, a ~6 Unidades Astrondmicas, hasta su casi completa de-
struccion tras su paso por el perihelio. La evolucién de los parametros de polvo derivados de estas
observaciones muestran un comportamiento altamente complejo, en donde cabe destacar la ruptura
del nucleo y los fendmenos de vaporizacién y fragmentacion sufridos por las particulas, que dan
como resultado la destruccidn casi completa del cometa, quedando como producto final, tan sélo,
una nube de pequefias particulas.

Se exponen también unas aportaciones aun no publicadas, aunque en proceso de finalizacion.
Estos estudios estdn dedicados a la caracterizacion de la evolucion de los parametros de polvo de
los cometas 217P/Linear y P/2010 H2 (Vales), los cuales, en un momento determinado de su 6rbita,
experimentaron una explosion de actividad. De esta forma, proponemos una caracterizacion com-
pleta antes, durante y después del estallido, pudiendo asi cuantificar la cantidad de polvo emitida
y el tiempo de recuperacion tras estos eventos.

Finalmente, hacemos un breve resumen de los proyectos, que se encuentran en desarrollo, y que
conforman nuestro trabajo futuro. En este sentido, y en relacién con los cometas de corto periodo,
realizaremos una amplia campafia observacional sobre el cometa 67P/Churyumov-Gerasimenko
determinando en tiempo real la evolucion de parametros de polvo. Los resultados podran ser com-
parados directamente con los obtenidos por la mision espacial Rosetta, asi como con los presenta-
dos en los articulos I, II, y III. En el caso de los cometas del cinturén principal, continuaremos con
el programa de “Target of Opportunity” en el OSN y la colaboracién IAA-IAC, con observaciones
con el Gran Telescopio Canarias, para la rapida observacion de estos cuerpos cuando se activen.
Sobre la familia de cometas de largo periodo, contamos con observaciones ya realizadas de una
muestra de cometas, cuyos resultados podran ser comparados directamente con los obtenidos en
el articulo VI, ademds de una colaboracion entre el IAA y el Complejo Astronémico el Leoncito
(CASLEOQ) para monitorizar el fuerte acercamiento entre el cometa C/2013 Al (Siding Spring) y
Marte, que tendrd lugar en Octubre de 2014.
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Chapter

Introduction

1.1 Historical background

The word “comet” comes from the Greek “kometes”, which means “long-haired star”, but the
earliest observations of these bodies are from ancient China in 1000 BC. Comets were observed
in the sky with curiosity and expectation as well as fear and dread. Due to their enigmatic na-
ture, and their unpredictable appearances, they were considered messengers of gods, mostly as
bad omens. In his Meteorology (ca. ~ 330 BC), Aristotle described the comets as “dry and warm
exhalations” in the atmosphere, and they were relegated to the lowest sphere in his spherical shell
description of the sky. For a long time, Aristotle’s influence was very strong, until 1433, when
Toscanelli started observing several comets. These observations continued until 1472 and focused
in particular on comet 1P/Halley in 1456. This period inaugurated the renaissance of European
observational astronomy. Between 1570 and 1600 the comets were located far from the Earth, and
this raised the question of how they move. In 1610, the amateur astronomer Lower Bradley et al.
(1833) suggested that the comet orbits could be highly elongated ellipses. Later in 1680, Dorffel
was the first to explain the motion of comet C/1680 V1 along a parabola with the Sun as its focus.
The comet was observed twice, before and after its perihelion passage, thus providing an explana-
tion for the general fact that many comets were observed in pairs. It was Newton in his Principia
(1687) who determined that the orbit of comet C/1680 V1 was elliptical, albeit almost parabolic,
and concluded that the comet passed only 0.00154 AU above the surface of the Sun, starting at this
point, a new era in the determination of comet motion. Halley in 1705 computed the orbits of a
dozen comets based on Newton’s theory, and demonstrated the periodic nature of the most famous
comet, 1P/1682 QI, the so called Halley’s Comet. Cometary astronomy gradually improved due
to orbital computation techniques during the eighteenth century, when astronomers began to get
a picture of the existence of different types of comets, realizing that some comets presented low
inclinations and aphelia close to Jupiter’s orbit while others did not. Despite this advance, the
nature of comets was still uncertain. In 1835, due to the extensive work carried out by Herschel,
Bessel, and Struve to study comet 1P/Halley, the first analysis of a comet was made, where the
presence of jets, cones, and streamers was described. Bessel in the 1830’s was the first to suggest
that the ejected particles from the comets in the sunward direction were repelled back to the tail

8



by an unknown repulsive force. Bond in 1862 proved that the scattered light was essentially solar,
from observations of comet C/1858 L1 (Donatti). The first spectroscopic observations of comets
were performed by Donatti. He was followed by Huggins in 1868, who compared the spectra of
comets C/1864 N1 (Temple) and 55P/1865 Y1 (Temple-Tuttle) with a flame, and determined that
the bands seen in the comets and the flame were similar. In addition, Huggins identified the pres-
ence of a broad continuum due to the reflected sunlight. A bit later, in 1866 and 1867, Schiaparelli
linked meteors and comets thanks to the observation that the Perseid and Leonid meteor streams
coincided with the orbits of comets 109P/Swift-Tuttle and 55P/Temple-Tuttle respectively. This
proved that comets were indeed losing solid particles. Some years later, Arrhenius (1900) solved
the problem described by the Bessel model in 1862, where an unknown repulsive force was respon-
sible for the development of the comets tails. Arrhenius identified that force as the pressure exerted
by sunlight, which is what we call radiation pressure. In 1926, Baldet published a wide catalog
of the spectra of 40 comets observed from 1864, and a complete bibliography of all those comets
observed by spectroscopy. Five years later, Nicolas Bobrovnikoff (1931) published an extensive
work about the 1910 appearance of comet 1P/Halley. Both Baldet and Bobrovnikoff provided the
first two comprehensive papers on cometary physics published in the twentieth century. From the
first observations and references to comets until this point, cometary science had improved and
was highly developed, but the major evolution took place in 1950-1951, when three very impor-
tant ideas were formulated within a short time span: First, the icy-conglomerate (“dirty-snowball”)
model proposed by Whipple (1950) to describe the cometary nucleus. Second, the dynamical stud-
ies of the distribution of semimajor axes of comets carried out by Oort (1950), which allowed him
to identify a distant population of comets, now known as the Oort Cloud. Third, Biermann| (1951}
gave the correct explanation for the motions of features in cometary plasma tails as due to the
interaction between charged particles emanating from the Sun’s surface (i.e., the solar wind) and
the ionized cometary atoms and molecules. These three ideas determined a new era in cometary
science, where the physics and nature of comets combined with the existence of a family of celes-
tial bodies were suddenly revealed at the same time. In the following subsections we develop these
three important ideas more extensively.

The Icy-Conglomerate model of the nucleus

Whipple based his icy-conglomerate model on previous studies. He tried to unify some ideas in an
attempt to explain all of the facts known about cometary nuclei, and tried to explain some unsolved
questions. For example, from 1932 until 1943, some studies of Wurm and Swings revealed that the
molecules observed in the cometary comae were not chemically stable, and that these species must
be created by photochemistry of more stable molecules residing in the nucleus. Then the concepts
of “parent” molecules, and “daughter” species, created in the coma by photochemistry were born.
However, it was unclear how molecules were stored in the cometary material. Another unsolved
important problem was the delay in the perihelion passages observed in some comets, mainly in
2P/Encke. This problem was studied by Bessel in 1936, who suggested for the first time, a solid
body hidden in the brightness of the coma, which by asymmetric outflows of gases produced non-
gravitational effects that influenced the comet’s motion. This idea was not accepted until [Whipple
(1950,|1951) formulated the modern model of a solid nucleus a century later, based on the previous
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studies of Laplace in 1813 and |Bessel (1836). The nucleus was described as a mixture of ices
(mainly: water-ice, ammonia, methane, and carbon dioxide), from which the gases observed in the
coma are produced by sublimation when the comet approaches the Sun and the surface temperature
of the nucleus rises. When the ices evaporated, the gases dragged the embedded meteoritic dust.
This simple description of a cometary nucleus was accepted rapidly by the science community
because it explained successfully many observed cometary phenomena such as the observed jet-
like structures in the coma, the non-gravitational effect produced by outflows of gases which by
means of the momentum transfer produce a deviation in the orbital motion of the nucleus, and
the survival of the comets that passed extremely close to the Sun. Despite general acceptance,
Whipple described some controversial points in his model, such as the large differences among the
latent heat of vaporization of the gases that he thought might be trapped in the nucleus. This model
was validated in 1986, when Giotto mission visited comet 1P/Halley and obtained the first images
showing a nucleus with jets emerging from it.

The Oort cloud

During the first decades of the twentieth century, extensive studies of cometary dynamics were
carried out, and a wide understanding of the matter was reached. However, some questions still
remained unanswered, for example, the existence of comets with original hyperbolic orbits, which
would mean that they were not members of the Solar System. A bit later, mainly based on the work
of Stroemgren| (1947), it was demonstrated that these were not comets with original hyperbolic
orbits, it was the influence of planets, chiefly Jupiter, which perturbed the original states. Thus,
comets were not coming from interstellar space.

Oort based his studies on the list of 21 comets with long period listed in Sinding (1937), and
the work of [van Woerkom (1948). Oort| (1950) deduced the existence of a cometary population
residing in the outer region of the solar system by studying the actual distribution of the semimajor
axes of 19 observed comets. He explained that while comets can remain in stable orbits until
200,000 AU, some of them were perturbed by passing stars, and were launched towards the inner
solar system. Oort estimated the numbers of members of the cloud at around 2x10'" comets to
explain the discovery rate of new comets each year. Considering a mean cometary mass of 10"
kg, the total of mass of the cloud was concluded to be 10** kg, or ~ 0.3Mg1,.

In the early stages of the long term dynamics of the Oort cloud, the passing stars were consid-
ered to be the main cause of the comets perturbation, which provided new comets to the inner solar
system from the outer part of the cloud. However, during the last decades, the theory evolved and
currently the most accepted mechanism is the tidal effects of the galaxy as a whole. In addition,
recent simulations established the numbers of comets in the Oort cloud as 1-2x10'? (Heisler| 1990
Weissman|1996)), and the bulk of them were formed in the Saturn-Uranus region, being transferred
from the outer planets region to the Oort cloud.

Ion tails and the Solar wind

The relationship, observed by Carrington|(1859), between solar flares and variation of the magnetic
activity on Earth, established the first clues of the possible existence of an electrically charged
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stream of particles from the Sun, which could be responsible for the excitation of molecules and
ions observed in cometary comae. It was Biermann|(1951) who identified this relationship when
(Hoffmeister| 1943) made observations of a comet where the angle between gas tail and the anti-
solar direction was ~ 6°. That electrically charged stream of particles (mainly hydrogen and helium
ions) approximately radially outward from the Sun, was determined as the Solar Wind, whose
particles reach velocities of several hundred kilometers per second, depending on the heliographic
latitude, solar cycle and interaction regions within the solar wind flow. It was also found that the ion
tails are developed closer to the Sun than the dust tail. The cometary ion tails serve as a laboratory
for plasma phenomena, which cannot be simulated properly in a laboratory on Earth. The current
picture of the Solar Wind was confirmed by the in situ spacecrafts ICE and Giotto, when they were
visiting comets P/Giacobini-Zinner, P/Halley, and P/Grigg-Skejellerup. Despite being a very good
physical phenomena to study the Solar Wind, ion tails do not show large differences when different
conditions lead the Solar Wind.

1.2 Comets taxonomies

Historically, the classification of comets has been made according to their orbital properties, i.e., a
classification based on their reservoir at the present time. Thus, comets are classified into two
large groups: new or not periodic comets, where the orbits are quasi-parabolic, the so-called
Long-Period Comets (LPCs), and periodic comets, with elliptic orbits, called Short-Period Comets
(SPCs). In the second group (SPCs), two sub-groups are identified depending on their orbital pe-
riod P : Halley-type Comets (HCs), where the P ~ 200 yr, and Jupiter Family Comets (JFCs), with
P < 30 yr. These categories are diffuse, and recently a new population with intermediate values of
P between HCs and JFCs, i.e., 30 < P < 200 (Horner et al.|2003) has been proposed.

The modern dynamical classification is based on the Tisserand parameter with respect to Jupiter
T, (Levison|1996)). This parameter is an approximation of the Jacobi constant, which is an integral
of motion in the three-body problem. The three bodies involved in our context are the Sun, Jupiter
and the comet. Therefore, T, is a measure of the influence of the biggest giant planet on the
dynamics of the comets. It is formulated as follows:

ajy

1/2
7,=% 12]a —ez)i] cosi, (1.1)
a aj

where a; is Jupiter’s semimajor axis, and a, e, and i refer to the object’s semimajor axis, eccentric-
ity, and inclination, respectively. In addition, this parameter it is also related to the relative velocity
vy between the comet and Jupiter during close encounters:

Vyel = Vc(3 - TJ)1/2 s (12)

where v, is Jupiter’s velocity about the Sun. In this scheme, comets with 7'; < 2 are designated as
nearly isotropic, and it is believed that they are mainly comets from the Oort cloud (Oort|1950),
reflecting their inclination distribution (Dones et al.[2004). On the other hand, comets with 7, > 2
are designated as ecliptic, which have small inclinations. These objects most likely originated
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at the Kuiper belt (Edgeworth |1949; Kuiper (1951} Fernandez |1980; Duncan et al.|[1988) or at
the Scattered Disk (Torbett |1989; |Duncan & Levison||1997). The ecliptic comets can be further
subdivided into three groups. Comets with 2 < T, < 3 are on Jupiter-crossing orbits, which are
dynamically dominated by that planet. This group is called JFCs. Comets with 7; > 3 are not on
Jupiter-crossing orbits, and can be subdivided according to their semimajor axis a. If a < ay, it is
designated Encke-type, and if a > ay, it is Chiron-type or Centaur.

The dynamical classifications described here are the most extended. Despite this, in recent
years, the emergence of accurate measurements about volatiles in the coma (from multiple spectral
regions) have shown H,O as the volatile dominant, with large number of parent species (HCH,
CH;CN, CH;0H, CO, CHy, C,H,, C,Hg, etc.) with abundance varying from comet to comet. This
has triggered a new taxonomic classification based on the chemical composition, but it is beyond
the scope of this work.

1.3 The dynamics of comets

1.3.1 General cometary equations of motion

The general equation of motion of comets, in a heliocentric frame, should include the gravity of the
Sun, gravitational perturbations from planets and larger minor planets, relativistic effects, and the
jet forces caused by gases leaving the nucleus, i.e., accelerations due to non-gravitational effects.
Thus, the equation of motion can be written as:

d’F kP (F; =79 7
- =+ k2 . J _J
dtz 1"3 Zjlmj[ j
K 14k27 .. . R
—— [—’" — (R + A P)P| + (1.3)
cor r

Where ¢ is the speed of light given in AU day™'; k is the Gaussian Gravitational constant
k ~ 0.017202 AUY? day~' M_'%; m; are the masses of planets and the minor planets Ceres,
Vesta, and Pallas; 7 and r are the heliocentric position vector and distance of the comet; 7 are the
accelerations given in AU (ephemeris day)™2; r; are the planetary distances from the Sun. The first
term in the right-hand side of the equation is the solar acceleration where the Sun’s mass is taken
as unit (Marsden et al.|[1973). The second term represents both the direct effects of the perturbing
bodies on the comet, which are the planets plus the three most massive minor planets, and the
indirect effects of the perturbing bodies upon the Sun. The third term represents the relativistic
effects (Anderson et al.||1975)). These effects affect objects with small semimajor axes and large
eccentricities introducing a non-negligible radial acceleration toward the Sun (Sitarski|1983,/1992).
Finally, the fourth term in the equation, J. represents the non-gravitational effects due to outgassing
owing to ice sublimation on the nucleus surface. We discuss the nature and the influence of the
non-gravitational forces in the cometary motion in the next subsection.
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Non-gravitational forces

In 1819, the German astronomer Johann Franz Encke, discovered that the comet 2P/Encke experi-
enced a shortening in its orbital period at a rate of about 2.5 hours per orbit. That deviation from
the pure gravitational motion was also observed in comets 3D/Biela and 16P/Brooks. In principle,
those delays were attributed to the presence of a resisting medium crossed by the comets in their
motion, but this interpretation did not explain the secular increase of periods observed in some
comets like 8P/Tuttle, or the increase and decrease shown by 21P/Giacobini-Zinner. It was 1836,
when the astronomer Friedrich Wilhelm Bessel, suggested that the variations in the orbital motions
were caused by the material expelled predominantly in the sunward direction, which produced a
recoil force on the comet nucleus. This idea was ignored for more than a century due to the lack
of information about the nature of comets. In 1950, Fred Whipple reintroduced Bessel’s idea, in-
troducing the non-gravitational forces as a consequence of the jets produced by the non-isotropic
sublimation of gases from the comet nucleus. According to Whipple, due to the thermal inertia
in a rotating nucleus, the outgassing region produced a net force J deviated from the radial di-
rection of the Sun (see Fig[[.T)). This net force has three non-gravitational components acting on
the comet nucleus: radial J,, transverse J,, and normal J,. The acceleration or deceleration of the
comet’s motion is caused by the transverse component, depending on whether it is directed along
the motion or in the opposite direction. The detection of non-gravitational forces in the case of the
periodic comets is based on the delay or advance in the time of the perihelion passage in respect
to the prediction of the pure gravitational motion, and this corresponds to a change of AP in the
orbital period P. For example, in the case of comet 1P/Halley, the average delay is AP =~ 4.1
days. The change AP can be expressed as a function of the radial and transverse non-gravitational
components by means of the planetary equations under the Gauss form, which leads to:

AP Ji| dt, (1.4)

_6n (7] esinf a(l — e*)'/?
"~ n2a J,

(1 —e2)tiz™’ r
where 7 is the mean motion given by n = 27/ P, e is the eccentricity, and f is the true anomaly.

The standard model of the non-gravitational forces establishes the values for the three compo-
nents as:

J,=Ag(r)=T g(r)cos 4, (1.5)
J, =Ag(r) =T g(r)sinAd, (1.6)
J, =As38(r)=0, (L.7)

where I is the magnitude of the non-gravitational force at 1 AU from the Sun, A is the lag angle,

and the g(r) is the variation law with the heliocentric distance. A;, A,, and A; are the standard

non-gravitational parameters, where A = (A + A3 + A3)"/?. The non-gravitational acceleration is

generally given in terms of these parameters, which are expressed in units of 1078 AU day—2.
Therefore, the equation of motion defined in equation 1.3 becomes:
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7 S
+A1g(l”)’j + Arg(n)t

The g(r) variation law was established by Marsden et al.| (1973) from a fit of the sublimation
rate of water-ice given by |[Delsemme & Miller| (1971) as:

-m n1—k
o(r) = a(L) [1 + (1) } , (1.9)
r, r,

where @ = 0.1113 is a normalization factor such that g(1) = 1, m = 2.15, n = 5.093, k = 4.6142,
and r, = 2.808 AU.

The component J, may become dominant when moderate to high asymmetric outgassing with
respect to perihelion is produced. In contrast, if the outgassing is symmetric, AP will depend only
on the transverse component, J,. The acceleration component normal to the orbit plane J,,, is also
present for the most active comets, and will affect the longitude of the ascending node and the
orbital inclination, but it is not secular, and in general it is poorly determined. Thus, the solution
for A; is generally not useful.

The evaluation of the non-gravitational forces is, in general, more difficult for LPCs than for
SPCs, since these have not been observed in a second (or further) appearance, which allow us to de-
termine the advance or delay in the time of perihelion passage. Despite this fact, non-gravitational
terms have been fitted to the equation of motion of some LPCs, where they show values of A; and
A, one or two order of magnitude larger than for period comets.

Although it has an important role in the accurate determination of the cometary motion, the
non-gravitational force is relatively small, and is mainly used to link periodic comet appearances
during long time intervals and when discussing models of thermophysical behavior of cometary
nuclei. Thus, in the large-scale evolution of cometary orbits, it is rarely of importance, being in
general neglected for these kinds of studies.

1.3.2 Comet reservoirs and transfer mechanisms

The physical and dynamical lifetime of comets is short compared to the age of the solar system.
Comets must be coming from some regions, which have the role of reservoirs that leak out the
comets to the inner regions where they can be detected. These reservoirs should be stable enough to
retain a significant number of objects for billions of years, and they should have active mechanisms
to transport comets into other regions. Currently, there are three recognized comet reservoirs: (1)
The Oort Cloud, which is the source of the LPCs, postulated by Oort in 1950 (Oort 1950). (2) The
Transneptunian region, which is “traditionally” subdivided into two populations: The Kuiper Belt,
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Figure 1.1: Action of non-gravitational forces on comets. V is the orbital velocity. The sunlight
produces the sublimation of ices, which causes a net force J'in the opposite direction to the max-
imum outgassing. Due to the thermal inertia, the region of maximum outgassing of the rotating
nucleus will lag with respect to subsolar point. Extracted from Fernandez (2005).

which was discovered in 1992 (Jewitt & Luu|1993), and entailed a huge step in the understanding of
how the solar system works, and the Scattered Disk, which is an extended disk of highly eccentric
objects with their semimajor axes outside the orbit of Neptune. This population was proposed by
Fernandez (1980) and [Torbett| (1989). (3) The main Asteroid Belt. The active asteroids in the
Main-Belt constitute a new class of objects. The prototype for them is comet 133P/Elst-Pizarro,
the first member of this class discovered (Hsieh et al.[2004).

Oort cloud

In 1950, Jan Hendrik Oort identified a family of comets with random inclinations of their orbits,
with semimajor axes clustered at large values. Those comets were the first to be determined as
LPCs, coming from a spherical bubble located in the outermost region of the solar system. This
spherical cloud was formed by the ejection of bodies from the giant planets region. The primi-
tive first explanation of the Oort Cloud formation, does not take into account effects like galactic
tide, |Dones et al. (2005) carried out simulations of the Oort cloud dynamics using the following as-
sumptions: (1) The distribution of the planetesimal were distributed in the 4-40 AU zone with small
eccentricities and inclinations. (2) The giant planets were assumed to be in their current orbits. (3)
The migration of the planetesimal because the late bombardment was neglected. (4) The evolution
of the planetesimals were under the influence of the gravitational force of the 4 giant planets, the
galactic tide, and passing stars. The result of this simulation showed that in early times the cloud
was empty, and the region of giant planet was filled with small solid bodies (“icy planetesimals™).
After some encounters of these objects with Neptune, the planetesimals were scattered to larger
semimajor axes, while keeping their perihelion distances in the planets region. After 700 Myr, the
random walk produced an enhancement of the semimajor axis up to ~ 10* AU, and then the galac-
tic tide started to be effective moving the perihelion distance to 45 AU. In this phase, the influence
of Neptune is negligible, and the major changes in the semimajor axis are due to distant stellar en-
counters. At t = 1 Gyr, there were some perturbations which produce important variations in their
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inclination relative to the galactic plane 7, and when 7 = 65°, the effect of the tide started to be more
pronounced, causing an increase in perihelion distance and inclination (up to ~ 1000 AU, ~ 80°)
at t = 1.7 Gyr. The planetesimal with the argument to perihelion, @, (also refered to the galactic
plane, not be confused with one relative to solar system plane, w) in the range of 90° to 180° (or
symmetrically, between 270° to 360°) had their e decreased. This fact produced an enhancement in
the perihelion distances, carrying them beyond the planets’ reach, so the planetesimals could not
be scattered any more, and they became Oort cloud objects. In principle, this process is reversible,
and the perihelion distances and 7 should decrease, and bring the planetesimals into the planetary
regions again, but the reversibility is broken by the encounters with distant stars, making a stable
situation in the Oort Cloud, which is breaking under hazardous perturbations. Not all the particles
in the simulations followed the same evolution. Some that interact closely with Jupiter and Saturn
were mostly ejected from the solar system. The formation process of the Oort Cloud dominated
until 840 Myr, when the population peaks its maximum value. The erosion process became domi-
nant afterwards, and the total mass in the cloud decreased by ~ 5.5%. The final picture of the Oort
Cloud presents a radial distribution given by N(r)dr oc 1/r3. About 5-9% of the planetesimal from
the Uranus-Neptune-transneptunian region remains in the Oort Cloud at the end of the simulation.
However, just 2% of the ones from the Jupiter-Saturn region do so. It seems that the scattering
action is too strong in this region.

The mechanism of how LPCs become observable, i.e., the comets travelling from the Oort
Cloud to inner part of the solar system where they could be heated by the Sun, was explained by
Oort as a perturbation due to distant passing stars. Currently, two additional perturbers have been
recognized: (1) Gas Molecular Clouds (GMCs) in the galaxy, proposed for the first time in 1970
and later reported by Biermann| (1978) and |Clube & Napier| (1982); (2) Galactic gravitational field
itself, in particular the tidal field of the galactic disk (Byl 1983, 1986} [Harrington| 1985; |[Heisler &
Tremaine 1986). Passing stars can eject some comets and perturb the orbits of others (Hills||[1981).
A 1M, star passing at a speed of ~ 20 km s™! could perturb comets within a radius of ~ 450 AU.
Weissman| (1980) estimated that over the history of the solar system, passing stars have ejected
about 10% of the Oort Cloud population. The GMCs encounters are very rare, actually occurring
each 3-4x10® yr, but they can produce the major perturbations in the comets orbital motion in the
Oort Cloud. Some studies have determined (Hut & Tremaine| 1985) that the perturbation suffered
by the Oort Cloud, due to effect of GMCs, is roughly equal to that produced by stellar passages.
The third mechanism to perturb the comets of the Oort Cloud is the overall gravitational field re-
sulting from the mass distribution in the galaxy, i.e., the galactic tide. The galaxy can be considered
as a disk-like structure, with the Sun out of the center. In this case the galactic tide has both “disk™
(F';) and “radial” (F, and Fy) force components given by:

F,=Qlx (1.10)
F,=-Q2 (1.11)
F. = —4nGp’z (1.12)

16



where Q, is the frequency of revolution of the Sun around the galaxy, p, is the mass density
in the solar neighborhood, and G is the gravitational constant (Heisler & Tremaine||1986). The
disk component dominates over the radial component by a factor 8-10, and for this reason F,, are
typically neglected. The disk tide preserves the semimajor axes, a, and the z-component of the
angular momentum of the comet , H, = V1 — ¢?cosi, while e and 7 change with the precession
of @. This behavior causes that under the effect of the tide, when a comet has high inclination
relative to the galactic plane , 7, its e increases, and consequently its perihelion decreases. So, the
comet becomes a planet-crosser. When perihelion decreases from beyond 10 AU to less than ~ 3
AU within half of an orbital period, the comet is called “new comet”, and is active during its first
entrance into the inner region of the solar system. This perturbation is larger for orbits with their
line of apsides at galactic latitudes of +45° and becomes null at the galactic equator and poles.

In summary, the galactic tide is established as the major perturber of the Oort Cloud at most
times (Harrington!|1985; Byl|[1983| |1986; |[Heisler & Tremaine |1986; Delsemme|/1987). However,
GMCs and passing stars still play an important role as perturbation mechanisms.

Transneptunian populations: Kuiper Belt and Scattered disk

Edgeworth and Kuiper developed the idea of the existence of a belt of small bodies beyond Nep-
tune, between 30-50 AU, where planetesimals conserved their pristine conditions of the protoplan-
etary disk. However, their picture of the frozen disk of objects was incorrect, because it has been
affected by processes that altered its original structure.

The study on the transneptunian objects may provide us with the necessary clues to understand
how the giant planets were formed , and as a domino effect, how the terrestrial planets were formed,
in short, what occurred during the primordial ages in the outer solar system.

The population in the belt beyond Neptune is divided into two subpopulations: Kuiper Belt
Objects (KBOs) and the Scattered Disk (SD). The definition of both subpopulations is somewhat
diffuse. Here we discuss a categorization based on the dynamical properties of the objects. The
KBOs have low eccentricities, their orbits are quasi circular with semimajor axes between 35-50
AU. In 1993, Jewitt & Luu| (1993) reported the discovery of the first KBO candidate 1992 QBI.
They are very stable objects, which can be subdivided into two populations: The resonant popu-
lation and the classical belt. The former corresponds to objects located in the major mean-motion
resonances with Neptune (essentially the 3:4, 2:3 and 1:2). These resonances offer a protection
mechanism against close encounters and orbital perturbations. However, the classical belt objects
are not in any resonance configuration. KBOs region can not be populated by bodies after suffer-
ing encounters with Neptune. Therefore, their eccentricities and inclinations can not be explained
by the scattering action of the planet. This point to a some excitation mechanism in the past. The
Scattered Disk region is populated by bodies that have encountered Neptune within the influence of
Hill’s radius E] at least once during their dynamical evolution. They are unstable, with very elliptical
orbits with perihelion distances in the region of 30-40 AU. Therefore, their orbits can evolve due

I'The Hill’s radius is defined by Ry = a p(mp/ 3)!/3, where m,, is the planet’s mass relative to the mass of the Sun, and
a, is the planet’s semi major axis. It corresponds roughly to the distance from the planet to the Lagrange equilibrium
points L; and L,.
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to encounters with Neptune. The current theories suggest this population as the origin of the Cen-
taurs, whose semimajor axes are in 10-30 AU region. Consequently, they are under the influence of
giant planets, and their half-lifes are short, in the range of 1-100 Myr. The gravitational interaction
with giant planets, basically Jupiter, can perturb their orbits injecting these comets into the Jupiter
Family region. Nowadays, there are around 200 Centaurs cataloged, some of which are Chiron,
Cariklo, Echecleus, and 29P/Schwassmann-Wachmann (29P/S-W). Dynamical simulations show
that roughly 30% of the Centaurs can evolve into JFCs. In addition, some Centaurs show activity,
as Chiron and 29P/S-W, though what drives their activity is still not completely understood. CO
sublimation and cryovolcanism are invoked as possible mechanisms.

Main Asteroid Belt

The Main Asteroid Belt is located between the orbits of Mars and Jupiter, and has been historically
populated by (inactive) asteroids. However, in 1996, a comet-like object was discovered: It had
dust coma and tail, but with orbital parameters typical of asteroids from the Main-Belt. This
object was 133P/Elst-Pizarro. It was supposed that its activation was triggered by a collisional
event, but the reappearance of its activity in 2003 during its perihelion passage implied another
explanation. This was the first Main-Belt Comet (MBC) discovered. From that date, at the time of
writing, there are 14 MBCs identified. The orbits of this population of objects are decoupled from
Mars and Jupiter, and it seems that they are dynamically stable on billion year timescales (as the
asteroids that occupy the same region) (Hsieh & Jewitt|2006) . The current dynamical studies of
this population reveal that there is not any mechanism which could inject comets into the MBC-like
orbits, so they are native to this region. What drives their activity is still unclear. Three mechanisms
have been proposed: (1) Water ice sublimation. Water ice is the only volatile expected to survive
in the outer part of the Main-Belt, and in addition, in the case of the 133P/Elst-Pizarro the mass
loss has been observed at consecutive perihelia but not in between, which is the typical behavior
of sublimation activity (Hsieh et al.[2004) (2) Collisional activation. It was identified as the driver
in the case of (596) Sheila (Moreno et al.2011b). (3) Rotational disruption. Dust particles can
be ejected by the centrifugal force from the surface if the rotational period is short enough (Jewitt
et al.[[2013; Moreno et al.|[2014).

Of these three driving mechanisms of the MBCs activity, it seems that the most likely is water-
ice sublimation, and an attempt to link this fact with the Earth’s oceans has been established. In
early times, Earth was too hot to trap much water, so it is widely accepted that an external source
of water was required. One possible source are comets, but the measurements of the isotope
ratios of deuterium to hydrogen (D/H ratio) have shown that it is implausible because this ratio
is approximately double in comets than in the oceanic water. Just in one comet, 103P/Hartley
2 (which is a member of the JFCs), this ratio was found to be the same as Earth’s oceans. The
existence of water in the Main-Belt should not be a surprise. Actually, some meteorites show
evidence of clay minerals and serpentines, proving that they have been bathed in liquid water at
temperatures close to triple point. In addition, half of the outer belt asteroids show absorption
features, which can be attributed to the presence of hydrated minerals.

In order to determine if MBCs are the source of water on Earth, there is an expert committee
preparing a European space Mission called Castalia, which is an in situ mission whose spacecraft
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will visit the best known MBC at this moment, 133P/Elst-Pizarro. The specific science goals of
Castalia will try to answer three key questions: (1) What is the nature of the MBCs and what
triggers their activity?. (2) Is water present in MBCs and does it drive the activity?. (3) Is the water
in the asteroidal belt related to terrestrial water? (see e.g. Hilchenbach/2013; Snodgrass & Castalia
mission science Team|2013|).

1.3.3 Introduction to numerical integration codes

Newton’s Law of Universal Gravity describes the force F between two bodies of masses m; and m;
as:

i
ij

- -
m,-mjr,-—rj

=2
T

) (1.13)

where 7; and 7; are the position vectors in an inertial frame, p;; is the scalar distances between
particles, and k is the Gaussian constant. For more than two bodies, the so-called N-body prob-
lem, the resulting system of differential equations can only be solved by numerical techniques.
However, due to the huge progress in the computing field during the last decades, many pow-
erful algorithms have been developed which allow us to solve many problems with reasonable
CPU/memory requirements, giving accurate results. In this subsection we give an introduction to
the most commonly used methods to solve the N-body gravitational problem, namely the Gauss-
Radau quadratures, the Burlish-Stoer method, and the symplectic integrators. In addition, we
introduce the Mercury6 FORTRAN package, developed by Chambers|(1999), which contains the
implementation of all of those methods, and where the author incorporates his Hybrid symplectic
algorithm, which is the one used by us in our dynamical studies.

Gauss-Radau quadratures

The main idea is that the integral of a given function can be estimated by a sum of functional eval-
uations at arbitrary points (nodes), being multiplied by certain coefficients or weights. The method
establishes, at the beginning of the integration interval, one fixed abscissa point, and the rest of the
points and the weights coefficients are selected to maximize the degree of accuracy of the interpo-
lation. This method can integrate polynomials of an order that is related to the abscissa number
of nodes up to the precision of the machine. The major drawback of this algorithm concerns the
recalculation of the optimal abscissa and weights when the order of the integration changes, which
is very inefficient. Everhart was one of the first to apply this algorithm to astrodynamical problems
(Everhart||1974]).

Bulirsch-Stoer method

This algorithm (Stoer & Bulirsch|1980) to solve ordinary differential equations, is a clever mixture
of two separate ideas: (1) an extrapolation method via the rotational function in Richardson-type
applications, where the step-size is an unknown analytic function, computing the numerical inte-
grations for various values of the step-size, and (2) the modified midpoint method, which itself
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is a second-order method, to achieve numerical solutions with high accuracy and small computa-
tional effort compared to most second-order algorithms. This algorithm is one of the most effective
methods, thanks to the variable step-size integration and the cost-effectiveness concerning the CPU
time.

Symplectic Integrators

The symplectic integrators are algorithms to compute differential equations related to classical
mechanics under non-dissipative phenomena, which are often modeled by the numerical solution
of Hamilton’s equations. In the symplectic theory, these conservative phenomena have certain
geometrical properties which are time invariant. These integrators are widely used in discrete
element methods, molecular dynamics, and celestial mechanics as well.

The MERCURY package and the Hybrid symplectic integrator

This software package is designed to calculate the orbital evolution of objects moving under the
influence of a gravitational field generated by a large central body. In our case, we use it to study
the orbital evolution of comets around the Sun, taking into account the presence of the eight planets
of the solar system. In addition, one can introduce the non-gravitational acceleration parameters
Ay, Ay, and A; to compute the non-gravitational forces in the problem. This package includes five
different N-body integrators:

e MVS. This is a second-order-mixed-variable symplectic algorithm. It is a very fast integrator,
but unable to control close encounters.

e BS. This is a general Bulirsch-Stoer algorithm. It is generally very accurate, but demands
large CPU time.

e BS2. It is a conservative Bulirsch-Stoer algorithm, twice as fast as the general BS routine,
but only applicable to conservative systems.

e RADAU. 1t is a Gauss-Radau quadrature, 2-3 times faster than general BS. Usually gives
good results, but fails for very close encounters or very eccentric orbits.

e Hybrid. It is a MVS+BS algorithm. It is a very fast integrator and is capable of dealing with
close encounters, although it is only moderately accurate.

The package can be downloaded from: http://star.arm.ac.uk/~jec/home.html. For
our purposes, we used the Hybrid symplectic algorithm (see Chambers|1999), which is an integra-
tor specially suited to the field of celestial mechanics. This technique uses the symplectic theory
in combination with the Burlirsch-Stoer method, in order to obtain a fast integrator with the ca-
pability to work under situations where the symplectic theory is violated, as in the case of close
encounters between bodies. However, as anticipated, its accuracy is only moderate, which pro-
duces some spurious results. In order to solve this problem, we performed a statistical study of
the orbital evolution of each comet, as it was first made by Levison & Duncan (1994), who also
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reported on the chaotic nature of each individual orbit. We follow the procedure of the authors,
who were the first to study the dynamical evolution of a sample of comets using a set of long-term
integrations. They computed backward and forward integrations, up to 10 Myr, for 160 SPCs. To
carry out the statistical study, they used three clones for each comet with offsets in the positions
along the x, y, and z directions of +0.01 AU, resulting a total of 640 test particles. From those
studies, the authors concluded that the integrations are statistically equivalent either forward or
backward in time. In addition, they obtained that ~ 98% of the particles were removed from the
integration via ejection from the solar system (~ 92%) or becoming Sun-grazers (~ 6%). They
derived the median lifetime of those comets in the JFCs as 3.25 x 10° yr. In a later study (Levison
& Duncanl|1997), they extended this value to the range of (3 — 25) x 103 yr, where the most likely
value was found as 12x10° yr. In our work, our aim is to reproduce their studies for a sample of
eleven comets, in order to determine statistically the orbital evolution of each one. To perform this
task, we generated 99 clones having 20" dispersion in three orbital elements: semimajor axis a,
eccentricity e, and inclination i, where o is the uncertainty of each parameter extracted from the
JPL Horizons on-line solar system data (see ssd.pjl.nasa.gov/?horizons). This means for
each comet 100 massless test particles. It is important to note that for these long integrations, the
non-gravitational forces can be neglected. To justify this estimation, we followed Lacerdal (2013),
who assumed that the change rate of the semimajor axis da/dt is generated by a non-gravitational
acceleration 7', produced by a single sublimation jet tangential to the comet’s motion, and acting
until the total evaporation of the nucleus #,,. This process is formulated as follows:

da 2Va’T
= 1.14
dt  GM, (1.14)
de V4
T=——X 1.15
dt Myye ( )
dm,\™
Tub = Myye X (d_[d) (116)
Therefore, the total deviation of the semimajor axis D would be:
d
D= %1 (1.17)

dt

where dM,/dt is the dust mass loss rate, V is the orbital velocity, a is the semimajor axis, G
is the gravitational constant, M, is the Sun mass, v, is the dust velocity, and m,,. is the mass of
the nucleus. These equations were solved by Lacerda (2013)), where the author found D = 0.42
AU, which agrees with our highest value D = 0.33 AU. Those values demonstrate that the non-
gravitational forces can be neglected, due to their small contribution to the cometary orbital motion
in a long-integration problem. This is described in detail in papers II and III.

From the analysis of the dynamical history of SPCs, we expect to verify the previous studies of
Levison & Duncan|(1994)) and Levison & Duncan| (1997), to determine the most likely recent past
of the comets of the sample, where it is expected that they came from the Centaur or Transneptunian
region, and derive, with a 90% confidence level (CL), the time spent by them in the region of the
JFECs. The results are shown in chapter 4, papers II and I11.
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Figure 1.2: Interplanetary dust particle about 10 um with irregular shape and porous.

1.4 The properties of dust

1.4.1 The nature of the dust particles

Cometary dust should contain some of the least altered material surviving from the solar nebula.
Thus, the mineralogy and structure of these particles give us important clues about the early ages
of the solar system. The dust composition must reflect the radial gradients in the chemical com-
position and temperature of the solar nebula, and the mixing of material from cold outer regions
and warm inner regions. These dust particles scatter the solar light, leading to the cometary tails
and comae. The Stardust mission has given the first direct evidence of the irregularity and porosity
of these particles, which range from compact units to fluffy structures (Horz et al.[2006) (see Fig.
[1.2). Some of those particles have been regularly collected in the stratosphere by aircraft instru-
mentation (Brownlee|[1981). However, it has been common practice to assume those particles to
be spherically-shaped. This is because the simplicity of the Lorentz-Mie theory for calculation of
the scattering matrix as compared with current numerical light scattering codes for non-spherical
particles, which in practice are limited to particles with size on the order of wavelength or smaller,
because of the huge CPU/memory resources needed. Comet dust is composed of an heterogeneous
mixture of mineral condensates at both low and high temperature, likely from different regions.
Thus, the silicate component in comets is a mixture of amorphous grains formed at low temper-
atures and crystalline grains formed at the much hotter temperatures (T~1000 K) typical of the
innermost regions of the solar system. Hence, the ratio of amorphous to crystalline components is
giving information about the pre-planetary disc, when they were incorporated into comets. There-
fore, the study of the dust grains of comets, attending to their chemical composition, structure and
properties, is an important topic in the puzzle of the comet formation and evolution.
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Figure 1.3: ISO SWS spectrum of comet Hale-Bopp (Crovisier et al. 2000). Some silicates emis-
sion features are shown superimposed on a black body spectrum.

Composition

Information about the chemical composition of the cometary dust grains can be obtained by spec-
tral observations. These spectral studies, show strong emission features in the infrared wavelength
range. There is a broad Si-O stretch emission feature at about 10 um, which can be observed using
ground-based instruments thanks to the atmospheric window at those wavelengths. This strong
silicate emission feature has been observed in several comets, such as comet Hale-Bopp, where
the silicate emission was by far the strongest observed in any comet (see Fig. [I.3). These obser-
vations have been compared to models and laboratory spectra of silicates in order to identify the
mineralogical composition. The best fits found consist of a mixture of amorphous and crystalline
grains, mainly olivine and pyroxene (e.g. Min et al.[[2005; Moreno et al.|[2003} Crovisier et al.
2000). Therefore, cometary grains are a combination of condensed material at low temperatures
(amorphous) and processed material at high temperatures (crystalline), and it is likely that, this
composition is the result of mixing processes in the proto-planetary disc. Apart from LPCs, this
silicate emission feature has also been seen in SPCs, where it shows up as a much weaker feature
(Hanner et al.|[1996). This could be due either to a compositional difference between Kuiper belt
and Oort cloud comets or to a lower abundance of sub-micrometer particles in SPCs, owing to the
many orbits in the inner solar system expelling material.

The most important source of information about the chemical composition of cometary grains
comes from in situ missions, such as Giotto and Vega, which used a mass spectrometer (Langevin
et al.||1987). So far, the most complete chemical analysis of dust grains has come from Stardust
mission, which returned grains from comet 81P/Wild-2 back to Earth embedded in an aerogel
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panel. From these studies, the chemical composition shows, in general, three types of grains, with
about equal relative abundance:

e Particles consisting of light atoms (~ 30%): C, H, O, and N.
e Particles consisting of silicates (~ 35%): Mg, Si, Na, Ca, and Fe.

e Particles consisting of a mixture of light atoms and silicates, similar to the CO chondrites
(~ 35%).

However, large variations in the composition of individual particles, which present a range
from compact to fluffy nature, have been found.

Size distribution

The size distribution of particles is an essential parameter in describing the dust environment of
comets. It, however, can not be determined observationally from the ground by direct methods.
Thus, the in situ measurements, are the best way to derive the size distribution of particles in
cometary comae. Unfortunately, just a few comets have been visited by spacecrafts. The results
derived from in situ missions show that, assuming a mean density of 1 g cm™, most particles have
small radii and the dust mass is concentrated in a few large particles. Then, it is customary to
describe the size distribution as a power-law of the form:

dn ~ r? dr, (1.18)

where dn is the number of particles in the size interval (r, r + dr), and ¢ is the power index of
the distribution.

From in situ measurements comet Halley dust by Giotto, Mazets et al.| (1986) gave —1.5 > 6 >
—2.5 for masses lower than 1012 g, i.e., for r < 0.6 um. In the interval 0.6 < r < 6 um, then
—2.5 > 6 > —-3.0 and for r > 0.6 um, 6 = 3.4. In addition, McDonnell et al.|(1987) provide a mean
cumulative mass index & = 0.69, which can be related to ¢ through 6 = -3¢ — 1 = —3.07 (Green
et al.|1987). For large dust masses, when sizes are >100 um, they gave 6 = —2.5 or even larger. To
reduce the number of free parameters, it is often assumed a single power exponent ¢ for the whole
distribution, which is a realistic assumption.

Very small (Rayleigh) particles have a low contribution to the brightness of scattered light
(scattered intensity ~ r®). For particles much larger than the wavelength, the intensity of scattered
light is proportional to their surface area. Thus, in the limit of very small particles or very large
particles, the intensity of light scattered by grains having a power law distribution is given by
(Jockers|[1997):

(1.19)

2+0 .
S cattered light ~ { ret® forr>>A: ~ area }

% for r << A : ~ Rayleight limit

For -2 > 6 > —6, the contribution to the total brightness of a certain size will asymptotically
decrease with increasing as well as with decreasing size. If —3 > ¢ > —6. then the total brightness
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will be finite, so, it will not depend on a lower or upper cutoff for the grain size. In both cases,
the Rayleigh limit (r << A1), and macroscopic bodies (r >> A1), the scattering efficiency does not
depend on particle shape (Jockers | 1997).

To get an idea about of contribution of particles of different sizes to the mass budget and to the
scattered light, we can establish the following rules (Fulle[2004):

e If 6 < —4, the brightness and the mass depend on the micrometer size particles.
e If 6 > -3, both the mass and brightness depend on the largest ejected grains.

o If -4 < ¢ < -3, the brightness and the mass are decoupled, the micrometer grains control
the brightness, while the the mass mostly depends on the largest particles.

1.4.2 Scattered light by dust grains

The most straight forward method to obtain comet dust physical properties by remote sensing
techniques is to study the light scattered by those particles. The intensity and the degree of linear
polarization are the magnitudes that give information on the properties of the dust (size, shape,
refractive index). These magnitudes depend on the phase angle, a, of the comet at the observation
date, which is the angle between the Earth and the Sun as seen from the comet. The relation
between the phase angle and the scattering angle, 6, is @ = 7 — 6. Other parameters that should be
taken into account for observations of the intensity are the geocentric and heliocentric distances of
the comet, A, and r,. For very distant objects, « is nearly zero, and values of « larger than /2 are
only possible when r, < 1 AU.

Angular scattering function

The angular scattering function, or phase function, ®(«) indicates how the intensity of the scattered
light varies with the phase angle . This function is difficult to determine since the observed
brightness depends on the physical properties of the dust, and the amount of particles within the
field of view, which depends on the comet activity, which generally depends inversely on the
square of the heliocentric distance. Thus, to normalize the observed intensity, two methods have
been used: (1) to assume that the ratio of the dust to gas production rates remain constant over
time, and use this ratio to normalize the intensity of the scattered light. This has been done by
some authors such as Millis et al.| (1982) who derived that the scattering function was a factor of
2 higher at 3°-4° than at 30°, corresponding to a linear phase coefficient, , of ~ 0.02 mag deg™,
while Meech & Jewitt (1987), from a sample of four comets observed, at @ = 0° — 25°, determined
k=0.02-0.04 mag deg™'. (2) The second method consists of comparing the measured scattered light
to the thermal emission from the same volume in the coma, assuming that the emission properties
of the dust remain constant. This method has been applied to several comets and provides three
zones: first, a relatively flat scattering function from phase angles 35°-80° (Tokunaga et al. |1986;
Hanner & Newburn|1989; Gehrz & Ney|1992)); second, a strong forward scattering for large phase
angles 120° < a < 150° (Ney & Merrill 1976} Ney |1982; \Gehrz & Ney|1992); and third, a gentle
backscattering peak at low phase angles a < 30° (see Fig[1.4).
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Figure 1.4: Dependence of albedo on the phase angle, extracted from Kolokolova et al. (2004).
The numbers correspond to the comet measured and the solid line is the lest-squares fit to the data.

The albedo

In general, the single-scattering albedo A is defined as the ratio of the energy scattered in all
directions to the energy removed from the incident beam through reflection, absorption, diffraction,
and refraction, by an isolated particle (van de Hulst| 1957; [Hanner et al.|[1981)). The albedo is a
function of the physical properties of the particle, i.e., its size, its shape, and its refractive index.
The geometric albedo A, is defined as the ratio of the energy scattered at @ = 0° to that scattered
by a white Lambert disk of the same geometric cross section (Hanner et al. 1981)). Since, usually,
comets are not observed at @ = 0°, it is convenient to redefine A, as a function of « via the angular
scattering function, i.e., A,®(a) = A (). It is formulated as:

I

Rodot

|
, (1.20)
) fwma

where f.,., 1s the geometric filling factor, which is the fraction of the projected area of the
sky covered by cometary dust particles, i..., 1s the intensity averaged over the aperture, which is
the observed flux divided by the solid angle of the diaphragm projected on the sky, i, is the mean
intensity of the solar disk, r;, is the heliocentric distance, and Ry, is the solar radius.

o=

lo

1.4.3 Formation and dynamics of the dust tails

Comets develop an extended tail when they approach to the Sun, reaching lengths of up to 10® km.
These tails are usually curved in shape, and their visible spectrum correspond roughly to that of
the Sun, corresponding to solar light scattered by the dust grains. The dust particles are accelerated
by gas drag from sublimating ices on the nucleus surface, up to a height of approximately 20 times
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the nuclear radius above the surface, when drag vanishes. The particles are then exposed to the
solar gravity and radiation pressure forces, which can be written as:

GM,, (4
F¢ = Q(—n'r3p) (1.21)
8 rz 3
r L
Fi, = Qcp ( 47::»2)”2 (1.22)
h

In these equations, r is the particle radius, ¢ the speed of light, L, the Solar luminosity, p the
dust particle density, and Q,,, the efficiency factor for radiation pressure, i.e., the ratio of particle’s
cross section for radiation pressure to its geometric cross section 772, The efficiency factor can
be computed using Mie theory for homogeneous, isotropic spherical grains of known refractive
index, and it is given by Q,, ~ 1 for large absorbing grains (Burns et al.|I979). The forces F,,,
and F,,; act in the same direction, but in the opposite sense, so that the net force is a central force
that varies as 1/r;, implying that the trajectory will be a Keplerian orbit around the Sun with an
effective gravitation reduced by the factor (1 — g):

Fl = F¥(1 - p), (1.23)

grav

where the § parameter is the ratio between the radiation force and the gravitational force:

]Tizd — 315() gzpr
Fd 16n¢cGMg pr

grav

B = (1.24)

The dynamics of the dust particles is then determined, among other parameters, by the S coef-
ficient (Fulle|1989). The first comprehensive dust tail model was developed by Finson & Probstein
(1968alb), who introduced the concepts of syndynes and synchrones. A syndyne, or syndyname,
is the geometric locus, in the plane of sky, of particles of a given size that have been ejected from
the comet with zero velocity at different times. A synchrone is the geometric locus of particles of
any size ejected at a given time, with zero velocity. This syndyne-synchrone formalism constitutes
a zero-order description of a dust tail, but does not provide information on dust loss rates, ejection
velocities, or size distribution of the grains.

1.4.4 The Afp parameter

The A fp parameter, introduced by A’Hearn et al.|(1984) is commonly used in cometary science to
describe the intrinsic brightness of cometary dust comae. In the A fp parameter, A is dust geometric
albedo, f is the filling factor in the aperture field of view (proportional to the dust optical thickness),
and p is the linear radius of aperture centered on the comet, on the plane of the sky. This parameter
can be directly derived from photometric observations. It is formulated as follows:

4r°N* F
A — h _C
fo F.

(1.25)

2
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where r;, is the heliocentric distance and A is the geocentric distance. The parameter, F,, is
the measured cometary flux integrated within an aperture of radius p, and F is the total solar
flux. It must be noted that since A fp depends on the phase angle of the observation « through F..
This parameter has linear dimensions. Notwithstanding that, it is commonly used as a proxy of
the dust production rate. However, it can be shown that A fp and dust loss rates only correlate if
the expansion velocity of the particles and their size distribution is constant with time, and these
conditions are very unlikely to occur in real comets Fulle (2000). The value of this parameter
is that it is highly independent of the observing equipment, so that it can be used to characterize
cometary activity on long time scales by a number of observers, providing a database for modeling
purposes. In fact, in our modeling procedure, we regularly used the A fp data kindly provided by
the amateur astronomical association Cometas-Obs. These data refer to an aperture of p = 10*
km, and normally span the orbital arc of the comets while they are available for observing. We
also compute the A fp parameter from our images, collected generally at the 1.52m telescope of
Sierra Nevada Observatory (OSN), so we can compare both amateur and professional data sets.
As anticipated, some of these A fp measurements correspond to values of the phase angle « close
to zero degree. Then, data affected by the backscattering effect (e.g. Kolokolova et al. [2004),
producing a brightness enhancement (see Fig. [I.5]), independently of the outbursts that can occur
anytime during the comet orbital path. This effect can not be modeled in our code, since we
assume absorbing spherical particles, for which the phase angle function is nearly constant except
for the forward spike for particles with radius > A. In order to remove this effect from the A fp
data at small phase angles, we suggest a correction based on previous determinations of the linear
phase coeflicient, such as those provided by Meech & Jewitt (1987)), who gave coeflicients « in the
range 0.02-0.04 mag deg™! for various comets when @ < 30°. Thus, the corrected A fp’ values are
computed as a function of the original uncorrected A fp values at phase angle « as:

—k(30—a)

Afp' =107 Afp . (1.26)

An example of the correction performed to the original dataset for comet 78P/Gehrels, when
@ < 30°, for various values of «, is given in Fig. [1.6]

1.5 Outbursts

Cometary outbursts, unexpected brightness enhancements owing to a sudden increase of activity,
have been detected in almost every comet. These outbursts were first observed back in the 40’s
by Richter (1941) and Bobrovnikoff (1954), who studied a sample of comets which had suffered
outbursts and proposed the first ideas about what drives those events. During those years some
explanations were proposed, such as the change in the energy absorbed by comets (enhancement of
solar activity or changes in the albedo of the bodies) or the sudden vaporization of large quantities
of methane or CO, (Whitney||1955). Later, Klinger| (1980) and Smoluchowski| (1981)) introduced
the idea of the transition from amorphous to crystalline ices trapped in the nucleus as a mechanism
to explain such changes of activity. [Hughes (1990) studied these events, and concluded that at
heliocentric distances shorter than 7.5 AU they are apparently random, but tend to occur in pairs
and after perihelion passage.
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Figure 1.5: Afp measurements and phase angle a versus time from perihelion for two comets,
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Figure 1.6: Original A fp measurements (blue line), and the corrected A fp’ applying equation [I.26]
when a < 30° for different values of «: 0.02 (black line), 0.03 (green line), 0.04 (red line).

29



]
0 100 200 [107 W m2 s ]

Figure 1.7: Outburst of the comet 217P/Linear, extracted from [Sarugaku et al.|(2010). The images
were taken with the Kiso 105 cm Schmidt Telescope (Japan), from 11 to 17 October 2010. The
images revealed a significant day-to-day expansion of the dust tail, indicating the occurrence of an
outburst event.

Despite efforts in the study of those events, the driving mechanism involved in these sudden
activity enhancements is not clear. Prialnik et al.[|(2008)), in their studies about outbursts of comet
9P/Temple 1, proposed the immediate evaporation at local sunrise of recondensed ices at noon,
producing a short-lived surge of activity. [Miles| (2007) tried to explain the famous 17P/Holmes out-
burst by the oxidation of water in the porous surface of the comet to form hydrogen peroxide due to
the exposure to UV radiation, to energetic solar wind particles, and to cosmic radiation. |Fernandez
(1990) studied the frequency and physical effects of the collision of interplanetary boulders with
comets, resulting in two orders of magnitude greater than in the case of planets. In |Gronkowski
(2007), four probable sources of outbursts’ mechanisms were studied: (1) Polymerization of hy-
drogen cyanide HCN; (2) Impacts with meteoroids; (3) Destruction of cometary grains in the field
of strong solar wind; (4) Transformation of amorphous water-ice into crystalline. For each mech-
anism, the author gave the values of the released energy and jumps of cometary brightness, and
concluded that the cometary outburst can have different causes, the most probable being the amor-
phous to crystalline water-ice transformation. Actually, this mechanism was proposed to be the
one that produced the brightness enhancement at 14 AU in comet 1P/Halley by (e.g. [Espinasse
et al.[[1991; Klinger|1991), who assumed that a source of CO was activated below the surface by
exothermic water-ice transformation from its amorphous phase to the cubic configuration. In addi-
tion, it has been proposed as the responsible driver in the 17P/Holmes intense outburst by Hillman
& Prialnik (2012)), in the quasi-periodic mini-outbursts suffered by 9P/Temple 1 (Gonzalez et al.
2008)), and the multi-outbursts suffered by 29P/S-W (Gonzalez 2012).

Fig. shows the time evolution of the dust tail after an outburst event suffered by comet
217P/Linear (Sarugaku et al. [2010). In that case, the authors established a brightness increase of
1.7-2.3 mag, where the dust shell expanded at a velocity of 120-140 m s~! and the total dust ejected
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Figure 1.8: 17P/Holmes on December 8, 2007, taken at La Sagra Observatory (Spain), five weeks
after the outburst event. The right panel corresponds to the original image and the left one is in
false color to identify easily the different intensity levels in the dust shell. The dust shell had
dimensions larger than 3.8x10° km, more than twice the Sun’s diameter. North is up and east to
the right.

was in the range of 10°-10° kg. One of the most spectacular outbursts recorded is the one suffered
by 17P/Holmes on October 2007, when the comet increased it brightness by 13-14 magnitudes,
and the cloud of gas and dust released from the nucleus became larger than the Sun, being the
largest object in the solar system for a number of days (see Fig[I.8). The dust ejected during that
outburst has been estimated in the range of 10!°-10'? kg by several authors (see e.g. Moreno et al.
2008 IL1 et al.|2011}; Boissier et al.[2012).

One interesting case of outbursts, is the Centaur 29P/S-W. [Trigo-Rodriguez et al.| (2010) mon-
itored its nuclear activity from 2008 to 2010 and found that this object suffers periodically 7.4
outbursts per year. Another case of “multi-outbursts” is the comet 9P/Temple 1, the target of the
Deep Impact Mission. During its extended observation period carried out by |[Farnham et al.| (2007))
and |Belton et al.| (2008), 10 mini-outbursts were detected, with brightness enhancement between
0.2-0.6 magnitudes, and a later study developed by |Filonenko & Churyumov|(2009) concluded that
this comet suffered at least 6 outbursts of the order of ~1 magnitude during its last 4 orbits. Belton
et al. (2013) studied the geological features in the surface of 9P, as the pits, which are quasi-circular
depressions, and concluded that they can have different origins, but the vast majority of them are
probably due to outburst activity. The authors also related outbursts to the structures found in the
surface of comet 81P/Wild 2 during the Stardust mission.

1.6 Rosetta mission

The international Rosetta mission is a robotic spacecraft designed by the European Space Agency
(ESA), whose target is comet 67P/Churyumov-Gerasimenko (hereafter 67P/C-G). Rosetta was
launched in March 2004, and will perform a rendezvous with the comet and follow it from ~4
AU pre-perihelion (May-July 2014) to ~2 AU post-perihelion (December 2015). In January 2014,
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the spacecraft woke up after 31 months of deep-space hibernation and, at the time of writing, is
approaching the comet. The expected arrival is in July-August 2014. It will be the first time that
such a long-term evolution of the physical, chemical, and dynamical parameters of comet dust
will be studied in situ. The spacecraft consists of two different modules: a space probe orbiter,
which has 11 scientific instruments, and a robotic lander, called Philae, with 9 more instruments.
The orbiter will build a map and a characterization of the nucleus, in order to locate the best
place for Philae landing. Out of the 11 instruments of the orbiter, there are two instruments in
which the Instituto de Astrofisica de Andalucia is involved in terms of both technical and scientific
participation: OSIRIS (Optical, Spectroscopic and Infrared Remote Imaging System), and GIADA
(Grain Impact Analyser and Dust Accumulator).

OSIRIS has two CCD cameras of 2048 x 2048 pixels with a resolution of 20urad px~! and
100urad px~!, which means a resolution of 2-10 cm at 1 km of distance. This resolution is op-
timized to study the nucleus surface with high resolution and to view large fractions of the inner
coma to investigate the gas and dust emission from the surface (Thomas et al.|1998)). |[Keller et al.
(2007) gave an overview of the scientific objectives of this instrument. Here, we just summarize
the most relevant ones in connection with this work.

In reference to the cometary nucleus:

e Position and size of the nucleus. For planning purposes, the first aim is to localize the
cometary nucleus and estimate its size and shape as quickly as possible. This task will
be performed near the end of the approaching phase, at 10° to 10* km from the target.

e Rotational state. Another important goal is to determinate the rotational state, the total angu-
lar momentum vector L, the changing total spin vector, and the processional behavior. With
this information, the range of possible inhomogeneities of the nucleus will be derived, as well
as the influence of the non-gravitational forces due to the onset of jet activity, estimating the
torque caused by the outgassing.

e Shape, volume and density. A highly irregular nucleus on all scales as a consequence of
cratering, outgassing, and non-uniform sublimation it is expected (Keller et al.||[1988). Once
the model shape is available, it can be used to determine moments of inertia and surface
gravity, as well as to build surface maps.

e Nucleus formation and surface topography. OSIRIS will perform a detailed investigation
of the entire surface of 67P/C-G on the smallest scale, to identify the hierarchy of cometary
building blocks. It is supposed that in these scales, the cometary nucleus may be a het-
erogeneous mixture of interplanetary and interstellar dust and ices, where the structure and
composition will show the chemistry and the physical conditions of the protoplanetary disc.
In addition, the surface topography will determine the heat flow in the uppermost layers
(Gutiérrez et al.|2000).

e Color, mineralogy, and inhomogeneity. The inhomogeneities of mineral composition and
color, will provide information about the size of the building blocks which form the comet.
The study of mineralogy will be performed through the acquisition of images covering the
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entire wavelength range from 250 to 1000 nm. Thus, specific absorption bands associated
with possible mineral constituents will be searched for. In addition, the water of hydration
feature at 700 nm will be studied.

e Active and inactive regions. The processes of how cometary activity starts, evolves and
ceases, leaving an inert comet, will be studied. This will give information on how affects
to those regions the presence of inactive spots spread on them. The correlation between
near-nucleus jets and active spots with the topography will also be studied.

e Physics of the sublimation process. The outgassing due to the sublimation process depends
on the physical structure of the surface and the distribution of volatile and refractory material
in the nucleus. The relationship between the dust particles and the ices, where they can be
intimately mixed or separated in different regions, will be analyzed.

e Qutbursts. This will shed light on their influence on the topography and the spectral features
of the comet surface.

e Mass loss rate. Some active regions will be monitored to determine the mass loss rate during
the perihelion passage, trying to establish the contribution of the large particles.

e Characterization of the landing site. The nucleus surface will be mapped at ~2 cm px~!,
revealing inhomogeneities of the surface at scale lengths comparable to Philae size. In prin-
ciple, heterogeneous sites will be scientifically more interesting. To this end, OSIRIS needs
to be able to characterize the landing place and identify the terrain type.

In reference to the near-nucleus dust:

e Detection of emission at rendezvous. Determination of the activity at large distances to plan
the approach manoeuvre.

e Temporal evolution. Previous in situ mission observations, such as Giotto flyby, reveal that
the dust production rate is remarkably stable on the order of hours. However, from ground
based observations, large and rapid changes in the dust production are inferred. Thus, one
of the aims will be to monitor the variation in the production rate as a function of the helio-
centric distance, and compare it to the rotational state of the nucleus, with special emphasis
on the switch-on after sunrise, and switch-off after sunset.

The high porosity of the surface and the resulting low thermal conductivity suggest that the
activity should decrease rapidly and stop when the energy source is removed.

e Night side activity and thermal inertia. The low thermal conductivity owing to the high
porosity of the surface implys that the activity should decrease rapidly and stop when the
source of energy is removed. To confirm this hypothesis, the dust emission from an active
region while crossing the evening terminator, will be monitored.
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e Short-term variability. The short-term variation of the dust emission (order of minutes) has
not yet been observed, but due to the nature of the active regions, this might happen. These
variations would provide strong constraints on the hydrodynamics of the flow and improve
the understanding of the gas-to-dust interaction near the active regions.

e Large particles in bound orbits. From EPOXI mission and radar observations of 103P/Hartley
2 (see e.g. A’'Hearn et al|2011; Harmon et al. 2011), it is known that large clouds of
centimeter-size objects can be in orbit around cometary nuclei. This has also been found
from theoretical studies (Fulle, 1997; Molina et al. Earth, Moon, and Planets, 102, 521,
2008). Using OSIRIS cameras near the nucleus, it will be possible to determine the density
of objects with a radius of @ > 5 mm. This study will be crucial in the determination of the
gas-to-dust ratio.

e Optical properties of the dust. This can be retrieved from observations of light scattered by
dust at many phase angles (0°-135°) over a wide wavelength range, and will give information
on the single scattering albedo, the phase function and the characteristic particle size.

e Eclipses. The best information on size distribution and nature of the dust particles is pro-
vided by the forward scattering peak of the phase function, and this can be determined by
performing eclipse measurements.

The GIADA instrument has been designed to monitor and characterize the comet dust. It
consists of three different subsystems: (1) The Grain Detection System (GDS), which is an optical
device to measure the optical cross section of individual dust grains; (2) The Impact Sensor (IS),
which is an aluminum plate with 5 piezoelectric sensors to detect the momentum of the particles;
and (3) The Micro Balance System (MBS), constituted by 5 QCM (Quartz Micro Balances), to
measure the cumulative dust deposition with time. The characteristics of the instrument and the
scientific objectives are can be found in detail in /Colangeli et al. (2007). Here, we just summarize
the scientific goals:

e Dust flux of direct and reflected grains. Two grain populations can be identified: “direct
grains”, which come from the nucleus direction, and “reflected grains”, which experience
the action of the Solar radiation pressure and come from the Sun direction. The dynamical
evolution of these two populations is totally different. The instrument will monitor grain
fluxes coming from different directions, allowing the determination of the contributions to
the coma of each type of grain population. This study is fundamental in determining the in
situ dust size distribution, which is necessary to establish the dust mass loss rate.

e Dust velocity distribution. By pointing the instrument towards the nucleus direction and
measuring the “direct grains” , it will be possible to deduce the grain mass, the dependence
of the dust ejection velocity on size and mass, the relationship between the most probable
velocity and the particle mass, the velocity distribution according to the grain mass, and the
velocity dispersion as a function of dust mass.
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e Dust evolution in the coma. The grain size distribution can evolve with space and time
due to several processes which affect the properties of the particles, e.g. fragmentation Crifo
(1995). These changes in the size distribution at different locations in the coma will be useful
to ascertain the efficiency of the mechanisms in the coma in modifying dust properties.

e Dust changes Vs. nucleus evolution and emission anisotropy. The dust environment of the
nucleus will evolve with heliocentric distance. This evolution will be characterized by the
continuous monitoring of GIADA of the dust flux and the dynamic properties of the ejected
grains.

e Determination of the dust-to-gas ratio. This key parameter will be measured by GIADA in
combination with other experiments, such as ROSINA gas mass spectrometer.

The Philae lander is due to be detached from the comet in November 2014, when it will ap-
proach the comet surface at a relative velocity of ~1 m s~!, and will use harpoons to anchor itself
to the surface, preventing the lander from bouncing off. A full description of the scientific objec-
tives and the 10 scientific instruments on board Philae, can be found in Bibring et al.| (2007), and
references therein.

Despite the expected inactivity of the comet at such distances from the Sun, a sequence of
OSIRIS images from March 24 to May 4, 2014, reveals that the comet is already active at distances
>4 AU, displaying a coma of more than 1300 km in diameter.

In addition to its main objective, comet 67P, Rosetta spacecraft has already performed two fly-
by submissions. The targets of these submissions were asteroids (2867) Steins (Keller et al.|2010),
in September 2008, and (21) Lutetia, in July 2010 (see e.g. Stern et al.|[2011;|de Leon et al. [ 2011).
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Figure 1.9: Rosetta and Philae at the comet. Artist’s impression of the Rosetta orbiter and the
Philae lander to 67P/C-G. The image is not to scale; Rosetta spacecraft measures ~ 32 m, while
the comet nucleus is estimated to be about 4 km wide. The image has been extracted from the
Rosetta-ESA web page http://www.esa.int/Our_Activities/Space_Science/Rosetta.
Under the copyright of: ESA-C. Carreau/ATG mediala.
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Chapter

Motivation and objectives of this thesis

2.1 Motivation

In chapter 1 we made some introductory remarks on the evolution of cometary science since ancient
times. Although many scientific questions have already been solved, many unsolved problems
still remain. Basic physical parameters, like size, shape, and albedo, are only known for some
specific targets, mainly from in sifu space-borne instrumentation. Other basic parameter are model-
dependent. Thus, the density is estimated in the range 0.5 — 0.6 g cm™, but there are no direct
measurements. There are approximately 80 chemical species identified in comets, and although
our understanding of the chemical process in the coma is reasonably mature, our interpretation of
the abundance of those species in the nucleus is still primitive, and still requires a lot of work. In
general terms, our understanding of the dynamical evolution of comets is high, but some details
are unclear. For example, the injection of comets from the Oort cloud into the inner regions of
the solar system, or the relative proportion of comets formed at different distances from the Sun,
are explained using models of planetary evolution, which are sensitive to models for the formation
and evolution of the solar system as a whole, and these are not well constrained. The influence
of comets on the terrestrial planets in the early solar system is also unclear: did the comets bring
water and organics to Earth?. The D/H ratio found in comets is not the same as in the Earth’s
oceans, at least for Oort cloud comets. For 103P, this ratio matches that of the terrestrial oceans,
but it is unknown for the all the other JFCs. Other ideas on the water content of Earth are related to
the impact of asteroids containing hydrated minerals, or to a new class of objects known as MBCs,
where water ice sublimation seems to be the driver of their activity.

The characterization of the dust environment of comets is necessary for the understanding of
the physical processes behind it, from the hydrodynamical processes in the near circumnuclear
coma (the particle acceleration region) to the short-and long scale effects of solar radiation on their
motion, and even in their changes of state (e.g. vaporization processes for grazing comets like the
recent C/2012 S1 (ISON). Since 1986, M. Fulle and colleagues (e.g. Fulle 2004) have provided
the dust environments of many comets, both SPCs and LPCs, using an inverse Monte Carlo dust
tail model. These authors demonstrated the power of such models in determining the best possible
solution to the dust environment of comets. Unfortunately, many of those results were derived from
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a reduced collection of observations, generally during a tiny orbital arc. We have found that since
the problem is multiparametric, and surely allows for more than one solution, the only possible way
to reduce the uncertainties is to solve the problem for a larger data set covering the largest possible
orbital path, or various orbits, if there are available data. This has been done just once by |[Fulle
et al. (2010), in the characterization of the dust environment of the Rosetta target, 67P/Churyumov-
Gerasimenko. On the other hand, although in sifu measurements have been capable of providing
us with a deep understanding of comet dust, it has only been the case for a few targets, and for
a specific time frame during the short fly-by’s. It is then the aim of this work to provide the dust
environments of a large sample of both SPCs and LPCs during a significant portion of their orbits,
and to try to link this with their dynamical history in an attempt to relate their activity to their time
spent in different reservoirs in the solar system.

2.2 Objectives

Following the arguments posed in the previous section, the objective is to determine the dust envi-
ronment of a sample of JFCs comets, some LPCs and MBCs, and the dynamical properties of the
sample of SPCs. Specifically, the primary objectives are:

e Characterization of a sample of JFCs. To this end, we try to determine the dust properties,
i.e., the dust production rate, the ejection velocities, the size distributions and the emission
pattern, of all of these parameters as a function of the heliocentric distance.

e Determination of the dynamical evolution of those targets during the last 15 Myr, estab-
lishing the solar system regions where those targets have been residing, and studying the
relationship between dust environment and dynamical history.

e Analysis of the dust environment of the MBCs activated during the last four years, in an at-
tempt to establish their trigger mechanism (water-ice driven, collision-induced, or rotational
break-up).

e Characterization of a sample of LPCs, to compare their activity and dust properties with
those of SPCs.
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Chapter

Monte Carlo dust tail code

Outline of the method and input parameters

During the past several years, our group has developed a Monte Carlo dust tail code, in order to
derive the dust environment from dust tail/coma/trail images, generally acquired using ground-
based instruments, although in some cases it has also been applied to space-borne instruments
(e.g. Hubble Scape Telescope, or Solar and Heliospheric Observatory imagers). The code is
designed to generate synthetic cometary images in the spectral regions where light scattered by
dust becomes the dominant process, e.g. the red region of the spectrum. In this spectral region,
the molecular emissions, although present, become much less intense than the continuum scattered
light. However, in some cases, such as when the active LPCs pass near perihelion, the comet tail
is dominated by ion emissions in the red region, among other species, by the intense H,O* lines,
and the dust tail analysis becomes difficult.

The computer code, developed by Fernando Moreno and written in FORTRAN, will only be
briefly outlined here. A more comprehensive description can be found in the literature (see e.g.
Moreno et al. 2012, and references therein). The code has two main parts, one is the dynamical
part, where the trajectory of a large amount of particles ejected from the comet nucleus at different
heliocentric positions is computed, and the other is a light scattering part, where the tail brightness
at each image pixel is calculated. The trajectory of the particles can be calculated analytically,
starting from the assumption that the only forces acting on those particles are the solar gravity,
Fg,av, and the radiation pressure, F,,,, and neglecting the cometary nucleus gravity, which is a
reasonable assumption for most comets (Ry < 1 km). Then, since these two forces have same
direction but opposite sense, the particle moves in a central gravity field with a reduced gravity
given by the so-called 8 parameter:

Fe
p=L, (3.1)

grav

(see eq. [1.24) and the resulting trajectory will be Keplerian. The type of orbit of the dust par-
ticle (elliptical, hyperbolic, or parabolic) is a function of its ejection velocity and the 8 parameter,
which, for spherical particles, is related to the grain radius r and density p, by:
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2041
where it can be shown that C,, = 1.19 X 10~} kg m™2, and Q,, is the scattering efficiency for
radiation pressure, which is Q,, ~ 1 for large absorbing grains (Burns et al.||1979). The exact
values of Q,, for any size and refractive index can be obtained from Mie theory.
The terminal velocity of grains, after being accelerated by gas drag from sublimating ices, is
usually parametrized by a function which depends on size and time (or heliocentric distance) such
as:

B=eq 124 = (3.2)

Vejeer = V() - B (3.3)

where v;(7) is the time dependent function, and the size dependence comes from hydrodynamical
models of the inner coma (e.g. [Fulle|1989). The terminal velocity of the grains is reached at ~20Ry.
One condition that the ejected particles must verify is that the ejection velocity should always be
larger than the escape velocity. The escape velocity is a function of the nucleus mass M, through
the equation:

Vesc = N 2GM./R (3.4)

where G is the universal gravitational constant, and R is the distance to the nucleus center of
mass (R ~ 20Ry). If the nucleus is assumed spherical and its density is known, v, can be related
to the nucleus size.

Once the particle is ejected from the nucleus at a given time before the observation, its position
relative to the nucleus at the observation time is computed, and then projected on the photographic
or sky plane, using the so-called (N, M) coordinate system, where M is the prolonged Sun-to-
comet radius vector and N is perpendicular to M in the opposite half-plane with respect to the
nucleus velocity vector (Finson & Probstein |1968a; Fulle |1987). The equations to obtain the
orbital elements of the particle and its position on the (N, M) plane can be found, e.g. in [Finson &
Probstein|(1968a)), and [Fulle| (1989).

The second part of the code is the computation of the contribution to the brightness of each
emitted particle to the dust tail image. This is a function of the geometric albedo p,, that can
be computed from Mie theory for spheres, as a function of size, incident wavelength, refractive
index, and phase (or scattering) angle. In situ measurements of comet Halley suggested very dark
particles of visible albedo p,=0.04 at 0° phase angle. For carbonaceous particles of r >1 ym, and
refractive index of 1.88 + 0.71i (Edoh|1983), we get p,=0.036, in agreement with Halley’s results.
However, the assumption of particle sphericity has some serious drawbacks. It is well-known that
the behavior of the scattering function for natural, irregularly-shaped, particles is very different
from those of spherical particles. In particular, the backscattering enhancement, an increase of the
scattered light near 0° phase, that occurs in comets (e.g. Meech & Jewitt|1987), cannot be properly
modeled using spherical particles. And yet, simulations of the scattering pattern for non-spherical
particles of sizes larger than the wavelength of the incident light, is so costly nowadays in terms of
CPU and memory requirements that even with the fastest computer arrays existing in the world this
task has not been completed. Therefore, we need to resort to the spherical dust assumption until
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some better approach becomes available. Another parameter related to light scattering, and very
much dependent on the shape of the particles, is the degree of linear polarization, which is also
retrievable from the code, although it is not used at present because the spherical dust assumption
makes the resulting synthetic polarimetric images completely unrealistic.

Naturally, the brightness of each pixel defining the synthetic dust tail image to be computed,
is a function of the total dust mass production rate, dM/dt, and the size distribution, n(r), both of
which are functions of the heliocentric distance. The size distribution is generally assumed as a
power-law function of the form:

dn(r) oc rodr (3.5)

where dn(r) is the number of particles in the interval [r, r + dr], and ¢ is the index of the
distribution. The limiting particle sizes, 7,,;,, and r,,,,, which might also depend on heliocentric
distance, constitute another set of free parameters of the model.

Finally, the last set of parameters pertain to the definition of the outgassing behavior, i.e.,
whether an isotropic ejection pattern or an anisotropic ejection pattern holds. In the latter case,
we assume a spherically shaped rotating nucleus with a certain rotation period, and two angles
determining its rotational state: the obliquity, /, and the argument of the subsolar meridian at
perihelion, ®@. As a result, a set of active areas spanning certain ranges in latitude/longitude on the
nucleus can be defined. Thus, assuming radial ejection, the velocity vector of the particles can be
determined from the expressions given by e.g. Sekanina (1981).

The general procedure

In order to make a simulation of a dust tail, all the parameters described above must be intro-
duced as inputs of the code. Due to the large number of parameters, the solution is generally not
unique. Thus, assuming another set of input parameters we could find approximately the same tail
brightness. However, the range of possible solutions is considerably reduced when the available
observations span a large fraction of the orbital arc of the comets. The general procedure to fit the
observations and obtain the dust parameter consists of a trial-and-error procedure, starting from the
most simple scenario, where we consider an isotropic ejection outgassing model, having minimum
and maximum particle radius of r,,;, = 1 um, r,,,,, = 1 cm, 6 = —3.5, and v(¢) and dM/dt having
a monotonically symmetric evolution with respect to perihelion (see Fig[3.1). From this point, we
start to vary the parameters, assuming a certain different dependence with the heliocentric distance,
until an acceptable agreement with the observational data is reached. When the observations can
not be reproduced by isotropic emission, we set active areas on the surfaces, i.e., an anisotropic
emission pattern, and repeat different combinations of the dust parameters until acceptable results
are obtained in terms of a y? fit.
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Figure 3.1: Initial dust parameters in the modeling procedure. All parameters are given as a func-
tion of the heliocentric distance. From up to down and left to right the panels are: (a) Dust mass
loss rate [kg s™']; (b) Ejection velocities for particles of r=1 cm glassy carbon spheres [m/s]; (c)
Maximum size of the particles [cm]; (d) Power index of the size distribution 6. The evolution of
the dust parameters are symmetric with respect to perihelion (Ph). The dashed red line corresponds
with both pre- and post-perihelion. The vertical solid black line refers to a hypothetical perihelion
distance of 1 AU. In the first instance the emission pattern is assumed to be isotropic.
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Results

4.1 Appended papers
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ABSTRACT

We present optical observations and Monte Carlo models of the dust coma, tail, and trail structures of the comet
22P /Kopff during the 2002 and 2009 apparitions. Dust loss rates, ejection velocities, and power-law size distribution
functions are derived as functions of the heliocentric distance using pre- and post-perihelion imaging observations
during both apparitions. The 2009 post-perihelion images can be accurately fitted by an isotropic ejection model.
On the other hand, strong dust ejection anisotropies are required to fit the near-coma regions at large heliocentric
distances (both inbound at r;, = 2.5 AU and outbound at r;, = 2.6 AU) for the 2002 apparition. These asymmetries
are compatible with a scenario where dust ejection is mostly seasonally driven, coming mainly from regions
near subsolar latitudes at far heliocentric distances inbound and outbound. At intermediate to near-perihelion
heliocentric distances, the outgassing would affect much more extended latitude regions, the emission becoming
almost isotropic near perihelion. We derived a maximum dust production rate of 260 kg s~ at perihelion, and an
averaged production rate over one orbit of 40 kg s~!. An enhanced emission rate, also accompanied by a large
ejection velocity, is predicted at r;, > 2.5 pre-perihelion. The model has also been extended to the thermal infrared
in order to be applied to available trail observations of this comet taken with IRAS and Infrared Space Observatory
spacecrafts. The modeled trail intensities are in good agreement with those observations, which is remarkable taking
into account that those data are sensitive to dust ejection patterns corresponding to several orbits before the 2002

doi:10.1088/0004-637X/752/2/136

and 2009 apparitions.
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1. INTRODUCTION

Comet 22P/Kopff is a Jupiter-family comet with a current
orbital period of 6.43 years and perihelion distance of g =
1.577 AU. In 1954 March, it approached Jupiter at a distance of
only 0.17 AU, which induced a shortening in perihelion dis-
tance and orbital period. Yeomans (1974) found significant
non-gravitational effects for this object, with secular changes
of quasi-regular nature in the parameter A,. These changes have
been attributed to nucleus precession (Yeomans 1974; Sekanina
1984; Rickman et al. 1987). Nucleus size determinations con-
verge to a value near Ry = 1.8 km (Lamy et al. 2002; Tancredi
et al. 2000; Lowry & Fitzsimmons 2001; Groussin et al. 2009),
while the geometric albedo is estimated at p, = 0.042 £ 0.006
(Lamy et al. 2002).

Estimates of the dust production rate for comet 22P are
based on a limited amount of data. Lamy et al. (2002) re-
ported 130 kg s~! near perihelion at r, = 1.59 AU, an es-
timation based on the value of the measured Afp parameter
(A’Hearn et al. 1984). Ishiguro et al. (2007) gave (710 £ 70)
(rn,/AU)~* kg s~! based on optical trail images obtained during
the 2002 apparition, roughly in accordance with the Lamy et al.
(2002) value at r, = 1.59 AU and an averaged production rate
over one orbital period of 17 #+ 3 kg s~'. However, Sykes &
Walker (1992) using trail images from IRAS satellite data re-
ported dM/dt = 3.16 x 10'3 g century~! or 10 kg s~! averaged
over one revolution.

In order to report an accurate characterization of the comet
dust environment, an extended set of observations covering a
large fraction of the comet’s orbit is needed. In this paper,

we combine post-perihelion image observations of 22P/Kopff
obtained during the last 2009 apparition with pre- and post-
perihelion archived images from the previous revolution around
the Sun, the 2002 apparition. In addition, CCD light curves
and Afp data from amateur observers (the astronomical associ-
ation Cometas-Obs), also corresponding to the 2002 and 2009
apparition, have been taken into account. We used our Monte
Carlo dust tail modeling procedure in an attempt to fit the com-
plete image set, which allows us to derive the dust parameters:
size distribution, ejection velocities, mass loss rate, and ejection
morphology.

Once a best-fit model was found, we also considered the
available trail data in the infrared, as reported by Sykes & Walker
(1992) and Davies et al. (1997), from observations by /RAS and
Infrared Space Observatory (ISO) spacecrafts. To that end, we
developed a version of our Monte Carlo code to retrieve both
optical and infrared fluxes.

2. OBSERVATIONS

We acquired images of the comet through a Johnson’s R
bandpass using a 1024 x 1024 CCD camera at the Sierra Nevada
Observatory (OSN) in Granada, Spain, at several epochs after
the 2009 perihelion (2009 May 25.218). The pixel size on the
sky was 0”46 and the field of view 7/8 x 7/8. Table 1 shows the
log of the observations. The individual images at each night were
bias subtracted and flat-fielded. At each night, the comet was
repeatedly imaged and we combined the individual frames using
a median stacking method. Whenever possible, calibration stars
were also imaged. For all the other nights, the calibration was
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Figure 1. Observations of comet 22P/Kopff through red filter bandpasses. Images (a) to (g) correspond to the 2009 apparition and were obtained using a CCD camera
at the 1.52 m telescope of the Observatorio de Sierra Nevada in Granada, Spain. The observation date of each image is as follows: (a) 2009 July 31; (b) 2009 August
15; (c) 2009 August 28; (d) 2009 September 21; (e) 2009 October 12; (f) 2009 November 09; (g) 2009 November 24. Panel (h) corresponds to Kiso observatory,
acquired on 2002-05-12, and panel (i) corresponds to the CFHT observation on 2003-07-31 (Ishiguro et al. 2007). Panels (j) and (k) are zoomed regions of images (h)
and (i) near the coma regions. In all panels, vertical bars correspond to 20,000 km on the sky, except for panel (h), where the bar represents 80,000 km. See Table 1

for the associated physical parameters of each image.

(A color version of this figure is available in the online journal.)

Table 1
Log of the Observations

Date Days From I A Resolution Phase Afp (p = 10* km)
(UT) Perihelion (AU) (AU)  (km pixelfl) Angle (°) (cm)
2009 Jul 27 03:40 67.0 1.712  0.775 2068.5 19.6 189
2009 Aug 15 01:29 81.9 1.773  0.784 2098.9 10.7 222
2009 Aug 28 03:40 94.9 1.832  0.826 2204.6 39 320
2009 Sep 21 23:17 119.8 1.959  1.002 2669.0 124 241
2009 Oct 12 20:10 140.6 2.075 1.242 3314.9 19.7 114
2009 Nov 9 19:06 168.6 2237  1.662 1109.0 24.1 74
2009 Nov 24 20:05 183.6 2.327  1.920 1281.1 24.6 59
2002 May 12 13:30 —213.5 2.508 1.866 2029.6 20.8 74
2003 Jul 31 14:17 231.5 2.615 2.508 673.0 22.7 78

performed using field stars with the USNO-B1.0 star catalog
(Monet et al. 2003), which provides a 0.3 mag accuracy. The
resulting images at each night were calibrated to mag arcsec™>
and then converted to solar disk intensity units. In order to
compare with the modeled images, and to improve the signal-
to-noise ratio, we needed to rebin some of the images. Their
final resolution at each date is indicated in Table 1.

For our modeling purposes, we also considered images from
the previous comet orbit, i.e., images from the 2002 appari-
tion. Specifically, we considered coma/trail images obtained
at large heliocentric distances by Masateru Ishiguro at the
Kiso 1.05 m Schmidt telescope in Nagano, Japan, and the
Canada—France-Hawaii 3.6 m telescope (CFHT), previously

described by Ishiguro et al. (2007). M. Ishiguro kindly made
available to us the Kiso data, while the CFHT data were down-
loaded from the CFHT archive server. In both cases, we followed
a similar reduction procedure as that described for the OSN data.
We used field stars as calibration sources. Table 1 also lists the
relevant information corresponding to those data sets.

Figure 1 displays all the final product images described above.
As stated, some of them were rebinned in order to make them
tractable with the Monte Carlo models and to improve the
signal-to-noise ratio. All the images have been rotated to the
(N, M) photographic plane (Finson & Probstein 1968), so that
the Sun is toward the bottom. No contours have been displayed
for the 2002/2003 images (Ishiguro et al. 2007), so that the
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neck-line/trail structures are visible. The neck line, first
described by Kimura & Liu (1977), corresponds to large parti-
cles ejected at a true anomaly of 180° before the observation date
and appears to ground-based observers as a bright linear feature
when the cometocentric latitude of the Earth is small (the Earth
is near the comet orbital plane). A trail is formed by large par-
ticles that are ejected at low velocities from the nucleus so that
they remain along the cometary orbit for many orbital periods.
Neck-line structures are formed in the current orbital revolution,
while trails correspond to particles ejected during the previous
several orbits. In Figure 1, neck-line structures are clearly seen
in, e.g., panels (d) and (e), while the linear feature seen in panel
(h) is clearly a trail, as this image was taken at large heliocentric
distance (r;, = 2.5 AU) pre-perihelion (Ishiguro et al. 2007).

In addition to the image data described above, we
have also benefited from amateur observations carried
out by the astronomical association Cometas-Obs (see
http://www.astrosurf.com/Cometas-Obs), from both the 2002
and 2009 apparitions, providing a CCD light curve and Afp
measurements as a function of heliocentric distance. Both the
magnitude and Afp measurements are referred to an aperture of
radius 10* km projected on the sky at each observation date. This
choice is made to permit a direct comparison with the OSN Afp
data at the same p value. The data reduction was accomplished
by using field stars and the CMC-14/USNO A2.0 star catalogs.
Figure 2 presents the CCD light curve where the magnitudes m
have been reduced to heliocentric and geocentric distances of
1 AU by the equation:

m(l,1,a) = m — 2.5log (Ar}), 1)

where A and r, are the geocentric and heliocentric distances
of the comet in AU, respectively. Most of the data points cor-
respond to the 2009 apparition, where the light curve shows a
conspicuous maximum approximately 100 days from perihe-
lion. In Figure 2, the dependence of comet phase angle with
time is also displayed. It is interesting to note that the maximum
brightness corresponds to the minimum value of phase angle
reached (« ~ 3°4). This means that the spike can in principle be
attributed to the brightness opposition effect, although, overim-
posed to that, an enhancement of cometary activity during those
dates post-perihelion cannot be ruled out. In order to show the

Phase Angle (deg)

Figure 3. Cometary magnitude m(1, 1, «) as a function of phase angle for data
points of r, < 2 AU, for the 2009 apparition. Filled circles are data from
Cometas-Obs. The solid line represents a linear fit to the data, whose slope

corresponds to the linear phase coefficient, 0.028 #+ 0.002 mag deg™!.

T
.
(=}
o L ,
<
E .
~ .
& o
< O + . -
X .o s
A . o . O %
A . LI . ..(:
+ .
.
A
o L1 . L | L L ,

—200 —100 0 100 200 300

Days from perihelion

Figure 4. Afp vs. days from perihelion. The filled circles correspond to the
2009 apparition data from Cometas-Obs, while the open triangles correspond
to the 2002 apparition from the same group. The crosses (in red) correspond to
the 2002 apparition data from Kiso (pre-perihelion) and CFHT (pos-perihelion)
data. The star symbols joined by a solid line (in red) correspond to the 2009
apparition OSN data.

(A color version of this figure is available in the online journal.)

brightness opposition effect, Figure 3 displays m(1, 1, o) versus
the phase angle for those points having r, < 2 AU. As can be
seen, these data can be well fitted by a linear phase coefficient
of 0.028 % 0.002 mag deg™!. This estimate is in the range of
values obtained for other comets (e.g., Meech & Jewitt 1987).

The maximum at 100 days post-perihelion also appears in
the Afp data, as could be expected. Figure 4 shows the Afp
data for a projected distance of p = 10* km together with the
Afp data derived from the 2009 OSN images. The agreement
between the Cometas-Obs group data and the OSN data for the
2009 apparition is excellent. This emphasizes the importance
of amateur astronomy groups in deriving information that is
very useful for professional astronomers. Also displayed are the
Kiso/CFHT data and those from Cometas-Obs from the 2002
apparition.
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Figure 5. Generalized geometric albedo (at 10° phase angle) vs. particle radius
for glassy carbon spheres (thin solid line, left axis). The thick line is the value
of the radiation pressure coefficient, Qp, as a function of particle radius (right
scale).

3. THE MODEL

In order to model the images, we used a direct Monte Carlo
dust tail code, which is based on previous works of cometary
dust tail analysis (e.g., Moreno 2009; Moreno et al. 2011),
and in the characterization of the dust environment of comet
67P/Churyumov-Gerasimenko before Rosetta’s arrival in 2014
(the so-called Granada model; see Fulle et al. 2010). Briefly, the
code computes the trajectories of a large number of particles
ejected from a cometary nucleus surface, submitted to the solar
gravity and radiation pressure fields. The gravity of the comet
itself is neglected, which is a good approximation for 22P owing
to its small size (see Section 1). The particles are accelerated to
their terminal velocities by the gas molecules coming from the
sublimating ices. These terminal velocities correspond to the
input ejection velocities considered in the model. The particles
describe a Keplerian trajectory around the Sun, whose orbital
elements are computed from the terminal velocity and the B
parameter, which is the ratio of the force exerted by the solar
radiation pressure and the solar gravity (Fulle 1989). This
parameter can be expressed as 8 = CuQp/(2pgr), where
Cpr = 1.19 x 103 kg m~2, and p, is the particle density,
assumed to be p; = 1000 kg m~> throughout. We used the
Mie theory for spherical particles to compute both the radiation
pressure coefficient, Oy, and the geometric albedo, p,. Qpris a
function of the particle radius, and p, is a function of the phase
angle o and the particle radius. p, is obtained as S;;(«)r/ k%G,
where Sy is the (1,1) element of the scattering matrix, k = 2w /A
(the wavenumber), and G is the geometrical cross section of the
particle, i.e., G = mr? We assumed the particles as glassy
carbon spheres of refractive index m = 1.88 + 0.71i, which is
the value reported by Edoh (1983) for an incident wavelength
of A = 0.6 um. Highly absorbing particles have often been
invoked to represent cometary material (e.g., Kimura et al.
2003). Figure 5 gives the dependence of O and p, on particle
radius. The values graphed for p, correspond to a phase angle
of « = 10°, but the results are identical for phase angles
o < 40° for particle radii » > 1 um. The asymptotic value
of p, at r > 1 um becomes p, = 0.036, which is within the
error bar of the value of p, = 0.042 £ 0.006 estimated by
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Lamy et al. (2002). Regarding Q,,, we obtain Q) ~ 1 for
particle radii » = 1 um. The main difficulty when dealing with
absorbing spherical particles is that the brightness opposition
effect cannot be modeled, as the phase function keeps constant
for phase angles @ < 40°. In principle, the scattering properties
of non-spherical particles can be computed with dedicated light
scattering codes such as the Discrete Dipole Approximation
or the T-matrix method (e.g., Draine 2000; Mishchenko et al.
2000). However, the amount of CPU time and memory needed
to make such calculations for realistic particle sizes becomes
prohibitive, so that computations are only available for particle
sizes of the order of the wavelength of the incident light or
slightly larger (e.g., Kimura et al. 2003; Kolokolova et al. 2004;
Moreno et al. 2007; Zubko 2011).

For each observation date, the trajectories of a large number
of dust particles are computed, and their positions on the
(N, M) plane are calculated. Then, their contribution to the tail
brightness is computed. The synthetic tail brightness obtained
at each date depends on the ejection velocity law assumed,
the particle size distribution, the dust mass loss rate, and the
geometric albedo of the particles, apart from the ejection pattern
(anisotropy).

As stated in the previous section, the image taken in 2002
May 12 (Ishiguro et al. 2007) shows a trail, which corresponds
to dust ejected during many previous apparitions. The encounter
of the comet with Jupiter in 1954 March modified its orbital
elements (Kepinski 1958, 1963) in such a way that the particles
ejected prior to 1954 probably followed very distinct orbits to
those ejected since then. In consequence, for the interpretation
of trails, we considered that their age is the difference between
the observation date and 1954 March. We also assumed that the
dust ejection pattern did not change with time: we do not have
any information on dust ejection parameters back to 1954, so
there is no reason to assume any temporal change.

4. RESULTS AND DISCUSSION

In addition to the assumptions described in the previous
section on some of the parameters involved in the model, and
owing to their large number, we needed to make more additional
hypotheses. Thus, the particle velocity is parameterized as
v(t, B) = vi(t)B'/?, where v(¢) is a time-dependent function
to be determined in the modeling. In principle, we assumed
that v;(¢) was a symmetric function of the heliocentric distance.
Regarding the dust mass loss rate, we assumed a time-dependent
asymmetric function with respect to perihelion based on the
light curve described in Section 2. Excluding the brightness
opposition effect, for heliocentric distances r;, > 2 AU, the
light curve is clearly asymmetric, indicating higher production
rates pre- than post-perihelion.

The particle size distribution is assumed to be described by
a power law with a constant power index, independent of the
heliocentric distance. The minimum and maximum values for
the particle radii must also be determined. In principle, there
are no constraints for the minimum particle size. However, the
maximum size ejected is constrained by the escape velocity,
Vese = RQGM./R.)'/?, where G is the universal gravitational
constant, M, is the comet mass, and R, is the distance to
the nucleus center of mass. For comet 22P, the mass has been
determined from non-gravitational forces by Sosa & Fernandez
(2009), who reported M, = 5.3 x 10'2 kg. We assume that for
a distance of ~20 nuclear radii, the effect of outgassing has
vanished so that for Ry = 1.8 km as given above, we get vese =
18.8 cm s~
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Figure 6. Upper panel: dust mass loss rate as a function of the heliocentric
distance. Lower panel: ejection velocity of r = 1 cm glassy carbon spheres as
a function of heliocentric distance. In both panels, the solid line corresponds to
pre-perihelion, and the dashed line to post-perihelion.
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4.1. Isotropic Ejection Models

We first assumed the most simple model to fit the
observations, i.e., an isotropic ejection model. With the set of
assumptions described above, we attempted first to fit all the
observations together, i.e., those OSN images corresponding to
the 2009 and those of the 2002 apparitions (Ishiguro et al. 2007),
assuming the same model inputs. Since it is not practical to show
the modeling results for each parameter combination, we will
just give a summary of how we proceeded to find the final model
parameters. Our first modeling attempts to adopt the maximum
particle sizes as constrained by the escape velocity, which im-
plies ejection of particles in excess of r = 14 cm near perihelion,
resulted in very bright neck-line structures in each image, much
brighter than observed. In addition, the trail intensities for the
modeled 20020512 image were also too high. In consequence,
we had to decrease that upper limit by an order of magnitude to
1.4 cm. With this upper limit, we started to find models which
produced a closer approximation to the full data set. Also, we
realized that both symmetric dust mass loss rates and ejection
velocities did not give acceptable fits. Much better fits were
found for asymmetric curves, with a steeper decay of activity
post-perihelion than pre-perihelion. This is expected, based on
the asymmetry observed in both the magnitude and the Afp pa-
rameter. The best fits are obtained for a size distribution function
having a power index of « = —3.1 and a minimum particle size
of 1 um, both parameters being independent of the heliocen-
tric distance. Figure 6 gives the dependence of dust mass loss
rates and velocities on heliocentric distance. The comparison
of the isophote fields for all the images is given in Figure 7.

Figure 7. Isotropic ejection model compared to the observations. The observation dates and layout corresponds to that shown in Figure 1. In panels (a)—(c), the
innermost isophotes are 3.2 x 10~ 13 solar disk intensity units; in panels (d) and (e) 8 x 10~14; in panel (f) 6 x 10~14; in panels (g) and (h) 1.2 x 10713, in panel (i)
1.2 x 10713; in panel (j) 4.8 x 10~'4; and in panel (k) 2.4 x 10~!3. Isophotes vary in factors of two between consecutive levels. In all panels, thin (black) contours
correspond to the observations, and thick (red) contours correspond to the model. Vertical bars represent 20,000 km in the images, except in (h), where it indicates

80,000 km.
(A color version of this figure is available in the online journal.)



THE ASTROPHYSICAL JOURNAL, 752:136 (12pp), 2012 June 20

4x107 14 Bx10714

2x10714

Solar disk intensity units

o 5><‘105 10
Distance from nucleus [km]

Figure 8. Intensity scans along the trail in Figure 7(h). The thin (black) line

corresponds to the observation, while the thick (red) line is the model.

(A color version of this figure is available in the online journal.)

As can be seen, the agreement between the observed and mod-
eled images for the 2009 apparition is quite good (see Fig-
ures 7(a)- (g)), except for the 20090828 image (Figure 7(c))
where the phase angle is minimum (o« = 3°9), and the bright-
ness opposition effect is maximum. As stated above, this effect
cannot be modeled by using absorbing spherical particles, as

MORENO ET AL.

the phase function does not experience any increase toward
backscattering, so that the synthetic image remains darker than
observed. The maximum dust loss rate corresponds to perihe-
lion, with a value of 260 kg s~'. This is twice the value reported
by Lamy et al. (2002), who gave 130 kg s~! near perihelion,
although their estimation corresponds to the earlier 1996 ap-
parition.

When the same isotropic model is applied to the images of
the previous orbital revolution, several fitting problems were
encountered (see Figures 7(h)—(k)). Regarding the 20030731
image, while the overall observed and modeled intensity levels
agree, the experimental isophotes depart significantly from the
modeled ones, which are very asymmetric, as already noted by
Ishiguro et al. (2007). In the case of the 20020512 image, there
is a mismatch not only in the overall intensities, but also in the
shape of the isophotes, that disagree strongly, as well in the trail
intensities, which are much lower than observed (Figure 8). The
coma/tail region of the 20020512 synthetic image is far weaker
than observed, implying a higher dust mass loss rate prior to
the observations. In fact, the Afp measurements by Cometas-
Obs group (Figure 4) confirm a high activity of 22P at those
heliocentric distances pre-perihelion (r;, > 2.5 AU), with Afp
values comparable to those found near-perihelion. In an attempt
to fit the intensity levels of the 20020512 image, we increased
both the mass loss rate and the particle ejection velocities at
distances of r, > 2.5 pre-perihelion. We found that the mass loss
rate of Figure 6 should be multiplied by a factor of the order of 10
at least, and the ejection velocity by a factor of S atr, > 2.5. The
effect of doing these modifications is shown in Figure 9. In this

Figure 9. Same as Figure 7, but for the mass loss rate being multiplied by a factor of 15, and the ejection velocity by a factor of 5, for r;, > 2.5 AU pre-perihelion, with
respect to the values shown in Figure 6. These factors have been imposed in order to obtain a better fit for the coma region in the 2002-05-12 image (compare panels
(k) and (j) with Figures 7(k) and (j)). Also, the neck lines appear broader and closer to the observations than in Figure 7 (compare panel (d) to (g) in both graphs), an

effect produced by the substantially higher velocities at r, > 2.5 AU.
(A color version of this figure is available in the online journal.)
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20020512

20030731

Figure 10. Anisotropic ejection model applied to the 2002-05-12 and 2003-07-31 images (see Table 1 for the observational parameters and Table 2 for the model
parameters). As in Figure 9, the mass loss rate and the velocity have been increased at r;, > 2.5 pre-perihelion. In this case, a factor of 30 has been applied to the mass

loss rate, and the same factor of 5 in velocity.

(A color version of this figure is available in the online journal.)
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Figure 11. Latitude of the subsolar point of 22P/Kopff nucleus as a function
of time to perihelion, and heliocentric distance, for the rotational parameters
® = 180°, I = 60° (see the text).

figure, the mass loss rates are increased by a factor of 15, and the
velocity by a factor of 5, at r, > 2.5 AU. As can be seen, there is
now a better match between isophotes for the 20020512 image,
although a higher factor would give a still better agreement (see
the next subsection). On the other hand, these changes improve
the fits on all the 2009 images, as the neck-line structures
appear broader and closer to the observations than those with the
reduced mass loss rate (compare, e.g., Figures 7 and 9, panels (d)
to (g)), which is a consequence of the larger velocities imposed
atr, > 2.5 AU pre-perihelion.

We then focused on the asymmetries found in the isophote
field in the near-nucleus region in the two images of the 2002
apparition. We will show in the next subsection that the analysis
of those images provides clues on the dust ejection anisotropy.

4.2. Anisotropic Ejection Models

As explained in the previous subsection, while the 2009
apparition post-perihelion images can be adequately matched
with isotropic ejection models, the 20020512 and 20030731
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Figure 12. Upper and lower latitude boundaries of the active area in the
anisotropic dust ejection model as a function of the heliocentric distance. Also
displayed is the latitude of the subsolar point, which shows a similar behavior
with time.

images from the previous orbit show clear departures from an
isotropic dust ejection scenario. In order to fit these images,
we then tried anisotropic ejection models. In principle, we
experimented with a rotating spherical nucleus with an active
area on it, with a rotation period of 12.3 hr (Lowry & Weissman
2003). The spin axis orientation is specified by two angles,
the argument of the subsolar meridian at perihelion, ®, and
the obliquity, 7 (Sekanina 1981). The active area is specified by
setting a latitude—longitude box where the particles are assumed
to be ejected from. Since the age of the tails is much longer than
a rotational period, the choice of a particular longitude range
turns out to be irrelevant for the resulting synthetic images.
The approach consisted of considering as inputs the best-fit
parameters found for the isotropic ejection models, and then
searching for the best-fit / and @ and latitude box [Anin, Amax]
for each of the two images, 20020512 and 20030731. The min-
imization procedure was accomplished by using the downbhill
simplex method of Nelder & Mead (1965) with the FORTRAN
implementation by Press et al. (1992). The function to minimize
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Figure 13. Final version of the anisotropic model applied to all the available observations. For information on contours’ levels see Figure 7. Thin (black) contours are
the observations, and thick (red) contours, the model. The mass loss rates and ejection velocities are those of Figure 6, but increased in factors of 20 and 5, respectively,
atrp > 2.5 AU pre-perihelion. The vertical bars correspond to projected distances of 20,000 km, except for panel (k), where it corresponds to 80,000 km.

(A color version of this figure is available in the online journal.)

was the standard deviation of the synthetic image from the ob-
servation. We are aware that this procedure only gives a local
minimum: the code was run repeatedly with a varied starting
simplex so that a more generic solution could be found. The
input mass loss rates and velocities were those assumed in the
previous subsection, but with a higher factor for the mass loss
rate of 30 at r, > 2.5 AU pre-perihelion, which produces a
better fit to the 20020512 image. With this modified input mass,
the total dust mass ejected per orbit becomes 8 x 10° kg, with
an averaged production rate per orbital revolution of 40 kg s~!
or 1.3 x 10° kg yr~!, which represents a modest contribution
to the interplanetary dust cloud as compared to the (1.6-6.3) x
10'% kg yr~! of comet 29P/Schwassmann—Wachmann (Moreno
2009). In comparison, Ishiguro et al. (2007) obtained an orbital
averaged contribution of only 17 & 3 kg s~! for 22P/Kopff,
although these authors stated that since their data only cover a
small portion of the comet orbit, they probably underestimated
the production rate near perihelion. On the other hand, as already
indicated in the introduction, Sykes & Walker (1992) obtained
10 kg s~!, averaged over an orbital period, from IRAS satellite
images. The origin of this discrepancy is probably related to the
fact that the trail data refer only to the large particle component
of the dust ejection.

The best solutions for both the 20020512 and 20030731
images corresponded to @ between 170° and 210°, while 7 was
between 50° and 70°, with latitude boxes of [—90°, —70°] for
the 20020512 image and [70°, 90°] for the 20030731 image.
The values for the overall best fits for the two images were
@ = 180° and I = 60°, so that the rotational axis points to either
R.A. = 3°, decl. = 25° (prograde), or the opposite direction for
retrograde rotation, R.A. = 183°, decl. = —25°, since the sense

of rotation is unconstrained. This procedure served to find the
location of the active areas. However, the resulting synthetic
images had too sharp borders, with a very fast decrease of
brightness outward in some directions. In order to smooth out
the resulting images, we implemented two procedures. One was
to impose some fraction of particles being ejected isotropically.
The other was to consider that every point source on the surface
in the Monte Carlo procedure was actually an emission cone
with a certain width A¢, so that each particle ejected from a
given latitude, instead of being ejected normal to the spherical
nucleus surface, is ejected with a random azimuthal angle around
that direction and a random angle (smaller than or equal to the
cone width) with respect to that normal direction. In this way, the
sharp borders disappear and the synthetic images become closer
to the observations. Two additional parameters then have to be
defined, the fraction of particles ejected isotropically, and the
cone angle width, which can be, in principle, different for the two
images under analysis (20020512 and 20030731). After many
simulations, we concluded that for the 20020512 image, the
best-fit parameters were A¢ = 60°, with no need for an isotropic
ejection fraction. In contrast, for the 20030731 image, the best-
fit parameters were A¢ = 20°, with 30% of particles being
ejected isotropically. Figure 10 shows the fits to the near-coma
regions of these two images. While we recognize the complexity
of these models, with such a large number of parameters, we
also remark that they are actually needed in order to reproduce
the details seen in the images with a certain degree of accuracy.
As can be is seen in Figure 10, these synthetic images reproduce
the observations very closely.

The location of the inferred active areas for the 20020512
and 20030731 images differ drastically: while the southernmost
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latitude region is active prior to the 20050512 observation, it
is the northernmost latitude area which is most active prior
(rn, > 1.7 AU) to the 20030731 observation. In order to see
whether or not there is some relation to solar insolation, Fig-
ure 11 shows the location of the subsolar point as a function of
the heliocentric distance. As can be seen, the northern high lati-
tudes (A ~ 50°) are indeed those exposed to the highest solar ra-
diation at heliocentric distances of r, > 2.5 AU pre-perihelion,
and, conversely, the southern high latitudes (A ~ —50°) are
those exposed to highest radiation after perihelion. Therefore,
although the active areas we have inferred are somewhat dis-
placed toward the north pole for the 20020512 simulation, and
toward the south pole for the 20030731 simulation, they are
close to the subsolar point. Therefore, these 2002 /2003 data are
consistent with the picture in which the region near the subsolar
point is the first to experience significant outgassing inbound,
while it is the latest to be active outbound.

The final step was to consider a model that is able to fit all
the available observations. We have attempted to fit such an
asymmetric ejection model to the whole image set, including
both the 2003 and 2009 apparition images. In order to fit the
20020512 and 20030731 images, we have just shown that the
active area at heliocentric distances of r;, > 2.5 pre-perihelion
should be located near the north pole, and near the south pole at
heliocentric distances of r, > 1.7 post-perihelion, in such a way
that the subsolar point is close to those areas. On the other hand,
we have shown previously that all the 2009 post-perihelion im-
ages can be fitted by assuming isotropic ejection. Therefore,
the logical approach would be to assume that the active area
limits converge toward the narrow latitude regions found for
the two images 20020512 and 20030731 when the comet is at
large heliocentric distance inbound and outbound, respectively.
Those borders would define a broader latitude region at inter-
mediate heliocentric distances. Figure 12 shows the upper and
lower latitude limits of the active area as a function of the he-
liocentric distance, in which we have also drawn the location
of the subsolar point. As we can see, the location on the active
area correlates with the location of the subsolar point. Also, as
the derived cone widths were different for the 20020512 and
20030731 images, we also set this parameter as time dependent.
Since the best fits were Ap = 60° atr;, > 2.5 AU pre-perihelion,
and A¢ = 20° atry, 2 1.7 post-perihelion, we just considered an
interpolated solution in between, as shown in Figure 12 and also
in Table 2, which summarizes all the parameters that apply to
the final version of the model. In addition, a fraction of 30% of
particles were assumed to undergo isotropic ejection for all he-
liocentric distances. Figure 13 shows the results of the synthetic
isophotes compared with the observations. It is clear that the
asymmetric model reproduces with great detail most features
observed at each epoch for both 2002 and 2009 apparitions.

Finally, the 20020512 synthetic trail intensity is compared
with the observation in Figure 14. The agreement is also
remarkable. This asymmetric ejection model has then proved
to be valid for all the observations covering a large fraction of
the comet orbit and two consecutive apparitions.

5. APPLICATION OF THE DUST MODEL TO
OBSERVATIONS OF TRAILS IN THE INFRARED

In order to take into account all available observations of dust
from comet 22P /Kopff, we also considered the application of the
final version of the anisotropic dust model to trail observations in
the infrared, such as the IRAS data reported by Sykes & Walker
(1992) and the ISO/IRAS data by Davies et al. (1997). To do
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Figure 14. Intensity scans along the trail in Figure 13(h). The thin (black) line
corresponds to the observation, while the thick (red) line is the model.
(A color version of this figure is available in the online journal.)

that, we developed a modified version of our Monte Carlo code
to retrieve thermal fluxes. The thermal radiation from a single
grain is given by

2
F, = %e(k, ) BT (1), 2)

where €(A,r) is the grain emissivity at wavelength A and
B\, T) is the Planck function for grain temperature 7
(Hanner et al. 1997). The emissivities are computed by applying
Kirchoff’s law, so that e(A, r) = Quus(X, 1), where Qaps(A, 1)
is the absorption efficiency of the grain. This quantity is com-
puted by the Mie theory for glassy carbon spheres, the same
composition assumed to compute the scattering parameters at
red wavelengths, using the variation of refractive index with
wavelength reported by Edoh (1983).

The temperature from a single grain at a given heliocentric
distance is computed from the balance between the energy
absorbed in the visual and the energy emitted in the infrared
as (Hanner et al. 1997)

7'l.’I‘2

— S(A) Quabs(, r)dA

rh 0

=dnr? f h Qubs(h, 1) BT (r)ldA, A3)
0

where S(A) is the solar flux at 1 AU, which we consider as
a blackbody at 7 = 5900 K. This equation is solved for T(r)
by Brent’s algorithm. In this way, we generate a table from
which we derive the equilibrium temperature as a function of
particle radius and heliocentric distance by a two-dimensional
interpolation. Then, using Equation (2), we compute the infrared
flux of a given particle as a function of the position in the (N, M)
plane. The rest of the Monte Carlo procedure is analogous to
the one developed for the analysis at red wavelengths shown in
previous sections.

Davies et al. (1997) obtained IR fluxes from the 22P/Kopff
trail images on 1992 March 26 using ISOCAM, the infrared
camera on the ISO satellite. They reported IR fluxes at 12 um
and trail widths at two positions of the trail behind the comet, one
at +0°5 in mean anomaly and another at +1° in mean anomaly.
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Figure 15. Simulated trails at 12 um wavelength on 1992 March 26, centered on regions of SMA = +0°5 (a) and SMA = +1°0 (b) as in the ISOCAM observations by
Davies et al. (1997). The maximum intensity level in the images corresponds to 0.40 MJy sr—!. Peak intensities are 0.40 MJy sr—! and 0.25 MJy sr~!, at SMA = +0°5

and SMA = +1°0, respectively.

Table 2
Model Physical Parameters for Anisotropic Ejection Models

Parameter

Value Adopted/Retrieved

Grain density

Grain refractive index

Grain geometric albedo

Ejection velocity

Peak ejection velocity of 1-cm grains
Size distribution: rmin, Fmax

Size distribution: power index

Peak dust mass loss rate (perihelion)
Averaged dust mass loss rate per orbit
Total dust mass ejected per orbit
Pre-perihelion switch-on activity
Nucleus rotation period

Argument of subsolar meridian at perihelion
Obliquity

Active area location

Cone angle width

Isotropic emission percentage

1000 kg m—3
m = 1.88+0.71i
py = 0.036
u(t, B) = v1(t)B'/2, see Figure 6
2.7ms™!
10~% cm, 1.4 cm
-3.1
260 kg s~!
40 kg s~!
8 x 10° kg
rp 23.5 AU
12.3 hr (Lowry & Weissman 2003)
o = 180°
I =60°
Time dependent, see Figure 12
A¢ = 60° for rj, > 2.5 AU pre-perihelion
A¢p = 20° for r, > 1.95 AU post-perihelion
A¢p = 40° otherwise
30%

Table 3
Comparison of /SO and IRAS Data with Model Results at 12 um Wavelength
SMA° Measured Modeled Measured Modeled
Brightness (MJy sr— 1) Brightness (MJy sr™!) FWHM (km) FWHM (km)
+0.5 0.33 £ 0.07 (ISO) 0.40 48000 =+ 3000 26000
+0.5 0.66 £ 0.07 (IRAS) 0.63 32000 £+ 16000 21000
+1.0 0.26 £ 0.07 (ISO) 0.25 61000 =+ 3000 29000
+1.0 1.35 £ 0.11 (IRAS) 0.32 32000 £+ 11000 31000

We have performed a simulation of the trail brightness at that
wavelength, and at that date, as shown in Figure 15. In that
simulation, we used a trail age of 38 years, which is the time

spanned between the 1954 close encounter of the comet with
Jupiter and the observation. Davies et al. (1997) also reported
updated IRAS fluxes and widths of the dust trail of the comet at
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the same wavelength and same positions in mean anomaly, but
with the comet at different heliocentric and geocentric distances.
Since the IRAS images are built from scans taken over a period
of several weeks, the observation date selected in our code
should be representative of the mean date of that period. For
the IRAS observations, in Table 2 of Davies et al. (1997), there
appear to be heliocentric distances of 1.69 and 1.66 AU, and
geocentric distances of 1.48 and 1.45 AU, for the observations
at mean anomalies of +0°5 and +1°0, respectively. These
distances are approximately those that apply on 1983 October 15
(rp, = 1.7 AU, A = 1.47 AU), which is the date we selected
to compare with those /RAS observations. Therefore, the trail
age is 29.8 years. Table 3 shows the model results compared
to IRAS and ISOCAM observations. As can be seen, there is
a good agreement with the ISOCAM intensities and with the
IRAS intensity at SMA = +0°5, but not with the intensity at
SMA = +1°0, where the modeled intensity is more than four
times smaller than measured. Observations of the 22P/Kopff
trail were also performed with instrumentation on board the
Midcourse Space Experiment mission (Kraemer et al. 2005).
The comet was observed about two months post-perihelion, on
1996 September 11, and the resulting trail maximum brightness
at 12.1 um wavelength and SMA = +0216 was 0.74 MJy sr~!,
which is also significantly smaller than the /RAS result.

On the other hand, the modeled trail widths are within the
estimated errors of the /JRAS measurements, but narrower than
the ISOCAM widths in a factor of two to three. Since those trails
contain information on the dust ejected several orbits before
the observations, these width discrepancies could very well be
attributed to differences in ejection velocities over many orbits
back to the 2009 apparition, to which the model actually applies.
Nevertheless, the excellent agreement of the modeled intensities
with the observations (with the exception of the /RAS intensity
at SMA = +1°0) is remarkable.

6. CONCLUSIONS

The analysis of a large image data set of comet
22P/Kopff during two consecutive apparitions has permitted
us to develop a model by which the most relevant cometary dust
parameters have been retrieved accurately. The observations
have been compared to amateur astronomical observations by
the Cometas-Obs group, showing a remarkable agreement in the
behavior of the Afp parameter as a function of the heliocentric
distance. Both the CCD light curve and Afp observations indi-
cate a brightness excess at 100 days from perihelion which is
clearly correlated with the phase angle, and therefore indicative
of a brightness opposition effect. The linear phase coefficient is
0.028 4 0.002 mag deg~!.

Assuming spherical particles of a density of p; =
1000 kg m~ and glassy carbon composition (refractive index at
red wavelengths of m = 1.88 +0.71i), which gives a geometric
albedo of p, = 0.036, the mass loss rate peaks near perihelion
with a value of 260 kg s~!. The comet onset of activity occurs
at heliocentric distances of r, 2 3.5 AU, showing a clear time-
dependent asymmetric behavior, with an enhanced activity at
heliocentric distances beyond 2.5 AU pre-perihelion, also ac-
companied by an enhanced particle ejection velocity. The total
mass ejected per orbit is 8 x 10° kg, with an averaged dust mass
loss rate per orbital period of 40 kg s~!. The images can all be
modeled assuming a time-constant differential size distribution
function characterized by a power law of index —3.1.

The analysis of archive images corresponding to the 2002
apparition, acquired at large heliocentric distances pre- and post-
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perihelion, provides clues on the dust ejection anisotropy. Such a
model suggests an ejection scenario where the outgassing comes
from regions near subsolar latitudes at far heliocentric distances
pre- and post-perihelion, but becoming nearly isotropic at
intermediate heliocentric distances pre- and near-perihelion.
The anisotropic model is characterized by a latitude-dependent
active area on a rotating nucleus with rotational parameters of
® = 180° and / = 60°. The dust ejection is produced from
emission cones randomly distributed on the active area surface
with time-dependent cone angle widths varying between 20°
(at far distances pre-perihelion) and 60° (at far distances post-
perihelion).

We have demonstrated that such a model is compatible with
all the available observations. Besides, the trail intensities that
characterize the time-averaged behavior of the large particle
component of the dust are reproduced accurately, providing
additional strength on the results obtained.

In order to compare with infrared trail intensities obtained
by IRAS and ISO satellites, a modified version of the Monte
Carlo code has been developed to produce synthetic thermal
images. The modeled intensities are in agreement with ISOCAM
observations at SMA = +0°5 and at SMA = +1°0, while the
trail widths are significantly narrower than reported by Davies
et al. (1997). However, they are similar to the /RAS data (Sykes
& Walker 1992) when re-analyzed by Davies et al. (1997). Since
those observations correspond to several orbits before the 2002
and 2009 apparitions to which the model actually applies, the
discrepancies could just reflect real variations in dust ejection
velocities and/or dust loss masses among different cometary
orbits.
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ABSTRACT

Aims. In this work, we present an extended study of the dust environment of a sample of short-period comets and their dynamical
history. With this aim, we characterize the dust tails when the comets are active, and we make a statistical study to determine their
dynamical evolution. The targets selected were 22P/Kopff, 30P/Reinmuth 1, 78P/Gehrels 2, 115P/Maury, 118P/Shoemaker-Levy 4,
123P/West-Hartley, 157P/Tritton, 185/Petriew, and P/2011 W2 (Rinner).

Methods. We use two different observational data sets: a set of images taken at the Observatorio de Sierra Nevada and, the A fp curves
provided by the amateur astronomical association Cometas-Obs. To model these observations, we use our Monte Carlo dust tail code.
From this analysis, we derive the dust parameters, which best describe the dust environment: dust loss rates, ejection velocities, and
size distribution of particles. On the other hand, we use a numerical integrator to study the dynamical history of the comets, which
allows us to determine with a 90% confidence level the time spent by these objects in the region of Jupiter family comets.

Results. From the Monte Carlo dust tail code, we derived three categories according to the amount of dust emitted: weakly active
(115P, 157P, and Rinner), moderately active (30P, 123P, and 185P), and highly active (22P, 78P, and 118P). The dynamical studies
showed that the comets of this sample are young in the Jupiter family region, where the youngest ones are 22P (~100 yr), 78P
(~500 yr), and 118P (~600 yr). The study points to a certain correlation between comet activity and time spent in the Jupiter family
region, although this trend is not always fulfilled. The largest particle sizes are not tightly constrained, so that the total dust mass

derived should be regarded as a lower limit.

Key words. comets: general — methods: numerical — methods: observational

1. Introduction

According to the current theories, comets are the most volatile
and least processed materials in our solar system, which was
formed from the primitive nebula 4.6 Gyr ago. They are consid-
ered as fundamental building blocks of giant planets and might
be an important source of water on Earth (e.g. Hartogh et al.
2011). For these reasons, comet research is a hot topic in science
today, and quite a few spacecraft missions were devoted to their
study: Giotto to 1P/Halley (Keller et al. 1986), Deep Space 1
to 19P/Borrelly (Soderblom et al. 2002), Stardust to 81P/Wild 2
(Brownlee et al. 2004), Deep Impact to 9P/Temple 1 (A’Hearn
et al. 2005), and the current Rosetta mission on its way
to 67P/Churyumov-Gerasimenko (Schwehm & Schulz 1998) are
some examples. It is well known that the importance of the study
of short-period comets, which are also called Jupiter family

* Appendices are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

comets (JFCs), because they offer the possibility to be studied
during several passages near perihelion when the activity in-
creases, which allows us to determine the dust environment and
its evolution along the orbital path. This information is necessary
to constraint the models describing evolution of different comet
families and their contribution to the interplanetary dust (Sykes
et al. 2004). In this work, we focus on nine JFCs 22P/Kopff,
30P/Reinmuth 1, 78P/Gehrels 2, 115P/Maury, 118P/Shoemaker-
Levy 4, 123P/West-Hartley, 157P/Tritton, 185P/Petriew, and
P/2011 W2 (Rinner) (hereafter 22P, 30P, 78P, 115P, 118P, 123P,
157P, 185P, and Rinner, respectively). The perihelion distance,
aphelion distance, orbital period, and latest perihelion date are
displayed in Table 1. The analysis we have done consists of
two different parts: the first one is a dust characterization us-
ing our Monte Carlo dust tail code, which was developed by
Moreno (2009) and was used successfully on previous studies
(e.g. Moreno et al. 2012, from which we adopt the results for
comet 22P, see below). This procedure allows us to derive the
dust parameters: mass loss rates, ejection velocities, and size

A3, page 1 of 13
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78P (b)
30P (a)

118P (d)

115P (c)

Table 1. Targets list.

q (0] Period Last perihelion
Comet 15y (AU)  (yn) date
22P 1.57 533 6.43 May 25, 2009
30P 1.88  5.66 7.34 April 19, 2010
78P 200 5.46 7.22 January 12, 2012
115p 203 6.46 8.76 October 6, 2011
118P 198 494 6.45 January 2, 2010
123P 212 559 7.59 July 4, 2011
157p 1.35 546 6.31 February 20, 2010
185P 093 5.26 5.46 August 13, 2012
Rinner  2.30 5.29 7.40 November 6, 2011

distribution of particles (i.e. maximum size, minimum size, and
the power index of the distribution ¢). We can also obtain in-
formation on the emission pattern, specifically on the emission
anisotropy. For the cases where we determine that the emission
is anisotropic, we can establish the location of the active areas
on the surface and the rotational parameters, as introduced by
Sekanina (1981), which are the obliquity of the orbit plane to
the cometary equator, /, and the argument of the subsolar merid-
ian at perihelion, ¢. The second part in our study is the analy-
sis of the recent (15 Myr) dynamical history for each target. To
perform this task, we use the numerical integrator developed by
Chambers (1999) as did by other authors before (e.g., Hsieh et al.
2012a,b; Lacerda 2013).This will serve to derive the time spent
by each comet in each region and, specifically, in the Jupiter fam-
ily region, where it is supposed that the comets become active

A3, page 2 of 13

Fig.1. Observations obtained using a
CCD camera at the 1.52 m telescope of the
Observatorio de Sierra Nevada in Granada,
Spain. a) 30P/Reinmuth 1 on May 15, 2010.
Isophote levels in solar disk units (SDU)
are 2.00 x 10713, 0.75 x 1073, and 0.25 x
1073, b) 78P/Gehrels 2 on December 19, 2011.
Isophote levels are 0.55 x 10712, 2.65 x 1073,
and 1.35 x 1073, ¢) 115P/Maury on July 15,
2011. Isophote levels are 1.00 x 10713, 3.00 x
107, and 1.30 x 10~'*. d) 118P/Shoemaker-
Levy 4 on December 12, 2009. Isophote levels
are 1.50 x 1073, 6.00 x 107'¢, 3.50 x 10714,
and 2.00 x 107'*. In all cases, the directions of
celestial North and East are given. The vertical
bars correspond to 10*km in the sky.

periodically. For some of these comets, this is the first available
study to our knowledge.

2. Observations and data reduction

The first block of our observation data were taken at the 1.52 m
telescope of Sierra Nevada Observatory (OSN) in Granada,
Spain. We used a 1024 x 1024 pixel CCD camera with a Johnson
red filter to minimize gaseous emissions. The pixel size in the
sky was 046, so the field of view was 78 x 7!8. To improve
the signal-to-noise ratio, the comets were imaged several times
using integration times in the range 60-300 s. The individual
images at each night were bias subtracted and flat-fielded us-
ing standard techniques. The flux calibration was made using
the USNO-B1.0 star catalog (Monet et al. 2003).The individual
images of the comets were calibrated to mag arcsec™ and then
converted to solar disk intensity units (hereafter SDU). After
calibration, the images corresponding to each single night were
shifted to a reference image by taking their apparent sky mo-
tion into account, and then a median of those images was taken.
For the modeling purposes, the final images are rotated to the
photographic plane (N, M) (Finson & Probstein 1968), where
the Sun is toward —M. Table 2 shows the log of the observa-
tions. Negative values in time to perihelion correspond to pre-
perihelion observations. Representative images are displayed in
Figs. 1 and 2.

The second block of observational data correspond to
the Afp curves around perihelion date (~300 days). These ob-
servations were carried out by the amateur astronomical associ-
ation Cometas-Obs. The A fp measurements are presented as a
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Table 2. Log of the OSN observations.

Comet Observation date ! A Resolution Phase Position  Afp (p = 10* km)?
(Um) (AU) (AU)  (km pixel’]) Angle (°)  Angle (°) (cm)
. 2010 Mar. 1021:45 —1.916 1.579 526.8 31.1 87.1 52
30P/Reinmuth 1 2010 May 1521:10  1.898  2.147 716.3 28.0 99.6 61
78P/Gehrels 2 2011 Dec. 1920:00 —2.018 1.647 549.5 28.9 66.5 380
2012 Jan. 420:15  —2.009  1.805 602.2 292 67.0 470
115P/Maury 2011 Jul. 222:00 —2.146  1.343 448.0 18.5 122.7 17
118P/Shoemaker-Levy 4 2009 Dec. 1201:45  —-1.991  1.032 1377.2 8.9 324.9 103
2011 Feb. 26 23:00 —2.346  1.970 657.3 24.5 86.4 40
123P/West-Hartley 2011 Mar. 3121:00 2253  2.252 7513 25.6 85.4 50
157P/Tritton 2010 Mar. 1021:30  1.376  1.343 448.0 4.8 77.0 20
185P/Petriew 2012 Jul. 1503:15 —1.027  1.097 366.0 57.0 260.2 17
. 2011 Dec. 22 03:00  2.326  1.451 484.1 14.0 309.9 18
P/2011 W2 (Rinner) 2012 Jan. 4 02:00 2340 1412 4712 10.2 3322 2

Notes. () Negative values correspond to pre-perihelion, positive values to post-perihelion. » The Afp values for phase angle <30° have been

corrected according to Eq. (2) (see text).

123P (a) 157P (b)

185P (c)

function of the heliocentric distance and are always referred to
an aperture of radius p = 10* km projected on the sky at each ob-
servation date. The calibration of the Cometas-Obs observations
was performed with the star catalogs CMC-14 and USNO A2.0.

3. Monte Carlo dust tail model

The dust tail analysis was performed by the Monte Carlo dust
tail code, which allows us to fit the OSN images and the ob-
servational Afp curves provided by Cometas-Obs. This code

Fig. 2. Observations obtained using a CCD cam-
era at the 1.52 m telescope of the Observatorio de
Sierra Nevada in Granada, Spain. a) 123P/West-
Hartley on February 26, 2011. Isophote levels in
solar disk units (SDU) are 1.00 x 10~3, 0.35 x
1073, and 0.15 x 107'3. b) 157P/Tritton on
March 10, 2010. Isophote levels are 6.00 x 10713,
0.75 x 1073, and 2.65 x 1074, ¢) 185P/Petriew
on July 15, 2012. Isophote levels are 1.80 x
10713, 1.00 x 10713, 0.60 x 107'3, and 0.35 x
10713, d) P/2011 W2 (Rinner) on January 4,
2012. Isophote levels are 6.00 x 1074, 2.70 x
107, 1.50 x 107'#, and 0.80 x 107'4. In all
cases, the directions of celestial North and East
are given. The vertical bars correspond to 10* km
in the sky.

has been successfully used on previous works on characteriza-
tion of dust environments of comets and Main-belt comets, such
as 29P/Schwassmann-Wachmann 1 and P/2010 R2 (La Sagra)
(Moreno 2009; Moreno et al. 2011). This code is also called
the Granada model (see Fulle et al. 2010) in the dust studies
for the Rosetta mission target, 67P/Churyumov-Gerasimenko.
The model describes the motion of the particles when they leave
the nucleus and are submitted to the gravity force of the Sun
and the radiation pressure, so that the trajectory of the parti-
cles around the Sun is Keplerian. The 8 parameter is defined
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as the ratio of the radiation pressure force to the gravity force
and is given for spherical particles as 8 = Cp;Qy/(pqd), Where
Cpr = 1.19 x 10 km m™; Q, is the scattering efficiency
for radiation pressure, which is Q, ~ 1 for large absorbing
grains (Burns et al. 1979); pq is the mass density, assumed at
pa = 10° kg m™3; and d is the particle diameter. We use Mie
theory for the interaction of the electromagnetic field with the
spherical particles to compute the geometric albedo, p,, and Qp.
The parameter, p,, is a function of the phase angle a and the par-
ticle radius. We assume the particles as glassy carbon spheres of
refractive index m = 1.88 + 0.71i (Edoh 1983) at 4 = 0.6 um.
We compute a large number of dust particle trayectories and cal-
culate their positions on the (N, M) plane and their contribution
to the tail brightness. The free parameters of the model are dust
mass loss rate, the ejection velocities of the particles, the size
distribution, and the dust ejection pattern.

3.1. Ao

The A fp quantity [cm] (A’Hearn et al. 1984) is related to the dust
coma brightness, where A is the dust geometric albedo, f the
filling factor in the aperture field of view (proportional to the dust
optical thickness), and p is the linear radius of aperture at the
comet, which is the sky-plane radius. When the cometary coma
is in steady-state, A fp is independent of the observation coma
radius p if the surface brightness of the dust coma is proportional
to p~!. It is formulated as follows:

4rﬁA2 ﬂ
F

where ry, is the heliocentric distance and A the geocentric dis-
tance. The parameter, F, is the measured cometary flux inte-
grated within a radius of aperture p, and F; is the total solar
flux. For each comet, we have the Afp curve as heliocentric
distance function provided by Cometas-Obs for an aperture of
radius p = 10* km, ~300 days around perihelion, and the A fp
measurements derived from the OSN observations with the same
aperture. Some of the A fp data correspond to times, where the
phase angle was close to zero degree, so that the backscatter-
ing enhancement became apparent (Kolokolova et al. 2004). We
could not model this enhancement: for the assumed absorbing
spherical particles, the phase function is approximately constant
except for the forward spike for particles whose radius is r > A.
Then, we corrected these enlarged A fp at small phase angles by
assuming a certain linear phase coefficient, which we apply to
the data at phase angles & < 30°. We adopted a linear phase co-
efficient of 0.03 mag deg™!, which is in the range 0.02-0.04 mag
deg™! estimated by Meech & Jewitt (1987) from various comets.
In this way, the corrected A fp’ values are computed as a function
of the original A fp values at phase angle « as:

Afp = , )]

—B(30-a)
Afp" =107 Afp. 2
To illustrate this correction, we show in its application to comet
78P/Gehrels 2 in Fig. 3. In the upper panel, the correlation of the
original A fp data with the phase angle and the lower panel the
final Afp curve after correcting those values by Eq. (2) is seen.
The same equation is applied to the OSN images when the phase
angle is @ < 30° (see Table 2).

4. Dust analysis

As described in the previous section, we use our Monte Carlo
dust tail code to retrieve the dust properties of each comet in

A3, page 4 of 13

700 T T T T
@ Afp (original data) - = Phase Angle

6001 ‘ \

’ \ ° 5
" 4
’ ..b.:‘ °
’ re 0 °
500f i ) ° —~
[ XYY 8| ©
K .o‘."*’ we° o 10—
—_ ¢ e®® M; ‘o 9
& aoof R e%® o [)]
©) ‘ ol o ® =
g B2 2 Loev e 415K
Q °
Y= 300F g o \ (]
< ’ .. L] by 2]
R \ e
200 st kY N 120
ie - .“. \
_____ -7 e %% \
\
100} eee A P
A
A
L L L L L N
-2.6 -2.5 2.4 -2.3 -2.2 2.1 -2.0

700

@ Afp (original data)
@ AfY (corrected data)

600

5001

E 4001
=
Q
Y=" 300
< o
%
200f “ s
Q.
o %30 ¥ °
100[ 0 0o o 9%
° oo

-2.4 -23 -2.2 2.1

5 ] =
Heliocentric distance (AU)

-2.6 -2.0

Fig. 3. Afp pre-perihelion measurements of comet 78P/Gehrels 2 pro-
vided by Cometas-Obs. Upper panel: original A fp measurements and
phase angle as a function of heliocentric distance. Lower panel: A fp
and Afp’ after the backscattering effect correction using Eq. (2) as a
function of the heliocentric distance.

our sample. The code has many important parameters, so that
a number of simplifying assumptions should be made to make
the problem tractable. The dust particles are assumed spheri-
cal with a density of 1000 kg m™ and a refractive index of
m = 1.88 + 0.71i, which is typical of carbonaceous spheres at
red wavelengths (Edoh 1983). This gives a geometric albedo
of p, = 0.04 for particle sizes of » 2 1 um at a wide range
of phase angles. The particle ejection velocity is parametrized
as v(t,8) = v1(f) x B2, where v;(¢) is a time dependent func-
tion to be determined in the modeling procedure. In addition,
the emission pattern, which are possible spatial asymmetries
in the particle ejection, might appear. The asymmetric ejection
pattern is parametrized by considering a rotating nucleus with
active areas on it, whose rotating axis is defined by the oblig-
uity, /, and the argument of the subsolar meridian at perihelion,
as defined in Sekanina (1981). The rotation period, P, is not
generally constrained if the ejecta age is much longer than P,
which is normally the case. The particles are assumed distributed
broadly in size, so that the minimum size is always set in prin-
ciple in the sub-micrometer range, while the maximum size is
set in the centimetre range. The size distribution is assumed to
be given by a power law, n(r) oc r=%, where ¢ is set to vary in
the —4.2 to —3 domain, which is the range that has been deter-
mined for other comets (e.g., Jockers 1997). All of those pa-
rameters, v1(f), Fmin» 'max> and 8, and the mass loss rate are a
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function of the heliocentric distance, so that some kind of depen-
dence on r, must be established. In addition, the activity onset
time should also be specified. On the other hand, current knowl-
edge of physical properties of cometary nuclei established the
bulk density below p = 1000 kg m™3 (Carry 2012). Values of
p = 600 kg m™> have been reported for comets 81P/Wild 2
(Davidsson & Gutierrez 2004) and Temple 1 (A’Hearn et al.
2005), so we adopted that value. The ejection velocity at a dis-
tance R ~ 20Ry, where Ry is the nucleus radii and R is the
distance where the gas drag vanishes, should overcome the es-
cape velocity, which is given by vese = V2GM/R. Assuming
a spherically shaped nucleus, we get ve,e = RN +/(2/15)7pG,
where p = 600 kg m~>. In cases where Ry has been estimated
by other authors, the minimum ejection velocity should verify
the condition vpin 2 Vesc. Considering that the minimum particle
velocity determined in the model is vpin ~ Vesc, W€ can give an
upper limit estimate of the nucleus radius in all the other cases.

The Monte Carlo dust tail code, is a forward code whose
output is a dust tail image corresponding to a given set of input
parameters. Given the large amount of parameters, the solution
is likely not unique: approximately the same tail brightness can
be likely achieved by assuming another set of input parameters.
However, if the number of available images and/or A fp mea-
surements cover a significant orbital arc, it is clear that the in-
determination is reduced. Our general procedure first consists
in assuming the most simple case: isotropic particle ejection,
Fmin = 1 gm, rmax = 1 cm, v1(f) monotonically increasing to-
ward perihelion, § = -3.5, and dM/dr set to a value, which
reproduce the measured tail intensity in the optocenter, assum-
ing a monotonic decrease with heliocentric distance. From this
starting point, we then start to vary the parameters, assuming a
certain different dependence with heliocentric distance, until an
acceptable agreement with both the dust tail images and the A fp
measurements is reached. Then, if we find no way to fit the data
using an isotropic ejection model after many trial-and-error pro-
cedures, we switch to the anisotropic model where the active
area location and rotational parameters must be set.

Using the procedure described above for each comet in the
sample, we present the results on the dust parameters organized
in the following way: in tabular form, where the main properties
derived of the dust environment of each comet is given (Tables 3
and 4), and a series of plots on the dependence on the heliocen-
tric distance of the dust mass loss rate, the ejection velocities for
r = 1 cm particles, the maximum particle size, and the power
index of the size distribution. Representative plot is shown in the
case of the comet 30P in Fig. 4 and in Appendix B, the results
for each comet are individually displayed (see Figs. B.1 to B.7).
In addition, the representative plot of the comparison between
observations and model in the case of the comet 30P is shown
in Fig. 5, and the comparison between observations and mod-
els for each comet individually are displayed in the Appendix C
(Figs. C.1 to C.7).

4.1. Discussion

The dust environment of the 22P was already reported by
Moreno et al. (2012), where the authors concluded that this
comet shows a clear time dependent asymmetric ejection be-
havior with an enhanced activity at heliocentric distances
beyond 2.5 AU pre-perihelion. This is also accompanied by en-
hanced particle ejection velocity. The maximum size for the
particles were estimated as 1.4 cm with a constant power in-
dex of —3.1. The peak of dust mass loss rate and the peak

Table 3. Dust properties summary of the targets under study I.

Argument of subsolar
meridan at perihelion (°)

Obliquity
©

Maximum nucleus
radius (km)

5min 5 6max

Size distribution
-3.35,-3.18

Size distribution
rmm’ rmax (Cm)

Active areas
location (°)

pattern!
Ani (50%)
Iso (100%)
Ani (70%)
Iso (100%)
Iso (100%)
Ani (70%)
Iso (100%)
Iso (100%)

Emission

Comet

1333

1073

3.9?

1074,3.5

-30 to +30

30P/Reinmuth 1

3.6

4.0
2.4%
2.0°

-3.40, -3.05

1074, 3.0

78P/Gehrels 2

280

1074, 4.0 -3.13,-3.05 25
-3.20,-3.05

1074,3.0

20 to +60

115P/Maury

118P/Shoemaker-Levy 4

123P/West-Hartley
157P/Tritton

-3.32,-3.15

107,25
107, 3.0
1074, 6.0

150

10

1.6
5.7

-3.35,-3.15

-30 to +30

-3.60, -3.00
-3.20,-3.15

185P/Petriew

22

1074,2.5

P/2011 W2 (Rinner)

Anisotropic ejection; @ Scotti (1994); @ Krolikowska et al. (1998); @ Lamy et al. (2004); © Tancredi et al. (2006).

Notes. V) Tso = Isotropic ejection; Ani
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Averaged dust

Peak ejection velocity Total dust mass Total dust mass

Peak dust-loss

Comet

Contribution to the
interplanetary dust (%)

ejected per year (kg/yr) mass-loss rate (kg/s)

of 1-cm grains (m/s) ejected (kg)

rate (kg/s)

0.07
0.52
0.02
0.22
0.05
0.03
0.10
0.02

6.8

2.1 x 108

8.2 x 108
5.8x10°
29x 108

1.4

2.1

73.0
530.0

30P/Reinmuth 1

47.5

1.5%x10°
6.9 x 107

78P/Gehrels 2

2.1

14
23

45.0
180.0

115P/Maury

20.8

6.5x 108

2.3x10°
5.4x 108
2.9x 108
9.0 x 108
2.6 x 108

118P/Shoemaker-Levy 4
123P/West-Hartley
157P/Tritton

4.5

1.4 x 108
8.7 x 107
3.0x 108
6.4 x 107

1.8
2.1

65.0

2.7
9.6

50.0
143.0

7.2
1.7

185P/Petriew

2.0

15.0

P/2011 W2 (Rinner)

Notes. (V' Annual contribution to the interplanetary dust replacement (Grun et al. 1985).
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Fig. 4. Representative figure of the evolution of the dust parameter
evolution obtained in the model versus the heliocentric distance for
comet 30P/Reinmuth 1. The panels are as follows: a) dust mass-loss
rate [kg/s]; b) ejection velocities for particles of r = 1 cm glassy carbon
spheres [m/s]; ¢) maximum size of the particles [cm]; and d) power
index of the size distribution. In all cases, the solid red lines corre-
spond to pre-perihelion and the dashed blue lines to post-perihelion.
In Appendix B, the results for each comet individually are displayed
(see Figs. B.1 to B.7).

90

® Cometas_obs data
| A OSN data

—— Model
L]

-1.88]+1.88
24 23 22 21 -2.0 Ph 1.95
Heliocentric distance (AU)

30P (b)

Fig. 5. Representative figure of the comparison between observations
and model of comet 30P/Reinmuth 1. Left panels: isophote fields
a) March 10, 2010; and b) May 15, 2010. In both cases, isophote lev-
els are 2.00 x 10713, 0.75 x 107", and 0.25 x 10~'* SDU. The black
contours correspond to the OSN observations and the red contours to
the model. Vertical bars correspond to 10* km on the sky. Right panel:
parameter A fp versus heliocentric distance. The black dots correspond
to Cometas-Obs data, and the green triangles are the OSN data, which
correspond to March 10 and May 15, 2010. The red line is the model.
The observations and the model refer to p = 10* km. In Appendix C,
the comparison between observations and models for each comet indi-
vidually are displayed (see Figs. C.1 to C.7).

of ejection velocities were reached at perihelion with values
Qq = 260 kg s7! and v = 2.7 m s7! for 1 cm grains. The to-
tal dust lost per orbit was 8 x 10° kg. The annual dust loss rate
is Tg = 1.24 x 10° kg yr~', and the averaged dust mass loss rate
per orbit is 40 kg/s. The contribution to the interplanetary dust of
this comet corresponds to about 0.4% of the ~2.9 x 10!! kg yr~!
that must be replenished if the cloud of interplanetary dust is in
steady state (Grun et al. 1985).
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For 30P, 115P, and 157P, we derived an anisotropic ejection
pattern with active areas on the nucleus surface (see Table 3).
In the case of 30P, the rotational parameters, / and ¢, have been
taken from Krolikowska et al. (1998) as I = 107° and ¢ = 321°.
However, for 115P and 157P, these parameters have been de-
rived from the model. The 78P is the most active comet in our
sample with a peak dust loss rate at perihelion with a value of
Q4 = 530 kg s™! and a total dust mass ejected of 5.8 x 10° kg.
This comet was study by Mazzotta Epifani & Palumbo (2011)
in its previous perihelion passage in October 2004. The authors
estimated that the dust production rate at perihelion with val-
ues within Qg = 14-345 kg s™! using a method derived from
the one used by Jewitt (2009) to compute the dust production
rate of active Centarus. They also obtained Afp = 846 + 55 cm
in an aperture of radius p = 7.3 X 103 km, and they con-
cluded that this comet is more active than the average at a given
heliocentric distance. In addition, Lowry & Weissman (2003)
reported a stellar appearance of 78P at r, = 5.46 AU pre-
perihelion, and any possible coma contribution to the observed
flux was likely to be small or non existent, which is consistent
with our model where the comet is not active at such large pre-
perihelion distances. From our studies, we can classify our tar-
gets in three different categories: weakly active comets (115P,
157P, and Rinner) with an average annual dust production rate
of Ty < 1 x108 kg yr’l; moderately active comets (30P, 123P,
and 185P) with Ty = 1-3x108 kg yr!; and highly active comets
(22P, 78P, and 118P) with Ty > 8 x 10® kg yr~!. It is necessary
to consider that we do not have observations after perihelion for
the comet 115P and 123P. That is, our observational information
covers less than half of the orbit, losing the part of the branch
which is supposed to be the most active. For this reason, our re-
sults for these comets are lower limits in the 7y measurements.

5. Dynamical history analysis

Levison & Duncan (1994) were the first to make a comprehen-
sive set of long-term integrations (up to 107 yr) to study the dy-
namical evolution of short period comets. The authors argue that
it is necessary to make a statistical study using several orbits for
each comet with slightly different initial orbital elements due to
the chaotic nature of each individual orbit. For this reason, the
authors made a 10 Myr backward (and forward) integration for
the 160 short period comets know at that time and 3 clones for
each comet with offsets in the positions along the x, y, and z di-
rections of +0.01 AU. That is, they used 640 test particles for
their integrations. They conclude that the long-term integrations
into the the past or future are statistically equivalent, and they ob-
tained that ~92% of the total particles were ejected from the so-
lar system, and ~6% were destroyed by becoming Sun-grazers.
The median lifetime of JFCs was derived as 3.25 x 10° yr. In a
later study of the same authors (Levison & Duncan 1997), they
estimated that the physical lifetime of JFCs is between (3-25) x
103 yr, where the most likely value is 12 x 10* yr. In our case,
we use the Mercury package version 6.2, a numerical integra-
tor developed by Chambers (1999), to determine the dynamical
evolution of our targets, that has been used by other authors with
the same purpose (e.g., Hsieh et al. 2012a,b; Lacerda 2013). Due
to the chaotic nature of the targets, which was mentioned in the
Levison & Duncan (1994) study, we generate a total of 99 clones
having 20 dispersion in three of the orbital elements: semi-major
axis, eccentricity, and inclination (hereafter a, e, and i), where
o is the uncertainty in the corresponding parameter as given in

the JPL Horizons online solar system data'. In Table A.1, we
show the orbital parameters and the 1o uncertainty of our tar-
gets extracted from that web page. These 99 clones plus the real
object make a total of 100 massless test particles to perform
a statistical study for each comet, which supposes 900 mass-
less test particles. The Sun and the eight planets are considered
as massive bodies. We used the hybrid algorithm, which com-
bines a second-order mixed-variable symplectic algorithm with
a Burlisch-Stoer integrator to control close encounters. The ini-
tial time step is 8 days, and the clones are removed any time dur-
ing the integration when they are beyond 1000 AU from the Sun.
The total integration time was 15 Myr, which is time enough to
determine the most visited regions for each comet and derive the
time spent in the region of JFCs, region that is supposed to be
the location where the comets reach a temperature high enough
to be active periodically. We divide the possible locations of the
comets in four regions attending to their dynamical properties
at each moment in the study: JFC-type with a < as/(1 + e);
Centaur-type, confined by as/(1 +e€) < a < ay and e < 0.8;
Halley-type, which is similar to Centaur-type but with e > 0.8;
and Transneptunian-type with a > ay, where ag and ay are the
semi-major axes of Saturn and Neptune, respectively.

In this study, we neglect the non-gravitational forces using
the same arguments as Lacerda (2013). Thus, assuming that
the non-gravitational acceleration, 7', is due to a single subli-
mation jet tangential to the comet orbit, the change rate of the
semi-major axis is described by

da/dt = 2Va*T |GM,, A3)
where T is the acceleration due to the single jet and is given by
T = (dMq/d)(va/mmuc).- “

In these equations, V is the orbital velocity, a is the semi-major
axis, G is the gravitational constant, M is the Sun mass, vq is
the dust velocity, and my, is the mass of the nucleus. To show
a general justification to neglect the gravitational forces that are
valid to our complete list of targets, we compute the maximum
rate of change of the semi-major axis that corresponds to the
comet using the maximum a, maximum dM/df, maximum vg,
and minimum my,,.. From our comet sample, these values are
Gmax = 4.25 AU (115P), (dM/df)max = 47.5 kg s~! (78P),
(Vd)max = 708 ms~! (185P). The minimum comet nucleus was
inferred for 157P as Ry < 1.6 km, so we adopt (RN)min = 1.6 km,
which is a minimum nucleus of (Myuc)min = 1.03x10'3 kg. Taken
all those values together, we get T = 2.2 x 107 AU yr~2 and
da/dr = 4.8 x 107 AU yr’l. On the other hand, the lifetime of
sublimation from a single jet would be #y,, = 6871 yr, which is
based on the nucleus size and (dM/df)m.x. Then, the total devi-
ation in semi-major axis would be (da/d#)max X tsp = 0.33 AU.
This deviation, which should be considered as an upper limit, is
completely negligible in the scale of variations we are dealing
with in the dynamical analysis of the orbital evolution. This re-
sult is close to the one derived for Lacerda (2013), where the au-
thor gives the maximum semi-major deviation for P/2010 T020
LINEAR-Grauer as 0.42 AU.

As a result of our 15 Myr backward integration for all tar-
gets, we find that the ~98% of the particles are ejected before
the end of the integration, and in almost all cases, the surviving
clones are in the transneptunian region. Thus, we focused on the
first 1 Myr of backward in the orbital evolution, where the ~20%
of the test particles still remain in the solar system. This time is

' See ssd.pjl.nasa.gov/?horizons
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Fig. 6. 30P/Reinmuth 1 backward in time orbital evolution dur-
ing 1 Myr. Left panel: fraction of surviving clones (%) versus time from
now (Myr). The colors represent the regions visited by the test parti-
cles (red: Jupiter family region; cyan: Centaur; blue: Transneptunian;
yellow: Halley Type). The resolution is 2 X 10* yr. Bottom right panel:
the % of surviving clones versus time from now (Myr), where N = 100
is the number of the initial test massless particles.
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Fig. 7. 30P/Reinmuth 1 during the last 5 X 10* yr. Fraction of surviv-
ing clones (%) versus time from now (Myr). The colors represent the
regions visited by the test particles (red: Jupiter family region; cyan:
Centaur). The dashed line marks the bars with a confidence level equal
to or larger than 90% of the clones in the Jupiter family region. The res-
olution is 100 yr, and the number of the initial test particles is N = 100.

enough to obtain a general view of the visited regions by each
comet. After that, we display the last 5000 yr with a 100 yr tem-
poral resolution to obtain the time spent by these comets in the
JFCs region with a confidence level of 90%.

As an example of this procedure, we show the results for 30P
(see Fig. 6) in detail. For this comet, we determined that 85% of
the particles were ejected from the solar system after 1 Myr of
backward integration. We can see that most of the particles stay
in the JFCs region during the first ~2 X 10* yr , but they moved
on into further regions as centaurs and transneptunian objects
at ~2 x 10° yr. To determine the time spent by 30P in the JFCs
region, we show the last 5 x 10° yr with a resolution of 100 yr in
Fig. 7. We derive with 90% of confidence level that 30P comet
spent ~2 X 10% yr in this location.

A special case within the sample is comet 22P, which turned
to be the youngest one in our study. Its dynamical analysis shows
that the 88% of the test particles are ejected from the solar sys-
tem before 1 Myr. The probability to be at the JFCs region
in this period remains always under 20% (Fig. 8). If we fo-
cused on the last 5 x 103 yr (see Fig. 9), we determine the time
spent in JFCs region as ~100 yr. This agrees with its discovery
in 1906. It seems that this comet came from the Centaur region,
which is the most likely region occupied by the object along this
period.
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Fig. 10. Time evolution of the 900 initial particles in the 15 Myr back-
ward integration. Red circles are the real comets and their clones (in the
same location for ¢t = 0 yr, which is current position, just 20" dispersion
in the orbital parameters), and the blue circles are the surving particles
after 15 Myr.

5.1. Discussion

From the dynamical analysis, we determine that, just 12 of the
initial 900 particles (9 real comets + 99 clones per each one) sur-
vived after a 15 Myr backward integration, which means 1.3%.
This result agrees with Levison & Duncan (1994), who con-
cluded that just 11 + 4 particles, or 1.5 = 0.6%, remained in
the solar system after integration from their dynamical study. In
Fig. 10, we show the surviving clones in the a—e plane, where
just one of the clones is in the Centaur region (118P/clon74) and
the rest of them are in the transneptunian region. Two of the
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Fig. 11. Annual dust production rate of our targets obtained in the dust
analysis (see Sect. 4) versus the time in the JFCs region with a 90% con-
fidence level derived in dynamical studies (see Sect. 5). The comets with
arrows mean the Ty given for them are lower limits.

clones have a > 100 AU with a very high eccentricity (e > 0.9),
30P/clon91 and Rinner/clon31. On the other hand, there are two
comets with low eccentricity, 78P/clon86 and 118P/clon13, with
e < 0.25. The rest of the surviving clones have intermediate
values of eccentricity, 0.45 < e < 0.8, and it seems that these
comets are in a transition state between Kuiper Belt and the
Scattered Disk objects (Levison & Duncan 1997).

In addition, we derived the time spent by all the comets un-
der study in the JFCs region with a 90% of confidence level.
We can see that the youngest is 22P, followed by 78P, and 118P
(~100, ~500, and ~600 yr respectively). On the other hand, the
oldest comet in our sample is 123P with ~3.9x 10% yr. This result
is shown in Fig. 11, where we relate the annual dust production
rate (Ty4, see Sect. 4) within the time spent in the JFCs region
for each comet. It seems that the most active comets in our sam-
ple are at the same time the youngest ones, which are, 22P, 78P
and 118P.

6. Summary and conclusions

We presented optical observations, which were carried out
at Sierra Nevada Observatory on the 1.52 m telescope,
of eight JFCs comets during their last perihelion passage:
30P/Reinmuth 1, 78P/Gehrels 2, 115P/Maury, 118P/Shoemaker-
Levy 4, 123P/ West-Hartley, 157P/Tritton, 185/Petriew, and
P/2011 W2 (Rinner). We also benefited from A fp curves of these
targets along ~300 days around perihelion, which is provided
by Cometas-Obs. We used our Monte Carlo dust tail code (e.g.
Moreno 2009) to derive the dust properties of our targets. These
properties were dust loss rate, ejection velocities of particles, and
size distribution of particles, where we gave the minimum and
maximum size of particles and the power index of the size distri-
bution 6. We also obtained the overall emission pattern for each
comet, which could be either isotropic or anisotropic. When the
ejection was derived as anisotropic, we could estimate the loca-
tion of the active areas on the surface and the rotational param-
eters given by ¢ and /. From this analysis, we have determined
three categories according to the amount of dust emitted:

1. Weakly active: 115P, 157P, and Rinner with an annual pro-
duction rate Ty < 1 x 108 kg yr~'.

2. Moderately active: 30P, 123P, and 185P with an annual pro-
duction rate of Ty = 1 —3 x 108 kg yr~!.

3. Highly active: 78P and 118P with values T4 > 8 X
10® kg yr~!'. In addition to these targets, we also consid-
ered for our purposes the results of the dust characterization
given in a previous work by Moreno et al. (2012) for the
comet 22P/Kopft. For this object, the annual production rate
was derived as Tyq = 1.24 x 10° kg yr™!, which allowed us
introduced it in this category.

These results should be regarded as lower limits because largest
size particles are not tightly constrained.

The second part of our study was the determination of the
dynamical evolution followed by the comets of the sample in the
last 1 Myr. With this purpose, we used the numerical integrator
developed by Chambers (1999). In that case, we neglected the
non-gravitational forces due to the little contribution of a sin-
gle jet in the motion of our targets. We derived its maximum
influence over a as 0.33 AU during the lifetime of the sublima-
tion jet. To make a statistical study of the dynamical evolution,
we used 99 clones with 20 dispersion in the orbital parame-
ters (a, e, and i) and the real one. Thus, we had 100 test par-
ticles to determine, which were the most visited regions by each
comet and when. That analysis allowed us to determine how long
these comets spent as members of JFCs, region of special inter-
est because it is supposed that this is the place where the comets
became active by sublimating the ices trapped in the nucleus,
which belong to the primitive chemical components of the solar
system when was formed. From the dynamical study, we inferred
that our targets were relatively young in the JFC region with ages
between 100 < ¢ < 4000 years, and all of them have a Centaur
and Transneptunian past, as expected.

The last point in our conclusions led us to relate the results in
the previous points. In Fig. 11, we plotted each comet by attend-
ing to the averaged dust production rate [kg/yr] derived in the
dust characterizations (see Table 4 in Sect. 4) and the time spent
in the JFCs region that are obtained in the dynamical analysis
(see Sect. 5). Attending to that figure, we concluded that the most
active comets in our target list are at the same time the youngest
ones (22P, 78P, and 118P). Although the other targets showed a
similar trend in general, there were some exceptions (e.g., 157P
and 123P) that prevent us from reaching a firm conclusion. A
more extended study of this kind would then be desirable.
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Appendix A: Orbital parameters of the comets

In Table A.1, we show the orbital elements of the comets used during the dynamical studies in Sect. 5. They are extracted from
JPL Horizons online solar system data.

Table A.1. Orbital parameters of the short-period comets under study.

Comet et axo i+to node peri M
(AU) ©) ©) © ©)
%JL s 0.5132_38307 3.15567_;83 4-1?1?695 120.86178  162.64134  206.26869
PLKIOy s e ties 1974115 1317407 6100371
7;;;; i 0,423;98966 3'732_18262 6;_315:21 21055664  192.74376  76.36107
s 05211645 92997076 TLOSTIY 17650309 12041045 5859101
lﬁfif’49 0-4@61:_78557 3~4i€‘25:§79 8'i2§f‘615 15177018 302.17416  143.78902
1]?563 0.4&8360 34516267_‘;45 1552_6592 4659827  102.82020  43.33196
157 060217 AL TS0 30001451 148.84243 17436079
IJt;SLP43 0-6i919€3_%16 3'0319291 14;;2_7501 21409101  181.94033  62.38997
O N O e mws v

Appendix B: Dust environment of the comets in the sample

In this Appendix, we present the evolution of the dust parameters versus heliocentric distance for each comet in the sample (Figs. B.1
to B.7). These parameters are dust production rate [kg/s], ejection velocities for particles of r = 1 cm glassy carbon spheres [m/s],
the maximum size of the particles [cm], and the power index of the size distribution (). Solid red lines correspond to pre-perihelion,
and dashed blue lines to post-perihelion.
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Fig. B.1. As in Fig. 4, but for comet 78P/Gehrels 2. Fig. B.2. As in Fig. 4, but for comet 115P/Maury.
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Fig. B.3. As in Fig. 4, but for comet 118P/Shoemaker-Levy 4.
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Fig. B.6. As in Fig. 4, but for comet 185P/Petriew.
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Fig. B.5. As in Fig. 4, but for comet 157P/Tritton.
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Appendix C: Comparison between observational
data and models

In this Appendix (Figs. C.1 to C.7), we show the comparison be-
tween the observational data and the models proposed in Sect. 4,
which describe the dust environments of the comets of the sam-
ple, as in Fig. 5.
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Fig. C.1. As in Fig. 5, but for comet 78P/Gehrels 2. Isophote fields:
a) December 19, 2011. b) January 4, 2012. In both cases the isophote
levels are 0.55 x 1072, 2.65 x 107!3, and 1.35 x 1073 SDU.
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Fig. C.2. As in Fig. 5, but for comet 115P/Maury. Isophote fields:
July 15, 2011. Isophote levels are 1.00 x 10713, 3.00 x 1074, and 1.30 x
107 SDU.
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Fig. C.3. As in Fig. 5, but for comet 118P/Shoemaker-Levy 4. Isophote
fields: December 12, 2009. Isophote levels are 1.50 x 10713,6.00x 10~
3.50 x 1074, and 2.00 x 1074 SDU.
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Fig. C.4. As in Fig. 5, but for comet 123P/West-Hartley. Isophote fields:
a) February 26, 2011. b) March 31, 2011. Isophote levels are 1.00 x
107"3, 0.35 x 107"3, and 0.15 x 107'3 SDU in a) and 1.50 x 10713,
0.50 x 10713, and 0.25 x 1073 SDU in b).
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Fig. C.5. As in Fig. 5, but for comet 157P/Tritton. Isophote fields:
March 10, 2010. Isophote levels are 6.00 x 10713, 0.75 x 10713,
and 2.65 x 10714 SDU.
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Fig. C.6. As in Fig. 5, but for comet 185P/Petriew. Isophote fields:
July 15, 2012. Isophote levels are 1.80 x 107'3, 1.00 x 107'* 0.60 x
10713, and 0.35 x 1073 SDU.
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Fig. C.7. As in Fig. 5, but for comet P/2011 W2 (Rinner). Isophote

fields: a) December 22, 2011. b) January 4. In both cases the isophote
are 6.00 x 10714,2.70 x 107'#, 1.50 x 107**, and 0.80 x 10~'* SDU.
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ABSTRACT

Aims. This paper is a continuation of the first paper in this series, where we presented an extended study of the dust environment of
a sample of short-period comets and their dynamical history. On this occasion, we focus on comets §1P/Wild 2 and 103P/Hartley 2,
which are of special interest as targets of the spacecraft missions Stardust and EPOXI.

Methods. As in the previous study, we used two sets of observational data: a set of images, acquired at Sierra Nevada and Lulin obser-
vatories, and the A fp data as a function of the heliocentric distance provided by the amateur astronomical association Cometas-Obs.
The dust environment of comets (dust loss rate, ejection velocities, and size distribution of the particles) was derived from our Monte
Carlo dust tail code. To determine their dynamical history we used the numerical integrator Mercury 6.2 to ascertain the time spent
by these objects in the Jupiter family Comet region.

Results. From the dust analysis, we conclude that both 81P/Wild 2 and 103P/Hartley 2 are dusty comets, with an annual dust produc-
tion rate of 2.8 X 10° kg yr! and (0.4—1.5) x 10° kg yr™', respectively. From the dynamical analysis, we determined their time spent
in the Jupiter family Comet region as ~40 yr in the case of 81P/Wild 2 and ~1000 yr for comet 103P/Hartley 2. These results imply
that 81P/Wild 2 is the youngest and the most active comet of the eleven short-period comets studied so far, which tends to favor the
correlation between the time spent in JFCs region and the comet activity previously discussed.

Key words. methods: observational — methods: numerical — comets: individual: 81P/Wild 2 — comets: individual: 103P/Hartley 2 —

comets: general

1. Introduction

Cometary science has been revolutionized by in situ mis-
sions over the last several decades. It will continue to de-
velop and transform with the arrival of Rosetta Spacecraft
at Comet 67P/Churyumov-Gerasimenko. Unfortunately, only a
few comets have been studied by spacecraft missions. In this pa-
per we focus on comets 81P/Wild 2 and 103P/Hartley 2. Both
comets have been the subject of extensive studies in past years
and were the targets of the Stardust and EPOXI missions.

Comet nucleus 81P/Wild 2 (hereafter 81P) has been deter-
mined as a triaxial ellipsoid having radii of (1.65x2.00x2.75) +
0.05 km by Duxbury et al. (2004). The surface shows an ancient
terrain composed of cohesive porous materials, probably as a
consequence of a mixture of fine dust and volatiles when the
comet was formed. It also shows the presence of large-impact
craters, implying that the cohesive nature of the surface is old,
since it was present before the comet entered the inner part of the
solar system (Brownlee et al. 2004). Sekanina (2003) established

Article published by EDP Sciences

its current orbit as a consequence of a close encounter with
Jupiter in 1974, when its perihelion and aphelion distances de-
creased from 5.0 to 1.5 AU and from 24.7 to 5.2 AU respec-
tively. Comet 103P/Hartley 2 (hereafter 103P), has a small nu-
cleus with a bilobed shape and a diameter in the range of 0.69
to 2.33 km (A’Hearn et al. 2011). It is considered to be a hy-
peractive comet, with large-grain production with velocities of
several to tens of meters per second (Harmon et al. 2011; Kelley
et al. 2013; Boissier et al. 2014). Its orbit period is 6.47 yr, with
current perihelion and aphelion distances of ¢ = 1.05 AU and
0 =5.88 AU.

In this paper we study these comets in the same way as
in Pozuelos et al. (2014, hereafter Paper I). Thus, we use our
Monte Carlo dust tail code (e.g., Moreno 2009), which allows
us to obtain the dust parameters: i.e., dust loss rate, ejection ve-
locities and the size distribution of particles, and the emission
pattern. For anisotropic emission, we introduce active area re-
gions, along with the rotational parameters of the nucleus: rota-
tion period and orientation of the spin axis defined by the angles

A64, page 1 of 12



A&A 571, A64 (2014)

81P/Wild 2
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103P/Hartley 2
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Fig. 1. Representative images of the observations obtained using a CCD camera at 1.52 m telescope at the Observatorio de Sierra Nevada in
Granada, Spain. Right panel corresponds to 8 1P/Wild 2 on April 9, 2010. Isophote levels in solar disk units (SDU) are: 0.25 x 10713, 0.77 x 10713,
2.20 x 10713, Left panel corresponds with comet 103P/Hartley 2 on August 4, 2010. Isophote levels are: 0.20 x 10713, 0.40 x 10713, 1.10 x 10713,
In both cases the directions of celestial north and east are given. The vertical bars correspond to 2 x 10* km in the sky.

I (obliquity) and ¢ (argument of the subsolar meridian at perihe-
lion) (e.g., Sekanina 1981). In the second part of our study we
analyze the dynamical history of these comets. To perform this
task we use the numerical integrator developed by Chambers
(1999), which has been used before by other authors, such as
Hsieh et al. (2012a,b) and Lacerda (2013). From this analysis
we studied the last 15 Myr of these comets, and we obtained the
time spent by them in the region of the Jupiter family Comets
(JFCs). Both dust environment and dynamical studies allowed
us to determine how active these comets are as a function of
the time spent as JFCs. We based our studies on two different
kinds of observational data: direct imaging in Johnson R fil-
ter from ground-based telescopes, most of them obtained at the
1.52-m Sierra Nevada Observatory (Spain), and some of them
at the 1-m telescope of Lulin Observatory (Taiwan) (Lin et al.
2012). The second block of observational data corresponds to
Afp measurements provided by the amateur astronomical as-
sociation Cometas-Obs. These observations almost completely
cover the orbital path when the comets are active.

The observations and the data reduction are explained in
Sect. 2; the model is described in Sect. 3 ; the dust analysis, and
comparison with others currently available are given in Sect. 4;
the dynamical study appears in Sect. 5; and finally the summary
and conclusions are given in Sect. 6.

2. Observations and data reduction

Most of the images of 81P and 103P were taken at the 1.52 m
telescope at the Sierra Nevada Observatory (OSN) in Granada,
Spain. We used a 1024 x 1024 pixel CCD camera with a
R Johnson filter. For comet 81P, we also used observations ac-
quired at the 1 m telescope at Lulin Observatory in Taiwan, using
a 1340x1300 pixel CCD with an Ashi R broadband filter. Table 1
shows the log of the observations. Additional details for the ob-
servations at Lulin Observatory are given in Lin et al. (2012)
and the references therein. Several images of the comets were
taken in order to improve the signal-to-noise ratio. A median
stack was obtained from available images. The individual im-
ages from each night were bias-subtracted and flat-fielded using
standard techniques. To perform the flux calibration, we used
the USNO-B1.0 star catalog (Monet et al. 2003), so that each
image we acquired was calibrated to mag arcsec™> and then con-
verted to solar disk units (SDU). We rotated each image to the
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(N, M) system (Finson & Probstein 1968), where M is the pro-
jected Sun-comet radius vector, and N is perpendicular to M in
the opposite half plane with respect to the nucleus velocity vec-
tor. The images were finally rebinned so that the physical dimen-
sions were small enough to be analyzed with our Monte Carlo
dust tail code. Representative reduced images of 8§1P and 103P
are displayed in Fig. 1.

The second block of our observational data are the Afp
(A’Hearn et al. 1984) measurements carried out by the am-
ateur astronomical association Cometas-Obs'. These observa-
tions cover most of the orbital arc where the comets are active.
They are given as a function of the heliocentric distance and are
always referred to as an aperture of p = 10* km projected on the
sky at each observation date. The calibration was made using the
star catalogs CMC-14 and USNO A2.0. To make a direct com-
parison, we computed the A fp with p = 10* km from the OSN
and Lulin image observations (see Table 1).

It is important to note that some of the observational data cor-
respond to times where the phase angle is close to zero degree.
We corrected for the backscattering enhancement (Kolokolova
et al. 2004) by the expression:

-B(30-0)
Afpr =107 X Afp, (1
where 3 is the linear phase coefficient, for which we assumed 8 =
0.03 mag deg™!, based on the studies by Meech & Jewitt (1987)
for several comets. The correction is applied when @ < 30°.
More details are given in Sect. 3 of Paper I. This backscattering
effect becomes especially important for comet 81P. In Fig. 2 we
observe a clear increase in A fp for small phase angles and see
how these data are corrected after application of Eq. (1). Despite
this clear correlation between A fp and «, there are authors who
attributed this enhancement to an outburst experienced by the
comet after perihelion passage. We discuss this in Sect. 4.

3. Monte Carlo dust tail model

As in Paper I, to fit the observational data described in the
previous section, we used our Monte Carlo dust tail code (see
e.g., Moreno 2009). This code allowed us to generate syn-
thetic images that can be directly compared with the obser-
vations, from which we can derive the synthetic Afp curves.

' See http://www.astrosurf.com/cometas-obs/
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Table 1. Log of the observations.

I . L 4 2
. h A Resolution Phase Position  Afp (p = 10" km)

Comet Observation date (AU) (AU) (kmpixel)) angle () angle () (cm) Telescope
() 2010 Jan. 16.81 -1.639 1.080 808.4 354 292.6 566+ 113 Lulin
(b) 2010 Apr. 9.06 1.660  0.674 899.5 10.1 262.3 35170 OSN
(c) 2010 Apr. 21.06 1.695  0.694 926.2 4.7 208.7 272 +54 OSN

81P/Wild 2 (d) 2010 May 15.96 1.789  0.822 1097.2 14.0 125.2 236 +47 OSN
(e) 2010 Jun. 3.93 1.875 0992 13239 21.0 116.7 258 +51 OSN
(f) 2010 Jul. 6.89 2.046  1.404 1873.7 26.8 110.3 139 +27 OSN
(2) 2010 Aug. 21.85 2302  2.119 2827.9 25.9 103.7 148 +29 OSN
(a) 2010 Jul. 12.14 -1.744 00916 641.2 29.0 228.5 9+1 OSN
(b) 2010 Aug. 4.11 -1.541  0.666 444 .4 29.4 210.7 16+3 OSN

103P/Hartley 2 (V5010 Sept. 6.04  —1274 0352 4697 354 179.6 2444 OSN
(d) 2010 Nov. 3.16 1.061  0.150 400.3 58.7 282.4 65+13 OSN

Notes. () Negative values correspond to pre-perihelion, positive values to post-perihelion dates. ¥ The A fp values for phase angle <30° have been

corrected according to the Eq. (2) (see text).

This code was successfully used in previous works to deter-
mine the dust properties of some short-period comets such as
29P/Schwassmann-Wachmann 1 and 22P/Kopff (Moreno 2009;
Moreno et al. 2012), as well as some Main-belt comets: P/2010
R2 (La Sagra), P/2012 T1 (PANSTARRS), and P/2013 PS5
(PANSTARRS; Moreno et al. 2011, 2013, 2014). This code
is also called the Granada model in Fulle et al. (2010) where
the authors describe the dust environment of the Rosetta target
67P/Churyumov-Gerasimenko. The model computes the trajec-
tory of a large number of particles when they are ejected from
the nucleus surface and are submitted to the solar gravity and
radiation pressure force, describing a Keplerian orbit around
the Sun. Considered to be spherically shaped, the particles are
characterized by the 8 parameter, which is the ratio of the ra-
diation pressure force to the gravity force. For those particles
B = CprQp/(pad), where Cpy = 1.19 X 1073 kg m™2, Oy is the
radiation pressure coeflicient, p the particle density, assumed as
p = 1000 kg m™3, and d the particle diameter.

To compute the geometric albedo p, and Qy,, we used the
Mie theory to describe the interaction of the electromagnetic
field with spherical particles, assuming a refractive index of
m = 1.88 + 0.71i that is typical of carbonaceous spheres at red
wavelengths (Edoh 1983). This gives p, = 0.04 for r > 1 um at
most of the phase angles, and O, ~ 1 (Burns et al. 1979).

In the model, the trajectories and positions of the particles in
the N, M plane and their contribution to the tail brightness are
computed. The free parameters dust loss rate, ejection velocities,
size distribution of the particles, and the dust ejection pattern,
which can be either isotropic or anisotropic. In cases where an
anisotropic outgassing is obtained, the emission is parametrized
by a rotating nucleus with active areas on the surface. The ro-
tation state is parametrized by two angles: the obliquity / of
the orbit plane to the equator and the argument ¢ of the sub-
solar meridian at perihelion (Sekanina 1981). The size distri-
bution of the particles is defined by the maximum and mini-
mum Sizes ’max, 'min,» and the index ¢ of the power law function
n(r) o r°, which describes the size distribution. For simplicity
Tmin has been set to 1 um in all calculations. For large sets of
comets, ¢ has been concluded to be in the range of —4.2 and —3.0
(e.g., Jockers 1997). The terminal velocity is parametrized as
u(t,B) = vi(r) X B where v; (¢) is determined during the modeling
process, and the index 7 is a constant assumed as y = 1/2, which
is the value commonly accepted for hydrodynamical drag from
sublimating ices (e.g., Moreno et al. 2011; Licandro et al. 2013).

Owing to the large number of parameters that are used in the
model, the solution is not unique and it is possible to find an al-
ternative set of parameters to fit the observational data. However,
the range of possible solutions is considerably reduced when
the available observations cover most of the orbital arc of the
comets. For this reason, we combined direct imaging observa-
tions and a large number of A fp measurements given by differ-
ent observers in different locations, such as those provided by
the association Cometas-Obs.

4. Dust analysis

In Paper I, we determined three categories according to the
amount of dust emitted: (i) weakly active: 115P, 157P and Rinner
with an annual production rate of Ty < 1 x 10® kg yr™!; (ii) mod-
erately active: 30P, 123P, and 185P where the annual production
rateis Ty = 1 —3 x 10 kg yr~!; and (iii) highly active: 78P, 22P,
and 118P with an annual production rate of Ty > 8 x 108 kg yr~!.
For three of those targets, an anisotropic ejection pattern was ob-
tained: 30P, 115P, and 157P. The general method used to fit the
observations and obtain the dust parameters is a trial-and-error
procedure, starting with the simplest scenario, where we con-
sider an isotropic ejection outgassing model, with rp, = 1 um,
rmax = 1 cm, § = =3.5, and both v{(¢) and dM/d¢ monotoni-
cally symmetric evolution with respect to perihelion. Once we
reproduced the tail intensity in the optocenter, we started to vary
the parameters and their dependence on the heliocentric distance
to obtain the best possible fit. When the observations cannot be
reproduced by isotropic emission, we set active areas on the sur-
faces, i.e., an anisotropic emission pattern, and repeat different
combinations of the dust parameters until an acceptable result is
obtained.

4.1. 81P/Wild 2

The comet 81P has an effective nucleus of Ry = 2.00 km
(Sekanina et al. 2004) and a bulk density of p = 600 kg m™3
reported by Davidsson & Gutierrez (2004). Our observational
data for comet 81P are six direct images post-perihelion pas-
sage at OSN 1.52 m telescope and ~300 Afp measurements
by Cometas-Obs, which cover from ~-2.15 to ~2.45 AU. In
addition, we benefited from observations carried out in the
1 m Lulin telescope by Z.-Y. Lin. From these observations we
selected one pre-perihelion image (January 16.81, 2010) and
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Fig. 2. 81P/Wild 2 A fp measurements by Cometas-Obs. Upper panel:
original data and phase angle as a function of heliocentric distance.
Lower panel: original A fp data and corrected A fp data by Eq. (1) (see
text).

5 Afp measurements pre- and post-perihelion (see Table 1). The
complete set of Afp data as a function of the heliocentric dis-
tance is shown in Fig. 4, where all the data have been corrected
from backscattering enhancement using Eq. (1).

We observed two enhancements in the measurements that
were not related to low @ values. We considered them as small
outbursts suffered by the comet. The first one occurred on
October 29 (2009), when the comet was at r, ~ 1.949 AU in-
bound, where the maximum value of Afp was ~782 cm. To
our knowledge, this outburst has not been reported previously.
In our dust characterization we concluded that the event dura-
tion was ~40 h, and the comet emitted mgp; ~ 9.2 X 10® kg of
dust, reaching a peak dust production rate of 1190 kg s™!, re-
turning to normal activity on November 13. However we only
have a limited number of sample observations for this period, so
this result must be read with caution. The second outburst was
first identified by Bertini et al. (2012). This second event took
place post-perihelion, August 5 (2010), at ~2.215 AU outbound,
with a maximum value of Afp ~ 380 cm. Our dust analysis es-
timated this event as three times less intense than the first one,
Mmepxt ~ 3.0 x 108 kg with a duration of ~55 h and a peak dust
production rate of 450 kg s~!. During both outbursts, I and II,
the maximum particle size was 3 cm.

Overall, without taking the outburst events into account, we
concluded that the comet reached its maximum level of activity
at r, ~ 1.64 AU inbound, that is ~40 days before perihelion,
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model we derived the rotational angles as I = (50 + 5)° and
¢ = (300 + 20)°. Figure 3 we display the evolution of the dust
parameters as a function of heliocentric distance, and in Figs. 4
and 5 we present the comparison of the model with the observa-
tional data, which are remarkably similar. From the dust analy-
sis, we determined that the total dust production rate of §1P was
1.1 x 10'° kg during the 3.8 yr covered by the study, that is, an
annual dust production rate of Ty = 2.8 x 10° kg yr~!' and an
average dust mass lost rate of 87.5 kg s™!. The contribution to
the annual interplanetary dust replacement, established by Grun
etal. (1985) as 2.9 x 10" kg yr!, is ~0.96%.

4.2. 103P/Hartley 2

The observational data of comet 103P consist of four direct im-
ages obtained at the 1.52 m OSN telescope, three pre-perihelion
and one post-perihelion (see Table 1), and ~430 A fp measure-
ments carried out by Cometas-Obs, covering pre- and post-
perihelion branches in the orbit, from ~—-2.00 to ~2.60 AU. The
observations have been corrected by Eq. (1) for the data hav-
ing @ < 30° as in the case of 81P, but in this case there is not a
strong dependence between « and any enhancements in the mea-
surements. This comet has been subjected to an extensive study
as a consequence of its encounter with the Deep Impact space-
craft in the framework of the EPOXI mission (see e.g., A’Hearn
et al. 2011; Meech et al. 2011). For most of those studies it was
considered as a hyperactive comet with an emission of large par-
ticles (see e.g., Harmon et al. 2011; Kelley et al. 2013; Boissier
et al. 2014).The mean radius (radius of a sphere of equivalent
volume) is calculated by Thomas et al. (2013b) as 0.580 + 0.018
km, but the bulk density is not determined well, since it is in the
range of p = 140—520 kg m~> (A’Hearn et al. 2011; Richardson
& Bowling 2014; Thomas et al. 2013b). Consequently, the es-
cape velocity of particles is in the range of veg. = 3.6-6.9 cms™!.
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Fig. 4. Comparison of observed and modeled Afp data as a function
of heliocentric distance. Parameter A fp versus heliocentric distance.
The Afp measurements have been corrected using Eq. (1). Black dots:
Afp data from Cometas-Obs. Green triangles: A fp data derived from
OSN images. Blue diamonds: A fp data from Lulin observatory images.
The observations labeled (a) to (g) correspond to the A fp derived from
images (a) to (g) in Fig. 5. The outbursts I (inbound) and II (outbound)
described in the text are marked with arrows. All the A fp values refer
to p = 10* km.

Thus, for our purposes, we assume the maximum value of the
bulk density as p = 520 kg m~3, which corresponds to the up-
per limit of escape velocity. To perform the dust characterization
we introduce two models, which agree with the observations.
The first one is based on previous knowledge, i.e., large particle
emission and high dust production rate (hyperactivity).The sec-
ond one tries to reproduce the observations without the emission
of large particles and with moderate dust production rate.

Model I or hyperactive model. In this case we consider the
results derived from the EPOXI mission and other authors, such
as Harmon et al. (2011), where a large size of particles were ob-
tained, with sizes in the range of ~20 cm and larger. To try to re-
produce these results, we fixed the maximum size of particles to
r = 20 cm around perihelion, where the comet reaches its max-
imum dust production rate. This model has a gentle increase in
the dust parameters toward perihelion, where a strong increase
occurs, peaking at ~1.20 AU post-perihelion. This behavior is
also seen in the A fp measurements (Fig. 8). The maximum dust
production rate is found to be 600 kg s~!, and the ejection veloc-
ity of 1-cm size particles reaches ~14 m s™!. The total dust mass
ejected during the 3.79 yr span in this study is 5.9 x 10° kg, so
the annual dust production rate is Tq = 1.5 x 10° kg yr~!. This
model represents an annual contribution of 0.51% to interplane-
tary dust. Figure 6 we show the evolution of the dust parameters
as a function of the heliocentric distance, and in Figs. 8 and 9 we
show the comparison between the available observations and the
model.

Model II or standard model. In this case, the maximum par-
ticle size was not forced to 20 cm, but is a free parameter that
can have any possible value. It reaches 3 cm at perihelion. As in
Model I the peak of the dust parameter occurs after perihelion
at ~1.20 AU, where the dust production rate is 160 kg s~!, and
the ejection velocity for 1 cm particles is ~7 m s~!. In this case
the total dust emitted by the comet was 1.7 x 10° kg, and the
annual dust production rate was Ty = 4.5 x 10% kg yr™!. The
contribution to the interplanetary dust per year represents 0.15%
of the total. The evolution along the heliocentric distance of the

dust parameters is displayed in Fig. 7, and the comparison of the
observations to the model are shown in Figs. 8 and 10.

In both cases, Models I and II, the emissions have been found
to be isotropic.

4.3. Discussion

The dust characterization of 81P shows the peak of activ-
ity around ~40 days pre-perihelion. In previous studies of
this comet during the perihelion passages in 1990, 1997, and
2004, the comet showed the peak of activity a few weeks pre-
perihelion due to a seasonal effect. Sekanina (2003) studied this
behavior when the comet activity reached its maximum value
three weeks before perihelion with a post-perihelion fading. To
explain this behavior, the author proposed that the spin axis is
not quite normal to the orbital plane. In addition, Farnham &
Schleicher (2005) attribute this conduct to a strong seasonal ef-
fect with at least one source region moving from summer to win-
ter speedily. Analogous results of this behavior have also been
obtained in independent studies by other authors (e.g., Hanner
& Hayward 2003; Hadamcik & Levasseur-Regourd 2009).

In the analysis carried out by Bertini et al. (2012), the au-
thors identified an enhancement of A fp measurements ~60 days
post-perihelion. The authors also noticed that during that period
there was a minimum phase angle, and they corrected the effect
by reducing all A(@)fp values to @ = 0°, and using A(0)fp as
reference. After the authors applied the correction, the enhance-
ment on Afp measurements was still evident, which led them
to consider it as an outburst event. In our case, Cometas-Obs
also reported this enhancement in the A fp measurements, but
in contrast to Bertini et al. (2012), the enhancement completely
disappeared after correction (using Eq. (1), see Fig. 2), so we
concluded that the comet started to fade after the pre-perihelion
peak.

During the Stardust flyby on 2 January 2004 (at r, =
1.855 AU post-perihelion), Green et al. (2004) used the Dust
Flux Monitor Instrument (DFMI) to obtain a cumulative mass
distribution index & (where the number of particles of mass m
or larger is given by the power law N(m) o m™) in the coma
ranges from 0.3 to 1.1, where & = 0.75 + 0.05 was found to be
the best fit for the data. From this cumulative mass distribution
index we can conclude that the power index of the differential
size distribution is § = -3¢ — 1. Thus, ¢ is in the range of —1.9
to —4.3, with the best match to the data being 6 = —3.25 + 1.25.
This value perfectly agrees with the one derived from our model
at the same heliocentric distance.

The rotational parameters derived from the model agree with
the ones proposed by Sekanina et al. (2004), who concluded
that / = 55° and ¢ = 150°. The equivalent solution for ¢ is
180° + ¢ = 330, Sekanina (1981), which is close of our value.
Belton et al. (2013a) established a relationship between mini-
outbursts suffered by the comet 9P/Temple 1 and pits (large pop-
ulation of quasi-circular depression) on the surface of the comet,
reported by the encounter of Stardust-NExXT spacecraft and Deep
Impact mission (see e.g., Veverka et al. 2013; A’Hearn et al.
2005; Thomas et al. 2013a). The authors argue that ~96% of
these features were due to mini-outbursts, while ~4% had their
origin in other processes, such as collisions with asteroidal mate-
rial and cryo-volcanism. From this relationship, the authors pro-
pose that the pits observed on the surface of 81P are also due to
outburst events. In our model, we have identified two outbursts,
one inbound and the other outbound, both more intense than the
mini-outbursts studied by Belton et al. (2013a), which were in
the range of 6-30 x 104 kg. However, Brownlee et al. (2004),
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Kirk et al. (2005) and Basilevsky & Keller (2006, 2007) con-
sidered the origin of pits in the context of impact phenomena.
Therefore, the relationship between outbursts and pits are not
clear in the case of 81P, and more studies would be desirable
to determine how often the outbursts occur in this comet, and if
they are the cause of pits on the surface.

The comet 81P has been found to be the most active one
in the whole sample of short-period comets studied in Paper I
and in this paper, with an annual dust production rate of T4 =
2.8 x 10° kg yr!.

Our study of the 103P offers two solutions to fitting the ob-
servation: Model I, where the comet is found to be hyperactive,
and Model Il where we proposed a standard dust behavior. In
Model I we imposed large size particles (up to rm,x = 20 cm)
and we concluded that the annual dust production rate is T4 =
1.5 x 10° kg yr™!, with a dust production rate of 300-550 kg s~
during perihelion and Deep Impact spacecraft closet approach.
In contrast, in Model II our solution also agrees with the observa-
tions but with a maximum particle size of r,.x = 3 cm, where the
annual dust production rate is Ty = 4.5 103 kg yr~!. During the
perihelion and Deep Impact encounter, the dust mass loss rate
was in the range of 120—140 kg s~!. Thus, the range of the dust
production rate obtained by our study is 120-550 kg s~' dur-
ing perihelion passage and spacecraft encounter. Harmon et al.
(2011) established a value of 300 kg s~! roughly in the same pe-
riod, while Boissier et al. (2014) inferred a much wider range
of 830-2700 kg s~! based on their two models under various
assumptions, such as the dust composition, size distribution,
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Fig. 5. Isophote field comparison between ob-
servations and model. The black contours cor-
respond to the observations and the red ones to
the model. The dates and the SDU levels are
a) Jan. 16.81, 2010. Levels are 0.80 x 1073,
2.00 x 10713, and 5.00 x 10~'3 SDU; b) Apr.
9.06, 2010. Levels are 0.25 x 10713, 0.77 x

‘ 107", and 2.20 x 1073 SDU; ¢) Apr. 21.06,
2010. Levels are 0.25x 10713, 0.77 x 10713, and
2.20 x 10~ SDU; d) May 15.96, 2010. Levels
are 0.10x 10713, 0.25x 10713, 0.77 x 10~3, and
2.20 x 10713 SDU; e) Jun. 3.93, 2010. Levels
are 0.10x 10713, 0.25 x 10713, 0.77 x 107'3, and
2.20x 10713 SDU; f) Jul. 6.89, 2010. Levels are
0.08 x 10713,0.25 x 1073, and 0.77 x 10713
SDU; g) Aug. 21.85, 2010. Levels are 0.25 X
10713,0.77 x 10713, and 2.20 x 1013 SDU. See
log of the observations in Table 1.
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Fig.6. As Fig. 3 but for comet 103P/Hartley 2. Corresponding to
Model I. This model fits the observations displayed in Figs. 9 and 8§,
where it is represented by the red line.

and grain velocities. The authors attributed the uncertainty of
their values to the uncertainties in the size distribution cut-off
and kinematics. The total dust emitted by 103P for the whole
orbit during 2010 perihelion passage, has been found to be
in the range of 1-4 x 10° kg in previous studies (see e.g.,
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Fig.7. As in Fig. 3 but for comet 103P/Hartley 2. Corresponding to
Model II. This model fits the observations displayed in Figs. 10 and 8
where it is represented by the blue line.

Lisse et al. 2009; Bauer et al. 2011; Thomas et al. 2013b;
Knight & Schleicher 2013). These values agree with the range
of 1.7-5.9 x 10° kg derived from our models, which cover most
of the time in which the comet is active.

The very complex rotational state of the nucleus was studied
in detail in Belton et al. (2013b). In Belton (2013) the authors
described the active areas migration over the lobes of the nucleus
following the Sun; thus, the strong activity shown by this comet
is correlated with the rotation of the nucleus. Two faint dust jets
seem to have had their origin in those active areas (see e.g., Lara
et al. 2011; Mueller et al. 2013; Tozzi et al. 2013). Thanks to
this correlation between active areas and rotation of the nucleus,
the comet has an isotropic pattern of time-averaged outgassing
from its nuclear surface. This fact led Groussin et al. (2004),
Lisse et al. (2009), and Knight & Schleicher (2013) to report
the comet as a highly active nucleus with ~100% of the surface
area active. These results agree with the isotropic dust emission
pattern derived from our Models I and II.

Another important point is the nature of the large chunks,
observed during the EPOXI flyby and inferred from radar obser-
vations (see e.g., A’Hearn et al. 2011; Harmon et al. 2011), and
the real size of them. Knight & Schleicher (2013) deduced that
those chunks are large dust grains (up to 20 cm) because of the
lack of interaction between the radiation pressure and the dust
jets observed. However, Kelley et al. (2013) propose two models:
(1) the icy case, where the particles have an albedo of 0.67, p =
0.1 gcm™, and the size of particles are in the range of 1-20 cm;
(2) the dusty case, with an albedo of 0.049, p =03 g cm™3, and
the particle sizes in the range of 10-210 cm. The authors con-
cluded that the icy model is more likely. However, these models
may not reflect the true nature of the particles, although they did
produce useful information on the limits of particle size and the
fact that a coma of both icy and dusty particles is possible.

To explain the relatively short life times of those large
chunks, Tozzi et al. (2013) established that they need to have
some impurities such as silicates embedded in them, and inferred
the presence of grains which might have lot of organics. Finally,
Boissier et al. (2014) present two models based on crys-
talline/amorphous (of ratio of 1) silicate particles with a grain
density of p = 0.5 g cm™, where the maximum size of the

Cometas_obs data
120 ‘ ; OSthata_ '
s Model |
Model Il
90 ‘ I
z i
S 0
S 60
< p
LN
30 (a\) 3 9l ' ""lw"‘q
-1.05]+1.05
-1.85 -1.35 Ph 1.35 1.85 2.35

Heliocentric distance (AU)

Fig. 8. Comparison between observational data and the models pro-
posed for the comet 103P/Hartley 2. A fp measurements have been cor-
rected using Eq. (1). Black dots are the data from Cometas-Obs, and
green triangles marked from (a) to (d) are the observations at OSN tele-
scope. The red line corresponds to Model I or Hyperactive model, which
fits the observations in Fig. 9. The blue line is the Model II or Standard
model, and its fits with observations can be checked in Fig. 10. All the
Afp values are referred to p = 10* km.

particles was obtained depending on the escaping gas: (1) amax =
1 m, to HyO; 2) amax = 2.4 m, to CO,. Therefore, the true
nature and the size of the large chunks observed are not com-
pletely accurate and are still under study. The presence of the
large particles in the coma of this comet was already inferred in
Epifani et al. (2001) during the observations of 1 January 1998
using the ISOCAM. The authors deduced that the dust produc-
tion rate at perihelion ranged from 10 kg s™! to 100 kg s™!. The
peak of the dust production rate and the ejection velocities of
the particles occurred two weeks after perihelion, with a rapid
decrease just before it. However, the authors attributed this be-
havior to the instability of the model outputs around perihelion,
showing unrealistically large variations in the power index of
the size distribution. The best fitting power law was found to be
6 = —=3.2 £ 0.1 by the authors. In the 2010 perihelion passage,
the power index of the size distribution derived from our mod-
els take values from —3.45 to —3.25, which are bit higher than
the values assumed/derived by other authors, such as Bauer et al.
(2011) of —4.0, Kelley et al. (2013) in the range of —6.6 to —4.7,
and Boissier et al. (2014) of —-3.5.

It is important to note that in general, when the power index
is =3 < § < —4, the dust mass depends on the largest particles,
while the brightness in the tail depends on the smallest grains,
so that it is always difficult to determine the large particle popu-
lation in the tail (Fulle 2004). For this reason, the mass found in
the models should be considered as lower limits of the total dust
emitted (see Paper I). In the case of 103P, Model I is closer to a
real solution than Model 11, which represents a lower limit in the
dust production.

As a result of the particle velocities obtained in Paper I, the
characterization of 22P/Kopff in Moreno et al. (2012), the re-
sult presented by Fulle et al. (2010) to comet 67P/Churyumov-
Gerasimenko, and this study, we found a definite relationship
between the ejection velocities and the heliocentric distance.
For example, for r = 1 cm particles, we found a power law
given by v = A X r; %, where A and B parameters were given
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by A = 7.067 m5*!/s and B = 1.998. Thus, the ejection velocity
law is roughly inversely proportional to ~r}21. This agrees with
the results from hydrodynamical inner coma models by Crifo
& Rodionov (1997) and disagrees with the r; ! dependence by
Whipple (1951). The result of the fit is displayed in Fig. 11,
where in addition to the 11 comets studied between Paper I and
this study, we add the ejection velocity of 1 cm particles of the
comet 67P/Churyumov-Gerasimenko, obtained by Fulle et al.
(2010). In that figure, one can see that 81P at ~2.0 AU and 22P at
r, > 2.5 AU have deviated from this trend. In the case of 81P, this
behavior it is due to the outburst I characterized in Sect. 4.1, and
for 22P it comes from the strong dust ejection anisotropies at the
large heliocentric distances identified by Moreno et al. (2012).

5. Dynamical history analysis

To obtain the dynamical evolution of the two comets studied
in this paper, we followed the same procedure as described
in Paper I, which is based on previous studies by Levison &
Duncan (1994). We used version 6.2 of Mercury’s numerical in-
tegrator developed by Chambers (1999). We generated 99 clones
having 20 dispersion in three of the orbital elements: semima-
jor axis, a, inclination, i, and eccentricity, e, where o is the un-
certainty in the corresponding parameter as given in the JPL
Horizons online solar system data®. The orbital parameters and

2 See ssd.pjl.nasa.gov/?horizons
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Fig. 9. Isophote field comparison between obser-
vations and Model I or Hyperactive model. The
black contours correspond to the observations
and the red ones to the model. The dates and
the SDU levels are a) Jul. 12.14, 2010. Levels
are 0.30 x 1074, 0.55 x 107'4, and 1.20 x 10714
SDU:; b) Aug. 4.11, 2010. Levels are 0.20x 1073,
0.40 x 10713, and 1.10x 10713 SDU; ¢) Sep. 6.04,
2010. Levels are 0.15 x 10713, 0.40 x 10713, and
1.10x 10713 SDU; d) Nov. 3.16, 2010. Levels are
0.55x10713,1.25%10713,4.00 x 10713 SDU. See
log of the observations in Table 1.

the o values are given in Table A.1. The 99 clones plus the real
object give a total of 100 massless particles to perform the sta-
tistical study. The Sun and the eight planets are considered to be
massive bodies. To control the close encounters of the massless
particles with the massive bodies, we used the hybrid algorithm
that combines a symplectic algorithm with a Burlisch-Stoer in-
tegrator (see Chambers 1999). The initial time step was eight
days, and the clones were removed when their heliocentric dis-
tance was >1000 AU.

We performed backward integrations of 15 Myr. The non-
gravitational forces were neglected according to the same argu-
ments posed by Lacerda (2013), where the change rate of the
semimajor axis, da/dt, is produced by a non-gravitational ac-
celeration, 7', created by single sublimation jet tangential to the
comet’s orbit and affecting its motion during the life time of sub-
limation, ty:

d_a B 2Va’T @
dr  GM,
de U4
T = —X 3
dt Mpyc )
dMy\™!
fsub = Mipyc X (d_l‘d) : (€]

Therefore, the total deviation of the semimajor axis D would be

da
D= E X Lsub- )
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Fig. 11. Ejection velocities of 1 cm particles versus the heliocentric dis-
tance for all comets in the sample plus the result obtained by Fulle et al.
(2010) in the study of comet 67P/Churyumov-Gerasimenko. The com-
plete set of comets are: 22P/Kopft, 30P/Reinmuth 1, 67P/Churyumov-
Gerasimenko, 78P/Gehrels 2, 81P/Wild 2, 103P/Hartley 2 (Model I and
Model II), 115P/Maury, 118P/Shoemaker-Levy 4, 123P/West-Hartley,
157P/Tritton, 185P/Petriew, and P/2011 W2 (Rinner). The color code
is given in the legend. The solid black line is the best fit found for that
distribution: v = A x r; %, with A = 7.067 m®*!/s and B = 1.998.

Fig. 10. As in Fig. 9 but for Model II or standard
model.

In these equations, dM,/dt is the dust mass loss rate, V the or-
bital velocity, a the semimajor axis, G the gravitational constant,
My, the Sun mass, vq is the dust velocity, and my,. the mass of
the nucleus. In Paper I, we estimated the highest deviation of
the semimajor axis for the complete sample of comets as D =
0.32 AU. We found D81P =0.24 AU, D103p Model I = 0.24 AU,
and Djop3p Model m = 0.21 AU. These values are in the same range
as those found in Paper I and in Lacerda (2013). For further de-
tails we refer the readers to Sect. 5 of Paper L.

5.1. Discussion

In Paper I, we concluded that after the 15 Myr backward integra-
tion, just 12 of the initial 900 massless particles survived, which
means ~98.7% were ejected form the solar system and ~1.3%
remained in it. This result agrees with Levison & Duncan (1994),
where the authors concluded that ~1.5% endured in the solar
system after integration. Thus, in Paper I, eleven of the twelve re-
maining particles were in Transneptunian region, while one was
in Centaur region (see Fig. 10 in Paper I). In this study, just 3
three clones of the initial 200 particles remained in the solar sys-
tem after the 15 Myr integration, which is ~1.5%. These clones
were 81P/clon34 and 81P/clon94, which are in Transneptunian
region, and 103P/clon57 in Centaur region. Therefore, this re-
sult agrees with the one obtained in Paper I, and with Levison &
Duncan (1994).
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Fig. 12. 81P/Wild 2 backward in time orbital evolution during 1 Myr.
Left panel: fraction of surviving clones (%) versus time from now
(Myr). The colors represent the regions visited by the test particles
(red: Jupiter family region; cyan: Centaur; blue: Transneptunian; yel-
low: Halley type). The resolution is 2 x 10* yr. Right bottom panel:
the % of surviving clones versus time from now (Myr), where N = 100
is the number of the initial test massless particles.
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Fig. 13. 81P/wild 2 last 100 yr. fraction of surviving clones (%) versus
time from now (yr). The colors represent the regions visited by the test
particles (red: Jupiter family region; cyan: Centaur). The dashed line
marks the bars with a confidence level equal or larger than 90% of the
clones in the Jupiter family region. The resolution is 3 yr, and the num-
ber of the initial test particles is N = 100.

After the analysis of the 15 Myr integration in Paper I, to ob-
tain a general view of the regions visited by comets, we focused
on the first 1 Myr of backward integration in the orbital evolu-
tion, where ~20% of the massless particles still remained in the
solar system. We inferred that all of them have a Centaur and
Transneptunian past, while the Halley Type region was the most
unlikely source for those comets, as expected. This is consistent
for the other comets, 81P and 103P, under study in this paper
(see Figs. 12 and B.1).

After that, to obtain the time spent by each comet in the
JFCs region, we displayed the last 5000 yr using a 100 yr
temporal resolution. We found that all targets were relatively
young in the JFCs region, with ages between 100 < ¢t <
4000 years. The youngest comets of the sample were 22P/Kopft
(~100 yr), 78P/Gehrels 2 (~500 yr), and 118P/Shoemaker-Levy
4 (~600 yr). On the other hand, the oldest comet was 123P with
~3 x 107 yr. In this study, following the same steps, we have in-
ferred that 81P is ~40 yr, while 103P is ~1000 yr (see Figs. 13
and B.2). The result for 81P agrees with the current knowledge
about it: Sekanina & Yeomans (1985) described a very close en-
counter with Jupiter in 1974, and, as result of that approach, the
comet was inserted in the inner regions of the solar system.

Finally, in Paper I we related the annual dust production rate
for each comet (74) within the time spent in the JFCs region. We
concluded that the most active comets in our sample were also
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Fig. 14. Annual dust production rate of our targets obtained in the
dust analysis (see Sect. 4) versus the time in the JFCs region with a
90% C.L. derived from dynamical studies (see Sect. 5). Red circles
are the results derived from Pozuelos et al. (2014); yellow circle is
the comet 22P/Koppf, where dust analysis was carried out in Moreno
et al. (2012); violet circles are the results of the comets 81P/Wild 2 and
103P/Hartley 2, studied in this work. The comets with arrows mean the
T4 given for them are lower limits (see text in Paper I).

the youngest ones, i.e., 22P, 78P, and 118P. Here we added the
results obtained for 81P and 103P. We found that 81P is both the
youngest and the most active comet in the whole sample. This
result is displayed in Fig. 14, where the 11 comets under study
are shown.

6. Summary and conclusions

To increase the number of comets analyzed in Paper I, in
this work we extended the study to comets 81P/Wild 2 and
103P/Hartley 2, which are of special interest as targets of the
spacecraft missions Stardust and EPOXI. We presented optical
images of those comets and A fp values as a function of the he-
liocentric distance provided by the amateur astronomical asso-
ciation Cometas-Obs. To fit the observational data, we used our
Monte Carlo dust tail code (see e.g., Moreno 2009), from which
we derived the dust parameters as a function of the heliocentric
distance: dust loss rate, ejection velocities of particles, the size
distribution, and the overall emission pattern.
The main results are as follows.

— Comet 81P/Wild 2 was found to be the most active in the
whole sample of eleven comets, with an annual dust produc-
tion rate of Ty = 2.8 x 10° kg yr™!. Tts emission pattern was
established as anisotropic with active areas located from 45°
to —30° on the surface. The rotational parameters, / and ¢,
were found to be I = (55 £ 5)° and ¢ = (300 + 20)°. In ad-
dition, we found two small outbursts suffered by the comet,
one inbound and one outbound, where the total dust emit-
ted was mg,; ~ 9.2 X 10® kg and mgpy; ~ 3.0 x 10® kg,
respectively.

— In the case of the comet 103P/Hartley 2, we proposed two
models: Model I or the hyperactive model, where according
to previous knowledge of this comet (see e.g., A’"Hearn et al.
2011; Meech et al. 2011; Harmon et al. 2011), we forced
the maximum size of particles to be in the range of ry. =
20 cm. The dust production rate of this model was obtained
as Tg = 1.7 x 10° kg yr~'. Model II or the standard model
was carried out without the restriction in the maximum size
of the particles. In that case, the result in the annual dust
production rate was Ty = 4.5 x 10% kg yr™!. The ejection of
comet 103P, in both models, was found to be isotropic.
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— For both comets, the power index of the size distribution, &,
was found to be in the range -4 < § — 3 <. In this range,
the brightness and mass are decoupled, so the mass depends
on the largest ejected grains, while the brightness depends
on the micrometer-size grains. For this reason, the dust pro-
duction rate in our models should be regarded as lower lim-
its. In the case of 103P, the presence of large chunks from
the EPOXI mission and radar observations were found in
the tail. While the true nature of these chunks is still un-
der study, the size of them is estimated as ~20 cm. Thus, in
our study, Model I seems to be more realistic than Model II,
which should be considered as a lower limit for this comet.

— We concluded that the best match to the dust ejection veloc-
ity law is v oc 71998 which agrees with v oc ;% obtained by
Crifo & Rodionov (1997) from hydrodynamical models of
the inner cometary comae, for intermediate-sized particles.

Contribution to the
interplanetary dust (%) !
0.96
0.51
0.15

Argument of subsolar
meridian at perihelion (°)
300

87.5
46.8
14.1

The second block of our study concerned determination of the
dynamical evolution of the targets over the past 15 Myr. We used
the numerical integrator developed by Chambers (1999). As in
Paper I, the statistical study for each comet was implemented
using 100 test massless particles: 1 real particle plus 99 clones
with 20 dispersion in the orbital parameters a, e, and i. In these
integrations, the Sun and the eight planets were considered to
be massive bodies, and close encounters between them and test
particles were permitted. Therefore, from the initial 200 mass-
less particles, we removed those that were beyond 1000 AU at
any time during the integration. The main results were:

Averaged dust
mass loss rate (kgs™')

Obliquity
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-3.40, -3.25
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1.5%10°
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Total dust mass
ejected per year (kg/yr)

Size distribution

— The analysis showed that ~1.5% of the massless particles
remained in the solar system after the 15 Myr integration,
and the most likely sources of them were the Centaur and
Transneptunian regions. This result agrees with Paper I and
with the studies of Levison & Duncan (1994).

— We were able to deduce, with 90% confidence level, how
long these targets spent as members of the JFCs: 81P ~40 yr
and 103P ~1000 yr. Thus, 81P was found to be the youngest
target in the whole sample of short-period comets studied
between Paper I and this study.

107,20
1074, 3

Vmin> F'max (Cl’Il)
10743
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In Fig. 14 we added the results from Paper I and the ones ob-
tained from this work for the comets 81P and 103P. In that fig-
ure, we plotted the annual dust production rate [kg yr~'] (see
Table 3 in this work, and Table 4 in Paper I) versus the time
spent by the comets in the JFCs region with a 90% confidence
level obtained in the dynamical analysis. From this figure, we
concluded that 81P is both the youngest and the most active
comet. Therefore, the relationship between activity and the time
spent in JFCs, still seems to be evident. Despite the general trend
in our sample of comets, this result should be taken with cau-
tion, because two exceptions to this trend were found in Paper I,
157P/Tritton and 123P/West-Hartley. To establish firmer conclu-
sions about the cometary activity and the dynamical evolution, it
would be desirable to perform more studies on other short-period
comets.
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Notes. (V) Annual contribution to the interplanetary dust replacement (Grun et al. 1985).

Table 2. Dust properties summary of the targets under study 1.
Table 3. Dust properties summary of the targets under study II.

Notes. ) Iso
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Table A.1. Orbital parameters of the short-period comets under study.

Comet et ato ito node peri M

- (AU) ) ) ) )
81P 0.537354323.45011496 3.238287
JPLKI03/7 5.8 +de8 266 136.10661 41.69284 171.41550
103P 0.695145  3.47276 13.61716
JPL 183 o6 tles 1265 219.76266 118.19548 353.71670

Appendix A: Orbital parameters of comets
81P/Wild 2 and 103P/Hartley 2

In Table A.1 we show the orbital elements of the comets used
during the dynamical studies in Sect. 5. They are extracted from
JPL Horizons online solar system data’.

Appendix B: Dynamical analysis of comet
103P/Hartley 2

In Figs. B.1 and B.2, we show the dynamical analysis of the
comet 103P/Hartley 2 described in Sect. 5. We present the frac-
tion of the surviving clones versus time from now on different
time scales. In both cases, the colored bars correspond to differ-
ent regions visited by test particles: red to Jupiter family; cyan
to Centaur; yellow to Haley type; blue to Transneptunian. The
number of the initial test particles is N = 100.
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Fig. B.1. As in Fig. 12, but for comet 103P/Hartley 2.
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Fig.B.2. As in Fig. 13, but for the comet 103P/Hartley 2. The total
plotted time is 5 x 103yr, with a resolution of 100 yr.

3 See ssd.pjl.nasa.gov/?horizons
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ABSTRACT

The Main-Belt Comet P/2012 T1 (PANSTARRS) has been imaged using the 10.4 m Gran Telescopio Canarias
and the 4.2 m William Herschel Telescope at six epochs in the period from 2012 November to 2013 February,
with the aim of monitoring its dust environment. The dust tails’ brightness and morphology are best interpreted in
terms of a model of sustained dust emission spanning four to six months. The total dust mass ejected is estimated
at ~6-25 x 10° kg. We assume a time-independent power-law size distribution function, with particles in the
micrometer to centimeter size range. Based on the quality of the fits to the isophote fields, an anisotropic emission
pattern is favored against an isotropic one, in which the particle ejection is concentrated toward high latitudes (+45°
to £90°) in a high-obliquity object (/ = 80°). This seasonally driven ejection behavior, along with the modeled
particle ejection velocities, are in remarkable agreement to those we found for P/2010 R2 (La Sagra).

Key words: comets: individual (P/2012 T1 (PANSTARRS)) — methods: numerical — minor planets, asteroids:

general

Online-only material: color figures

1. INTRODUCTION

The Main-Belt Comet P/2012 T1 (PANSTARRS) was dis-
covered by the Pan-STARRS survey on UT 2012 October 6.53
(Wainscoat et al. 2012). The orbit was identified as that of a
Main-Belt Comet (MBC), i.e., an active object in an orbit typ-
ical of a main belt asteroid. This object constitutes the 10th
identified MBC. The general properties of those objects have
been reviewed by, e.g., Jewitt (2012). N-body integrations of
their orbits reveal that in general they are dynamically stable,
with timescales of 100 Myr or longer (Hsieh et al. 2012), so
they seem to be native members of the Main Asteroid Belt
(Hsieh et al. 2009). This agrees with the fact that the spectra
of some MBCs can be identified as those of well-known aster-
oidal families (Licandro et al. 2011), being markedly different
to those of bona fide comets. Two objects have been found, how-
ever, with shorter lifetimes, namely 238P/Read and P/2008 R1,
which were found to be dynamically stable for 20-30 Myr only
(Jewitt et al. 2009; Haghighipour 2009), owing to their prox-
imity to the 8:3 and 1:2 mean-motion resonances with Jupiter.
Concerning their activity, some of those objects clearly show
a sustained activity, of the order of several months, such as
P/2010 R2 (La Sagra) (hereafter P/La Sagra) and 2006 VW 139
(Moreno et al. 2011a; Licandro et al. 2013), while in some oth-
ers the activity is restricted to a short time interval, as in the
cases of (596) Scheila (e.g., Jewitt et al. 2011; Bing & Hsieh
2011; Moreno et al. 2011b; Ishiguro et al. 2011), and, recently,
P/2012 F5 (Gibbs) (Stevenson et al. 2012; Moreno et al. 2012a).
The object P/2010 A2 very likely belongs to this latter group
(Jewitt et al. 2010; Snodgrass et al. 2010). These authors based
their results on an extended data set covering various epochs and
observation geometries, contradicting our results, which were
based on a more limited data set, revealing sustained activity
(Moreno et al. 2010). In addition, some MBCs have been de-
tected to be recurrent in activity, such as 133P/Elst-Pizarro and

238P (Hsieh et al. 2010, 2011b). Given the small sample of
MBCs, it is then very important to characterize the emission
properties of any new member discovered.

2. OBSERVATIONS AND DATA REDUCTION

CCD images of P/2012 T1 were acquired on several nights
from 2012 November until the end of 2013 February. Table 1
lists the log of the observations. The UT date referred to in
the table is the mean time of the images acquired on the cor-
responding night. The labels (a)—(e) are used to facilitate the
identification of the images in Figures 1-3 and in Table 2. On
the William Herschel Telescope (WHT), we used the Prime
Focus Imaging Platform (PFIP; Tulloch 1998), the Auxiliary
CAMera-spectrograph (ACAM; Benn et al. 2008), both with a
standard Johnson—Cousins R filter, and the Long-slit Intermedi-
ate Resolution Infrared Spectrograph (LIRIS; Manchado et al.
1998), with a K filter. On the Gran Telescopio Canarias (GTC),
we used the Optical System for Image and Low Resolution
Integrated Spectroscopy (OSIRIS) camera-spectrograph (Cepa
2010), with a Sloan r’ filter. The images were bias and flat-field
corrected, and calibrated in flux by standard procedures. Each
night the object was imaged repeatedly, and a median stack im-
age was obtained by adding the available images taking into
account the sky motion of the object at the epoch. Figure 1
shows the final images at each night, except on 2013 February
27, in which the object was undetectable. The object appears
to be active on all the other dates, displaying a comet-like tail.
On 2013 February 17 the object was already very faint, with
m, = 22.9 £0.3 and a FWHM of 178-2". This is significantly
larger than the average seeing on that night, ~1”, indicating that
some circumnuclear dust is still present. However, the noise is
considerable, leading to irregularly shaped isophotes, so that
only the measured magnitude will be considered for model-
ing purposes. We were unable to detect the object on February
27 with either the ACAM nor with LIRIS instruments. Strong
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Figure 1. Median stack images of P/2012 T1 obtained with PFIP on the 4.2 m William Herschel Telescope (a) and OSIRIS on the 10.4 m Gran Telescopio Canarias
(b)—(e). The corresponding dates are given in Table 1. The directions of the velocity vector, the Sun, and the astronomical north and east are indicated.

(A color version of this figure is available in the online journal.)

moonlight prevented us from detecting objects with mg > 18.5
with ACAM. However, with LIRIS K; band we could detect
much fainter objects, allowing us to establish a limiting magni-
tude for P/2012 T1 of mg, > 22.8 £0.1.

For consistency, we converted all the OSIRIS r’ magnitudes to
the common R standard Johnson—Cousins system by subtracting
0.33 mag, using the transformation equations by Fukugita et al.
(1996), assuming for the object the same spectral dependence as
the Sun within the bandpasses of these two red filters (Moreno
et al. 2010). The last column in Table 1 lists the geometrically
reduced magnitudes of the object calculated by using apertures

between two and three times the FWHM. These magnitudes
are given by m(1,1,0) = m — 2.510g(Ar,%) — ¢a, where m
is the apparent magnitude, r, and A are the heliocentric and
geocentric distances in AU, ¢ is the phase coefficient, taken
as 0.03 mag deg™!, and « is the phase angle. In addition to
the images just described, we will use for modeling an early
observation by Buzzi (Wainscoatetal. 2012), givingmg = 19.8,
ormg(1,1,0) = 17.0, on UT 2012 October 11.04.

After flux calibration, the images were rotated to the (N, M)
system (Finson & Probstein 1968) through the position angle of
the Sun to the target radius vector, and converted to solar disk

Table 1

Log of the Observations
Date Instrument/Telescope Texp (8)X Nip® rh A o Resolution m(l1, 1,0)°
(UT) (ID) (AU) (AU) ©) (km pixel ™)
2012 Nov 13.10 (a) PFIP/WHT 20 x 14 243 1.47 6.2 265.8 169+ 0.2
2012 Nov 19.98 (b) OSIRIS/GTC 60 x 20 2.44 1.49 8.4 274.8 17.0 £ 0.2
2012 Dec 13.87 (c) OSIRIS/GTC 60 x 15 2.46 1.67 16.5 307.1 173 +0.2
2013 Jan 17.94 (d) OSIRIS/GTC 60 x 30 2.51 2.09 22.5 385.4 177+ 0.2
2013 Feb 17.90 (e) OSIRIS/GTC 20 x 61 2.55 2.53 224 466.4 189+ 0.3
2013 Feb 27.90 LIRIS/WHT 44 x 60 2.57 2.67 21.7 485.0 >22.8 £0.1
2013 Feb 27.93 ACAM/WHT 31 x 60 2.57 2.68 21.6 485.0
Notes.

2 Individual exposure time and number of images secured.

Y Geometrically reduced magnitude in the R band except that of LIRIS/WHT which refers to the K, band apparent magnitude.
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intensity units (sdu), which are the output units of our Monte
Carlo dust tail code.

3. THE MODEL

We applied our Monte Carlo code described previously (e.g.,
Moreno 2009; Fulle et al. 2010; Moreno et al. 2012b), which
computes the trajectory of a large number of particles ejected
from a small nucleus, assuming that the grains are affected
by the solar gravitation and radiation pressure. The model has
many input parameters, and a number of assumptions must be
made, as described below. The particle orbital elements are
computed from the terminal velocity and the 8 parameter (e.g.,
Fulle 1989), which is given by 8 = Cp,: Opr/(2p7), where Cpr =
1.19 x 1073 kg m~2, Oy 1s the radiation pressure coefficient,
and p is the particle density, assumed at p = 1000 kg m~3. The
pressure radiation coefficient for absorbing particles with radii
r 21pumis Qp ~ 1 (e.g., Moreno et al. 2012b). The particle
geometric albedo is assumed at p, = 0.04 (i.e., a Halley-like
value).

The main inputs of the model are the ejection velocity law, the
size distribution function, and the dust mass-loss rate. Of course,
all these parameters can be time-dependent. Notwithstanding
this, and in order to limit the amount of free parameters, we
only allowed the dust mass-loss rate to be time-dependent. A
power-law function was assumed for the size distribution of
the particles, ejected with a terminal velocity of v(8) = vyBY7,
where vg and y are constants. This expression is commonly
accepted for the terminal velocities of grains dragged out from
ice sublimation on the surface of cometary nuclei, and also for
fragments ejected from collision experiments (e.g., Giblin 1998;
Onose & Fujiwara 2004). Then, the onset time (#), the ejection
velocity parameters, the power-law size distribution index, the
limiting sizes of the particles (#min, 'max), and the dust loss rate
(dM /dt) are the free parameters of the model. We will work
under the hypotheses of both isotropic and anisotropic particle
ejection scenarios.

Based on the evolution of the dust tail brightness and
morphology, we hypothesized a sustained activity pattern for
P/2012 T1. The early observation by Buzzi on 2012 October
11.04 (Wainscoatetal. 2012) gives mg(1, 1, 0) = 17.0, while on
November 13.1 we estimate mg(1, 1, 0) = 16.9£0.2 (Table 1).
Thus, the observed magnitudes are essentially the same on these
two dates. If an impulsive event had taken place, in principle we
should have noted a significant magnitude increase in that month
period, a logical consequence of having fewer dust particles
inside the field of view as they travel away from the nucleus.
The magnitude would only be constant in the very unlikely
scenario where all particles ejected were slow-moving and large,
being essentially unaffected by radiation pressure. But, even if
that were the case, then the dust tails in the 2012 December
and 2013 January images would be depleted of particles in the
anti-sunward direction (upper part of the images in Figures 2(c)
and (d)), and would have the wrong orientation. This has been
confirmed by test models, and occurs because the synchrones
older than those corresponding to the discovery date (~25 days
post-perihelion) point to directions away from the anti-solar
direction, which is populated mostly by dust particles ejected
significantly later.

4. RESULTS AND DISCUSSION

In order to find the best-fit parameters, we start from our pre-
vious experience in the analysis of MBC dust tails, specifically

MORENO ET AL.

on those for which sustained activity has been derived, as P/La
Sagra and 2006 VW 139 (Moreno et al. 2011a; Licandro et al.
2013). In those cases, the parameter y of the ejection velocity
was set to y = 1/2, a value which is typical of hydrodynam-
ical drag from sublimating ices and that will be adopted here
as well. For the limiting particle sizes, we used a broad range
between 5 um and 1 cm, being distributed following a power-
law index of —3.5, the same parameters derived for P/La Sagra.
Then, we tried to fit the other parameters, namely 7y, vy, and the
dM /dt profile, in the assumption of isotropic ejection as a first
approximation.

For a given date, the fitting quality to the observed images is

measured by the quantity o = \/ > (Iobs — It)?/ N, where s
and I, are the observed and fitted images, the sum being limited
to all the observed image pixels N whose brightness is higher
than a certain threshold. This threshold is given by the outermost
contours of the observed images displayed in Figures 2 and 3.
This eliminates from the evaluation of o the regions of high
noise, low brightness levels, that can contribute spuriously to
that quantity. The o parameters at each date are defined as o,
to o, (see Table 2), corresponding to images (a)—(d) of Table 1,
respectively.

Figure 2 displays the fits to the observed isophotes when the
onset of activity is set at perihelion time, vy = 25 m s~! and
the dust loss rate profile is that given at the lower rightmost
panel of Figure 2 (solid line). We call this model ISO-1.
The corresponding synthetic magnitudes on 2012 November
10 and 2013 February 17 are given in Table 2. The apertures
used to obtain the synthetic magnitudes and their uncertainties
on 2013 February 17 are the same as for the real image on
that date. We used the same aperture sizes to estimate the
magnitude of the synthetic image on 2012 November 10. Thus,
as shown in Figure 2 and Table 2, this ISO-1 model provides a
good agreement with all the available observations. The lower
magnitude limit of mg, > 22.8 = 0.1 on 2013 February 27
essentially confirms the decrease in brightness predicted by
the model: the dust loss rate decays to zero ~125 days after
perihelion, so that the activity lasted about four months. The
total ejected mass for this model is 5.8 x 10° kg.

Within the isotropic ejection scenario, we searched for other
model parameters that can produce fits of approximately the
same quality as those displayed in Figure 2. Thus, for example,
the onset time can be displaced backward in time, provided
a rearrangement is made in the dM /dt profile just derived for
model ISO-1. Then, similar quality fits are obtained by setting
the activation date back up to 50 days before perihelion (see also
Table 2), if dM /dt is set as shown in Figure 3 by the dashed line
(model ISO-2). In this case, the activity progresses more gently
after onset time, instead of the impulsive character of the dM /dt
profile of model ISO-1. In this case, M; = 7.8 x 100 kg, and the
object is active for five and a half months. If the activation date
is set even earlier than the mentioned 50 days before perihelion,
then fitting problems mainly in the 2012 December 13 and 2013
January 17 images start to appear, specifically by an excess
brightness in the sunward direction. We can then state that P/
2012 T1 has been active for a maximum period of about six
months.

Regarding the ejection velocities, we have no constraints
on that parameter. We have no estimates on size and density
of the body that could help at least to estimate the escape
velocity. On the other hand, the combination vy = 25 m g1
and y = 1/2 agrees remarkably well with what we found for
P/La Sagra, for which we obtained vy values ranging from
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Figure 2. Isotropic model with MBC activation at perihelion time (ISO-1 model). Panels (a)—(d) correspond to the observations at the dates indicated in Table 1. The
black thick solid lines in panels (a)—(d) indicate the observed isophotes, while the red thin lines correspond to the model. The innermost isophote level in each panel
(all expressed in sdu) are (a) 8 x 10714, (b) 5.6 x 10714, (¢) 1.2 x 1074, and (d) 1.2 x 10714, The isophotes vary by a factor of two between consecutive levels.
The lower rightmost panel displays the dust mass-loss rate as a function of time to perihelion for three models: ISO-1, ISO-2, and ANIS-1 (see the text for a detailed

description of the models).

(A color version of this figure is available in the online journal.)

Parameters and Results of the Models

Table 2

Parameter Model ISO-1 Model ISO-2 Model ANIS-1 Measured
vo (ms~h), y 125,1/2 125,1/2 200, 1/2

M, (kg) 6-20 x 10° 8-25 x 10° 8-25 x 10°

to Perihelion time —50 days to perihelion —50 days to perihelion

Event duration 125 days 175 days 175 days

Fmin <S5 pm <S um <5 pm

Fmax 1-10 cm 1-10 cm 1-10 cm

Power index —3.5 —-3.5 —-3.5

Rotational 7, ® 80°, 260°

Active area . ... [£45°, £90°]

04,0 (sdu) 38 x 10714, 1.7 x 10714 37 x 1074, 1.8 x 10714 31 x 1074, 1.3 x 10714

0,04 (sdu) 42 x 10715, 1.8 x 10715 44 x10715,1.9x 1071 2.8 x 1071, 1.2 x 10715

mpg (2012 Oct 11) 19.5+0.2 19.4+0.2 194+03 19.8%
mpg (2013 Feb 17) 226 +04 225+04 227+04 22.6+03

Note. * Reported R mag by Buzzi (Wainscoat et al. 2012).

15.8 to 31.7 m s~! for y = 1/2. Thus, although it is possible
to find other solutions modifying both vy and y, we have not
attempted such combinations.

The particle size range affects significantly the model results
only if 7, i varied. The minimum size has only a minor effect
provided it decreases down to 0.5 um. However, if the maximum
size increases up to 10 cm, the dust mass-loss rate profile must be

increased by an overall factor of ~3, with respect to that shown
in Figure 2, in order to maintain a similar quality fit to the data.
In Table 2, the corresponding range of M, for ry,x = 1-10 cm
is shown.

Even considering that the isotropic ejection scenario provides
already a reasonable fit to the data, it is interesting to search for
possible model solutions regarding anisotropic ejection patterns.
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Figure 3. Anisotropic model with MBC activation at 50 days before perihelion time (ANIS-1 model). Panels (a)—(d) correspond to the observations at the dates
indicated in Table 1. The black thick solid lines in panels (a)—(d) indicate the observed isophotes, while the red thin lines correspond to the model. The innermost
isophote level in each panel (all expressed in sdu) are (a) 8 x 1071, (b) 5.6 x 10714, (¢) 1.2 x 10714, and (d) 1.2 x 104, The isophotes vary by a factor of two
between consecutive levels. The lower rightmost panel displays the latitude of the subsolar point as a function of time to perihelion.

(A color version of this figure is available in the online journal.)

The reason is that for P/La Sagra we found a remarkable
improvement of the fits for anisotropic ejection coming from
a rotating spherical nucleus with high obliquity (/ = 90°),
i.e., the rotation axis located on the orbital plane, and oriented
approximately toward the Sun at the time of maximum activity,
mimicked the observed isophote field quite accurately. Also,
interestingly, this kind of seasonal activity has also been clearly
found for 176P for which an orbital obliquity of ~60° was
derived (Hsieh et al. 2011b), although it cannot be confirmed or
rejected for the case of 133P (Hsieh et al. 2010).

Thus, we run the model starting from the parameters obtained
for the ISO-2 model, but for a single active area located between
two latitude circles on a spherical nucleus with rotational
parameters / (obliquity) and @ (argument of the subsolar
meridian at perihelion). We limited the search to values of
I ~ 90°, with an active area close to the south polar region.
The choice of the south or north polar region is arbitrary, as
the sense of rotation cannot be determined with this model,
and the solution that is valid for a given pole orientation is
automatically valid for the opposite pole orientation as well. We
only set the south polar region to allow a direct comparison with
P/La Sagra. The rotation period was set to 3 hr, which could
be appropriate for a small asteroid, but it does not influence the
results provided it is much shorter than the ejecta age. Our best fit
to the data corresponds to rotational parameters set to / = 80°,

® = 260°, and the active are located southward of —45° (see
Figure 3). This anisotropic ejection model (called ANIS-1) also
required changes with respect to the ISO-2 model in both the
parameter vy, which must increase to vg = 40 m s~! and in the
dM /dt profile, which is very close to that of model ISO-2 (see
Figure 2, lower rightmost panel). The total mass ejected for the
anisotropic model is obviously near that of the ISO-2 model,
with a value of 7.5 x 10° kg for rya = 1 cm. As can be seen
from Figure 3 and the o values of Table 2, the overall agreement
with the observations for this model is better than for isotropic
models. Considering the lower-rightmost panels of Figures 2
and 3, the maximum ejection rate occurs approximately 30 days
post-perihelion, corresponding to a subsolar point latitude of
~—80°. We have also tried to fit the observations with the
ejection parameters of the ISO-1 model (i.e., starting activity
suddenly at perihelion), but the results were poorer.

The significance of the results of the anisotropic model is
that, in a remarkably similar way to MBCs P/La Sagra and
176P, the ejection pattern of P/2012 T1 is compatible with
emission from a single high-latitude region of a nucleus whose
rotation axis is near the orbital plane. Also the latitudes of the
subsolar point at perihelion (where the outgassing is nearly
maximum) are similar (—60° for P/La Sagra and —70° for P/
2012 T1). This is important regarding the numerical calculations
by Samarasinha (Samarasinha et al. 2004 and references therein)
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which indicate that when a dominant active region is present on
a comet the rotational angular momentum vector of the spin
state evolves toward the orbital direction of the peak outgassing
(or the opposite to it), owing to minimum torque reasons. It
would then be interesting to see whether this ejection pattern
appears again in subsequent perihelion passages and if other
MBCs could be interpreted the same way.

5. CONCLUSIONS

The Monte Carlo dust tail model applied to images of P/2012
T1 acquired at La Palma WHT and GTC telescopes allowed us
to infer the following conclusions.

1. Taking into account the time evolution of the brightness
and morphology of the observed tails, we infer that the
ejection of dust from P/2012 T1 has likely been sustained
over time, and not produced by an impulsive event. As a
result of the modeling we infer that the activity lasted for
a period of ~4—6 months, with a total ejected dust mass of
the order of 6-25 x 10° kg, for maximum particle sizes of
Fmax = 1-10 cm.

2. The activity pattern could be compatible with that produced
by grains being dragged out from the asteroid surface by
sublimating ices. However, the nature of the mechanism(s)
triggering and maintaining the activity is unknown. The
onset of the activity could have occurred either suddenly
near perihelion time, or could have been triggered about
a month earlier, and progressed more gradually. We favor
this second scenario.

3. The best fits to the data occur for anisotropic ejection
scenarios, where the activity takes place mostly from
high-latitude locations on a nucleus whose rotating axis
is nearly contained on the orbital plane and pointing
close to the perihelion point. This scenario is remarkably
consistent with that found for P/La Sagra, and agrees
with the seasonally driven behavior also found for 176P
(Hsieh et al. 2011a). If this behavior is confirmed at future
perihelion passages or found on other MBCs, it would then
have important consequences regarding their nature and
evolutionary path. To date, however, the current MBCs’
database is still small so as to establish any firm conclusion.

This Letter is based on observations made with the Gran
Telescopio Canarias (GTC), installed on the Spanish Observa-
torio del Roque de los Muchachos of the Instituto de Astrofisica
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de Canarias, on the island of La Palma, and on observations
made with the William Herschel Telescope (WHT) operated on
the island of La Palma by the Isaac Newton Group in the Span-
ish Observatorio del Roque de los Muchachos of the Instituto
de Astrofisica de Canarias.

We are indebted to Pedro J. Gutiérrez for fruitful discussions.
This work was supported by contracts AYA2011-30613-C02-01,
AYA2012-39691-C02-01, and FQM-4555 (Junta de Andalucia).
J. Licandro gratefully acknowledges support from the Spanish
“Ministerio de Ciencia e Innovacién” projects AYA2011-29489-
C03-02 and AYA2012-39115-C03-03.
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ABSTRACT

We present observations and models of the dust environment of activated asteroid P/2013 P5 (PANSTARRS). The
object displayed a complex morphology during the observations, with the presence of multiple tails. We combined
our own observations, all made with instrumentation attached to the 10.4 m Gran Telescopio Canarias on La Palma,
with previously published Hubble Space Telescope images to build a model aimed at fitting all the observations.
Altogether, the data cover a full three month period of observations which can be explained by intermittent dust
loss. The most plausible scenario is that of an asteroid rotating with the spinning axis oriented perpendicular to
the orbit plane and losing mass from the equatorial region, consistent with rotational break-up. Assuming that the
ejection velocity of the particles (v ~ 0.02-0.05 m s~!) corresponds to the escape velocity, the object diameter is
constrained to ~30—130 m for bulk densities 3000-1000 kg m 3.

Key words: methods: numerical — minor planets, asteroids: individual (P/2013 P5 (PANSTARRS))

Online-only material: color figures

1. INTRODUCTION

Activated asteroid P/2013 PS5 (PANSTARRS) was discovered
by Pan-STARRS survey as a 21st magnitude comet on 2013
August 15.50 (Micheli et al. 2013). This object has a typical
inner-belt asteroid orbit but displays a cometary-like tail, so it
can be classified as a main-belt comet (MBC). The object shares
similar orbital elements with previously discovered disrupted
asteroid P/2010 A2 (LINEAR; Jewitt et al. 2010; Snodgrass
et al. 2010; Moreno et al. 2013), both belonging to the Flora
collisional family. The origin of the activity taking place in the
MBCs is unknown for most of the those objects. While some
have been associated with impulsive events, such as collisions
with another body or rotational break-up, others are most likely
linked to water—ice sublimation. For reviews on those objects
and the likely mechanisms involved in their activity, see, e.g.,
Hsieh & Jewitt (2006), Bertini (2011), and Jewitt (2012).

A series of stunning images from the Hubble Space Telescope
(HST; Jewitt et al. 2013) at two epochs reveal the asteroid as a
multiple-tailed object. Using the Finson—Probstein formalism,
these tails have been associated with a series of ejection events
at different dates, and the likely cause of the activity has been
linked to a rotational disruption. In this paper, we present our
own data, which were acquired two months after the HST
observations, and combine them with the HST data. Our aim
is then to monitor the activity scenario during a longer time
frame and, mostly, to characterize the dust activity in terms of
the time variation of the mass loss, particle size distribution,
and ejection velocities. Models mimicking an equatorial mass
loss from the object have been incorporated in an attempt to
investigate if a rotational disruption could be compatible with
the ejection scenario.

2. OBSERVATIONS AND DATA REDUCTION

Images of P/2103 P5 through the Sloan r’ and g’ filters were
recorded under photometric and excellent seeing conditions
(078-079) on the nights of 2013 October 7 and 2013 November
8 (only r’ images). We used the Optical System for Image

and Low Resolution Integrated Spectroscopy (OSIRIS) camera-
spectrograph (Cepa et al. 2000; Cepa 2010) at the Gran Tele-
scopio Canarias (GTC). The OSIRIS instrument consists of two
Marconi CCD detectors, each with 2048 x 4096 pixels and a
total unvignetted field of view of 7'8 x 78. The plate scale was
07127 pixel ™', but we used a 2 x 2 pixel binning in order to im-
prove the signal-to-noise ratio, so that the spatial resolution of
the images becomes 222 km pixel ™! and 270 km pixel ! at the
observation dates. The images were bias and flat-field corrected
using standard techniques, and calibrated in flux using stan-
dard stars. A sequence of five images per filter were obtained.
An average image was then obtained from the available images
by shifting and stacking the frames with respect to a reference
frame by taking into account the object’s sky motion. We esti-
mate that as a result of both the flux calibration and the stacking
procedure, the total flux uncertainty in the combined images is
~0.1 mag. The final combined images are shown in Figure 1.
The log of the observations is shown in Table 1. In that table, the
apparent (m) and absolute (H) magnitudes of a region of 10 pixel
aperture radius (275 diameter) centered on the asteroid optocen-
ter of each image is given. The absolute magnitude is given as
H = m —2.51og(Ar,) — ®(«), where A and r;, are the geocen-
tric and heliocentric distances of the asteroid, and ®(«) is the
phase function, which is assumed to be that of an S-type aster-
oid, as most objects in the inner asteroid belt. The quantity ®(«)
is computed using the Bowell et al. (1989) formalism, using a
phase function parameter g = 0.25, which is typical of S-type
asteroids, the most common objects in the inner belt. The phase
terms become ®(17°7) = —0.81 on October 7, and ®(27°0) =
—1.07 on November 8, and the absolute magnitude H, con-
verges to the value H,» = 18.0 = 0.1 in both dates. To compare
this value to the reported Hy by Jewitt et al. (2013; Hy = 18.69
on September 10 and Hy = 18.54 on September 23), we need a
transformation from r’ to V magnitudes. Using the transforma-
tion equations of Fukugita et al. (1996) and the magnitude of the
Sun in the standard Johnson—Cousins filter (Vg = —26.75; Cox
2000), we derive r; = —26.96. If the object follows a spectral
dependence on wavelength similar to that of the Sun within the
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Figure 1. Stacked r’ Sloan OSIRIS @GTC images of P/2013 P5 on the nights of UT 2013 October 7 (upper panel) and 2013 November 8 (lower panel). The dimensions
of the upper and lower images are 35,488 x 17,744 km and 61,939 x 21,275 km, respectively. In the upper panel the different tails are marked. The nomenclature
follows that of Jewitt et al. (2013). Tails marked as B/C and E/F are actually a blend of tails B and C, and E and F, respectively, as displayed in Figure 1 of Jewitt
et al. (2013); see also Figure 2 in this paper. Note that tail G is the youngest tail and does not appear in the HST observations. The directions of celestial north and east
are indicated, as well as the direction to the Sun and the asteroid velocity vector.

(A color version of this figure is available in the online journal.)

Table 1
Log of the Observations
Date I A o $ m H
(UT) (AU) (AU) ©) ©)
2013 Oct 7 22:18 2.077 1.204 17.7 —4.10 g =213+0.1 18.5£0.1
2013 Oct 7 22:26 2.077 1.204 17.7 —4.10 r'=20.8+0.1 18.0+0.1
2013 Nov 8 21:04 2.038 1.462 27.0 —2.68 r'=215+0.1 18.0+0.1

V and r’ bandpasses (neutral color), the V magnitudes can be
obtained from the r’ magnitudes by adding 0.21 mag. Then, we
would get Hy = 18.2. This would indicate a brightness increase
since September 10 of ~0.5 mag. This result immediately ex-
cludes a single event mechanism of dust ejection from the aster-
oid, as such event would have resulted in a brightness decrease
as a function of time. Assuming that the brightness is entirely
due to the asteroid and not to the surrounding dust, this would
lead to an asteroid diameter of ~590 m for a geometric albedo
of p, = 0.29, typical of Flora family asteroids (Masiero et al.
2013). We will, however, assume that such brightness is entirely
associated with the presence of dust surrounding the asteroid,

and not to the presence of a nucleus, its contribution to the bright-
ness being negligible. A justification of this hypothesis is given
in the Results section on the basis of the low ejection velocities
of the dust particles that we found in the modeling procedure.

3. THE MODEL

To perform the analysis of the images, we used our direct
Monte Carlo dust tail model, as described in previous works
(e.g., Moreno et al. 2012b; Fulle et al. 2010). In that model, we
compute the trajectory of a large number of particles after being
ejected from an asteroidal or cometary surface. Those particles
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move under the sole influence of solar gravity and radiation
pressure forces, describing a Keplerian orbit around the Sun.
The orbital elements of each ejected particle are functions of the
ejection velocity and the 8 parameter (e.g., Fulle 1989). This
parameter can be written as 8 = Cp Qpr/(2pr), where Cpr =
1.19 x 1073 kg m~2, Q, is the radiation pressure coefficient,
and p is the particle density. The position of each particle in the
plane of sky is then computed according to its orbital elements,
and its contribution to the tail or coma brightness is evaluated, as
a function of its size and geometric albedo. Owing to the many
input models, we are forced to set some of them to a specific
value. Then, the particles are considered spherical, their density
isassumed at p,, = 1000 kg m~3, and their refractive index is set
at 1.88 + 0.71i, which is typical of carbonaceous composition
(Edoh 1983). Using Mie theory, we find that the geometric
albedo is p, ~ 0.04, and that the radiation pressure coefficient
is Qpr ~ 1 for particles of radius r 2 1 um (Moreno et al.
2012b, their Figure 5). These choices of density and geometric
albedo are highly arbitrary, since we do not know their real
values, and were made actually to facilitate comparison with
other MBCs analyzed, for which we assumed such values (e.g.,
Moreno et al. 2010, 2013).

We start by assuming an asteroid nucleus which is losing mass
from its equator, where centrifugal acceleration is maximum,
uniformly in longitude. This would correspond to a mass loss
scenario driven by a rotational disruption, as suggested by Jewitt
et al. (2013). This introduces three more model parameters
to characterize the rotation properties: the orientation of the
spinning axis with respect to the orbit plane, which is given by
the obliquity, /, and the argument of the subsolar meridian at
perihelion, @, and the rotational period, P (simple rotation is
assumed). The nucleus is presumably very small, so that the
rotation period should be very short, of the order of P < 3 hr
(Pravec et al. 2002). We assume P = 3 hr. The exact value
of P does not influence the results if the tail age is much
longer than that, as can be anticipated from the analysis by
Jewitt et al. (2013). The rotation parameters I and @ are set
initially to I = 0° and @ = 0°. To simplify, we also set all
the possible time-variable parameters (except the dust mass loss
rate) to a constant value. Thus, the size distribution power index
is set to « = —3.5, and the minimum and maximum particle
sizes to 50 um and 30 cm, respectively. These values were
set after extensive experimentation with the code. Regarding
velocities, we employed a function of the kind v(8) = vyB7,
where we adopt y = 1/8, i.e., a very weak dependence of v(8)
on B consistent with Moreno et al. (2012a) in their analysis of
disrupted asteroid P/2012 F5 (Gibbs). The parameter v and the
dust mass loss rate as a function of the heliocentric distance are
the fitting parameters.

4. RESULTS

The times of significant dust ejection are first estimated from
the best fitting synchrones to the dust tails. This procedure was
applied to the HST images first, owing to their superb spatial
resolution, and then to the GTC images. In the GTC images,
the tails named A to F in Jewitt et al. (2013, see Figure 2),
the oldest being A, are sometimes blended because of poorer
spatial resolution. Thus, in the GTC image of 2013 October
7, we have A, C/B, D, and E/F (see Figure 1). In addition, a
younger tail not seen in the HST images (named G) appears.
On the other hand, the last GTC image of 2013 November 8
does not show the complexity of the others, displaying a single
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and narrow tail extending to the northeast (see Figure 1). This
is surely connected to the fact that the angle between Earth and
the asteroid orbital plane () is smaller than at the other dates
(see Table 1).

The procedure was then to try different mass loss rates at
those times, and set different ejection speeds (distinct vg) until
a good fit to the whole data set (HST+GTC) is found in terms of
dust tail brightnesses. The synthetic images corresponding to the
GTC data are convolved with a point spread Gaussian function
in order to take into account the seeing conditions during the
observations. During the fitting procedure, we realized that to
fit the length of tail “G” in the GTC 2013 October 7 image, we
needed to set rp; = 10 um at the time of its peak emission,
this being the only modification to the particle sizes in the time
interval of ejection.

The results of the fits to the HST and GTC images are shown in
Figures 2 (left panels) and 3. The model reproduces accurately
all the features present in the HST and GTC images in terms
of brightness, length, and width. The dust loss rate profile
corresponding to those fits is displayed in Figure 4, resulting
in a total dust mass loss of 107 kg. The best fitted ejection
velocity is given by v = 0.128'/% m s~!. This corresponds to
ejection velocities ranging from about 0.02 ms~! t0 0.07 ms~',
for 30 cm to 50 pum particles. We have also attempted to fit the
images using a constant value for the ejection velocity for all
the particles. We found very similar results to those of Figures 2
(left panels) and 3 when a constant ejection velocity in the range
0.02-0.05 m s~! is assumed. Regarding the maximum particle
size ejected, we have verified that models having rm,x £ 1 cm
are compatible with the observations, provided the total mass
ejected is modified accordingly. Thus, if 7,y is set to its lowest
acceptable limit, r,x = 1 cm, the dust mass loss rate would be
a factor of ~5 smaller than that shown in Figure 4, i.e., the total
dust mass loss would become 2 x 10° kg. This constitutes the
lower limit of ejected mass for the assumed particle density of
1000 kg m~3 and geometric albedo p, = 0.04.

The range of possible ejection velocities is 0.02-0.05 m s~ !. If
these values are associated with escape velocities, this translates
to possible asteroid diameters (assumed spherical) in the range
30-134 m, and masses in the range 4.6 x 107-1.3 x 10° kg, for
assumed bulk densities of 1000-3000 kg m~3. This size estimate
is well below the upper limit of 480 £ 80 m diameter derived
by Jewitt et al. (2013) on the basis of magnitude measurements
of the central condensation. As those authors recognize, this
is an upper limit as the measurements could include dust near
the nucleus. We believe that it is indeed the case, such that
the magnitude of the central condensation is in fact attributable
mainly to the dust around the nucleus and not to the nucleus
itself, whose contribution must be minimal according to the
small size imposed by the escape velocity.

Concerning the rotational parameters of the asteroid, we
started, as mentioned, from a scenario in which the rotating
axis is perpendicular to the orbit plane (I = 0°). We have
generated synthetic images by varying both 7 and @ in the full
ranges, 0°-180°, and 0°-360°, respectively. We found that the
only possible fits correspond to obliquities of either I ~ 0° or
I ~ 180°, independently of @, i.e., with the rotating axis nearly
perpendicular to the orbit plane, either pointing to the north or
the south of the plane (prograde or retrograde motion). When
the value of I departs significantly from either 0° or 180°, tails
wider than observed are obtained.

Finally, we have also attempted to reproduce the observed
brightness pattern using an isotropic ejection model, and the
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Figure 2. Model simulations of the Hubble Space Telescope images by Jewitt et al. (2013, see their Figure 1) at two epochs. The left panels correspond to an anisotropic
ejection model, where the particles are ejected from the equator of a rotating nucleus with spin axis perpendicular to the orbit plane. The right panels correspond to
an isotropic ejection model, with the same input parameters as the anisotropic model. In the lower panels, each tail is labeled according to the nomenclature by Jewitt
et al. (2013). The panels are 23000 km in width, the same as in Figure 1 of Jewitt et al. (2013), to facilitate comparison. The directions of celestial north and east are

indicated, as well as the direction to the Sun and the asteroid velocity vector.

(A color version of this figure is available in the online journal.)
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Figure 3. Left panels: observation and model simulation of the 2013 October 7 image. The bottom panel shows the comparison of the observed and modeled isophotes.
The innermost isophote level is 3.8 x 10~'4 solar disk intensity units, and the isophotes decrease by a factor of two between consecutive levels. Right panels:
observation and model simulation of the 2013 November 8 image. The bottom panel shows the comparison of the observed and modeled isophotes. The innermost

isophote level is 2 x 10714
as in Figure 1.

(A color version of this figure is available in the online journal.)

solar disk intensity units, and the isophotes decrease by a factor of two between adjacent levels. The dimensions of the images are the same
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Figure 4. Modeled dust mass loss rate from P/2013 PS5 as a function of time to
perihelion. The sharp peaks of dust ejection are associated with the tails labeled
“A” to “G” (see Figures 2 and 3). The arrows indicate the observation dates of
the HST (1 and 2) and the GTC (3 and 4) data.

results we obtained for the GTC images are quite similar to
those obtained with the above (anisotropic) model. However,
the HST data are not well reproduced with this isotropic ejection
model, as the oldest tails, especially “B,” “C,” and “A,” become
significantly broader than observed. This is clearly shown in
Figure 2 (right panels).

5. CONCLUSIONS

From the Monte Carlo dust tail modeling of the observations
of activated P/2013 PS5 (PANSTARRS) we can extract the
following conclusions.

1. The object has been subjected to an intermittent dust mass
loss, most likely associated with a rotational disruption.
This is confirmed from the analysis of both HST and GTC
images. The total dust mass released was of the order of
107 kg, for particle density of 1000 kg m~ and geometric
albedo p, = 0.04.

2. The model of rotational disruption, based on simulations
of an object that loses mass from its equatorial region,
and whose rotational axis is perpendicular to its orbit
plane, reproduces to the last detail the observed complex
brightness pattern at four different epochs of HST and GTC
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observations. For obliquities different from 0° or 180°, the
fits get much worse. On the other hand, an isotropic ejection
model does not fit the HST data because it produces much
more diffuse tails than observed.

3. The ejection velocities are very low, of the order of
0.02-0.05 m s~'. This places the limit on the size of the

object to be in the range 30—134 m for assumed densities
of 3000-1000 kg m 3.

This article is based on observations made with the Gran Tele-
scopio Canarias (GTC), installed in the Spanish Observatorio
del Roque de los Muchachos of the Instituto de Astrofisica de
Canarias, in the island of La Palma.
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ABSTRACT

A Monte Carlo dust tail model has been applied to extract the dust environment parameters of the comet C/2012 S1
(ISON) from both Earth-based and SOHO LASCO C3 observations, performed from about six astronomical units
(AU) inbound, to just after perihelion passage, when only a small portion of the original comet nucleus has survived
in the form of a cloud of tiny particles. The early Afp and image data are consistent with particle ejection from an
extended active area located at latitudes 35°N to 90°N (for a prograde rotating nucleus), with the spin axis having
a large obliquity (I ~ 70°). This configuration nicely fits the early images and Afp data until 3.9 AU inbound,
when the emission should become isotropic in order to fit the data. The analysis of LASCO images reveals that,
assuming an original nucleus of Ry = 500 m with p = 1000 kg m~3, at least half of its mass was vaporized when the
comet was at about 17 R inbound. We conclude that at that time the nucleus suffered a cataclysmic fragmentation
releasing a huge amount of material of 2.3 x10'' kg, equivalent to a sphere of 380 m in radius with density
1000 kg m~3. The surviving material after perihelion passage consists of very small dust particles of 0.1-50 um in

radius with a total mass of just 6.7x 108 kg.

Key words: comets: general — comets: individual (C/2012 S1 (ISON)) — methods: numerical — Oort Cloud

Online-only material: color figures

1. INTRODUCTION

The comet C/2012 S1 (ISON, comet ISON hereafter) was
discovered by Nevski & Novichonok (2012) as a diffuse object
of 8 coma on September 21.06 UT with a 0.4 m reflector
of the International Scientific Optical Network (ISON) near
Kislovodsk, Russia. Just after its discovery, it soon attracted
attention as an Oort cloud comet with a very short perihelion
distance of just 2.7 Rg (Rg = solar radius, 6.955x 108 m).

At the time of discovery, ISON was at 6.3 AU from the Sun,
at a visual magnitude around 19. Given its level of activity
at such a large distance and its predicted extreme proximity
to the Sun at perihelion, it was expected to become a very
bright target for Earth observers, becoming even brighter than
the full moon. However, at around 4.2 AU inbound, the comet
started to show an unexpected decrease in activity compared
to its original tendency that led to a visual magnitude higher
than the visual limit when it started to approach perihelion at
1-0.7 AU. After a quiescent period, the comet then experienced
a strong outburst of activity at ~0.65 AU, in which the HCN
and OH production rates increased substantially, by more
than an order of magnitude, over 48 hr (Biver at al. 2013;
Opitom et al. 2013; Agtindez et al. 2014). On November
20, the comet was too close to the Sun for Earth-based
observers, but it entered the field of view of the Solar Terrestrial

4 Also at Facultad de Ciencias, Universidad de Granada, Campus
Universitario Fuentenueva, Calle Fuente Nueva, s/n, E-18001 Granada, Spain.

Relations Observatory spacecraft at a heliocentric distance of
0.43 AU, apparently undisrupted, clearly displaying both dust
and ion tails. Later on, on November 27, the comet entered
the Solar and Heliospheric Observatory (SOHO) Large Angle
and Spectrometric Coronagraph Experiment (LASCO) field of
view, at a distance of 0.15 AU, showing two distinct tails, one
northern component consisting of an intense narrow spike, and
a much broader and diffuse southern branch. Late on November
27 and during the first half of November 28, the comet head
displayed strong saturation effects in the SOHO LASCO C3
camera, possibly associated with either disruption of the nucleus
(by tidal forces or thermal stress) and/or profuse vaporization of
dust particles due to high temperatures. The SOHO LASCO C3
camera images for dates later than November 28 14:00 UT did
not show an apparent nucleus. When the comet emerged from
the C2 and C3 coronagraphs it displayed a bilobed tail, with
some dust in between, which weakened very fast and almost
disappeared when the comet finally left the C3 field of view on
December 1.

In this paper, we analyze dust tail images of the comet
taken from several observatories, and combine them with Afp
data obtained by the amateur association Cometas-Obs. We
also analyze publicly available pre- and post-perihelion SOHO
LASCO C3 images in order to have a complete view of the
evolution of the dust until the comet was finally disrupted.
To perform the analysis and to derive the dust parameters, we
use our Monte Carlo dust tail code as in previous papers (e.g.,
Moreno et al. 2012, 2013).
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Figure 1. Panels (a) and (b): images of the comet ISON obtained at the 1.52 m telescope of the Observatorio de Sierra Nevada on 2013 February 14 and May 1,
respectively. Panel (c): image obtained on 2013 October 10 with a CCD attached to the 1.23 m telescope at the Calar Alto Observatory. In all panels, north is up, and
east is to the left. For more details, see Table 1.

(A color version of this figure is available in the online journal.)

Table 1
Log of the Image Observations

Date ™ A PsAng Phase Obs/Telescope Filter Scale
(UT) (AU) (AU) ©) ©) (arcsec pixel’l)
2013 Feb 14.04 4.784 4.008 106.433 8.01 OSN 1.52m Red 0.46
2013 May 01.86 3.887 4.326 90.206 12.70 OSN 1.52m Red 0.46
2013 Oct 06.21 1.551 1.996 291.832 29.47 OSN 1.52m Red 0.46
2013 Oct 10.22 1.472 1.876 292.131 31.89 CAHA 1.23 m Red 0.50
2013 Nov 06.23 0.866 1.091 293.772 59.57 OSN 1.52m Red 0.46
2013 Nov 13.20 0.674 0.937 292.274 73.74 CAHA 2.2 m-CAFOS Red 0.53
2013 Nov 15.24 0.613 0.904 291.202 78.84 OSN 0.90 m Red 0.387
2013 Nov 28.02 0.081 0.960 251.896 106.71 SOHO LASCO C3 Clear 56.25
2013 Nov 28.07 0.077 0.962 250.817 106.11 SOHO LASCO C3 DeepRed 56.25
2013 Nov 28.62 0.026 0.991 221.337 80.19 SOHO LASCO C3 DeepRed 56.25
2013 Nov 28.63 0.025 0.991 219.657 78.52 SOHO LASCO C3 Clear 56.25
2013 Nov 29.26 0.057 0.956 11.574 120.65 SOHO LASCO C3 Clear 56.25
2013 Nov 29.28 0.059 0.955 10.705 121.12 SOHO LASCO C3 DeepRed 56.25
2013 Nov 30.21 0.128 0.902 351.353 127.80 SOHO LASCO C3 Clear 56.25

2. THE OBSERVATIONS tial orientation of the images was also checked with the back-

ground star positions. A selection of those images are shown in

Our ground-based image data set was acquired at sev-
eral telescopes from different observatories. Unless otherwise
noted, all observations refer to CCD images taken through red
Johnson—Cousins filters. We used the 1.52 m and 0.9 m tele-
scopes at the Observatorio de Sierra Nevada, and the 1.23 m
and 2.2 m telescopes at the Calar Alto Observatory Spain. In
addition, we used several images from the SOHO LASCO C3
coronagraph when the comet was near perihelion. A summary
of all the image observations is given in Table 1, where we
provide information about the circumstances, as well as some
technical aspects, of the observations. The ground-based data
reduction was accomplished by standard procedures: bias sub-
traction and flat fielding was performed for each image, and
then the frames were calibrated using the available stars on the
field of view in combination with the USNO.B1.0 catalog. A
median stack of the available images was then performed. The
photometric calibration errors amount to 0.3 mag. The spa-

Figures 1 and 2 for various epochs. Panels (a) and (b) of Figure 1
display the earliest images collected on 2013 February 14 and
May 1, at4.78 and 3.89 AU inbound, while Panel (c) displays the
comet much closer to perihelion on 2013 October 10 at 1.55 AU.
Figure 2 shows the comet at much shorter heliocentric distances,
at 0.67 and 0.61 AU, just before and after an outburst of activ-
ity reported to occur during the earliest hours of November 14.
These images display both dust and ion tails. The November
15 image is shown separately in Figure 3, after being enhanced
by a Larson—Sekanina rotational filter, where wing-like features
seem to emerge from the comet nucleus. This was interpreted
by some authors as an indication of the fragmentation process
(e.g., Boehnhardt et al. 2013).

As stated in the Introduction, we also analyzed SOHO
LASCO C3 images in order to obtain complete coverage of the
evolution of the dust around perihelion. SOHO continuously ob-
serves the Sun from Lagrangian point L1 (Domingo et al. 1995).
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Figure 2. Panel (a): image of the comet ISON obtained on 2013 November 13 using CAFOS at the 2.2 m telescope of the Calar Alto Observatory. Panel (b): image
obtained on 2013 November 15 at the 0.90 m telescope at the Sierra Nevada Observatory. In both panels, north is up, and east is to the left. More details on the images

are given in Table 1.

(A color version of this figure is available in the online journal.)

For our purposes, we used pre- and post-perihelion “level-0.5”
FITS images. We reduced both the DeepRed filter (at three
epochs) and the Clear filter (at four epochs) images, as de-
tailed in Table 1. The Clear filter images are mostly dominated
by sodium emission (Knight et al. 2010; Knight & Battams
2014). Among the mechanisms proposed to explain the pres-
ence of alkali atom emission from comets is the evaporation of
small grains (Wilson et al. 1998; Watanabe et al. 2003; Fulle
et al. 2013). While other mechanisms might also play a role,
this mechanism is likely operating on ISON near perihelion.
Therefore, these Clear filter images are tracing cometary dust
features. On the other hand, we assume that the DeepRed images
are giving information on light scattered by cometary dust only.
This filter bandpass (Morrill et al. 2006) is placed well outside
the strong Na emission lines and the much weaker Li line at
6707.78 A. The contamination by the weak K lines at 7664.90
and 7698.96 A will be neglected. A quantitative estimate of the
possible (small) contamination of these lines on the scattered
dust flux is beyond the scope of this paper.

To perform the reduction of the SOHO LASCO C3 images,
we built a background image by generating a median stack
combining the Clear filter and DeepRed images taken at differ-
ent times, so that all the background stars and the comet itself
vanished, leaving a background image only. The spatial scale
and rotation angle of the images with respect to the celestial
north were found by fitting the stars’ positions in the images
to the stars in the Hipparcos catalog. An example of those fits
for the two pre-perihelion Clear filter reduced images is given
in Figure 4. This resulted in a spatial scale of 56725 pixel™!,
in perfect agreement with the results of Morrill et al. (2006).
Owing to the fact that the nucleus is at least partially vaporized
during the observations, the position of the nucleus cannot be
associated with the comet optocenter, as it is commonly done

for cometary images. Instead, we located its theoretical position
by using the JPL Ephemeris at the Horizons web page, taking
into account that the images were taken from the location of the
SOHO spacecraft. The position of the nucleus is displayed in the
Clear images of Figure 4. Then, while the nucleus is inside
the cloud of particles pre-perihelion, it is significantly away
from the brightest pixel in the image in the two post-perihelion
images. This fact implies that the activity (sublimation
and/or refractory material vaporization) has ceased post-
perihelion, which will be confirmed in the modeling procedure.

The absolute calibration was performed by using the final
LASCO C3 calibration factors from Table IV of Morrill et al.
(2006) for the DeepRed and Clear filters. The reduced Clear
and DeepRed filter images are displayed in Figures 4 and 5. It is
interesting to see the conspicuous spike along the northern part
of the broader tail that is only seen in the two pre-perihelion
Clear filter images. This spike is not seen at red wavelengths,
possibly because it is under the detection threshold. Regarding
the post-perihelion images, both the Clear and DeepRed images
show two distinct tails with some material in between, one
to the northeast, linked mostly to particle fragmentation near
perihelion passage, as we will show in the modeling, and another
to the southeast, associated with the remaining material ejected
pre-perihelion.

In addition to the images, we also take into account the
Afp data provided by the amateur astronomical association
Cometas-Obs. These data come from many observers, from
several countries, mostly in Spain. These data are R-band Afp
data and all of them refer to a p = 10* km aperture radius. This
data set is of great value, as they provide an almost continuous
coverage of the comet dust evolution, which is very useful for
retrieving dust properties from our the Monte Carlo modeling,
as we will show below. Figure 6 shows the raw Afp data as a
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Figure 3. Larson—Sekanina filtered image of the comet ISON on 2013 November 15 (see Figure 2). North is up, and east is to the left.

(A color version of this figure is available in the online journal.)

function of time, in days related to perihelion passage (asterisks).
The data begin just after discovery, shows a gap while the comet
was behind the Sun in 2013 June, July, and part of August,
and then span the remaining pre-perihelion branch until just
10 days before perihelion date, when the comet was again too
close to the Sun. In this graph, the variation of the phase angle
of the comet versus time is also shown. It is seen that the
relative maximum around 320 days before perihelion is, at least
partially, produced by a backscattering enhancement because
of the excellent correlation of Afp with the phase angle. In a
first approximation, we corrected for this effect by assuming a
linear phase coefficient of ¥ = 0.03 mag deg~!, which is within
the range of estimates of « for other comets (e.g., Meech &
Jewitt 1987). Then, for phase angles ¢ < 30°, we corrected
the Afp values by the factor 10<39=%)/25 This correcting factor
was also applied to the images for which « < 30°. Although
less pronounced, the maximum at —320 days still remains,
but we did not make further corrections because we cannot be
completely sure that an outburst of activity is also contributing.

3. THE MODEL

The interpretation of the images and the Afp data is based
on our Monte Carlo dust tail analysis code, which has been
described previously in several papers (e.g., Moreno et al. 2012,
2013). The code is a forward model that produces synthetic dust
tail images for a given observing date taking into account a set
input parameters related to the dust parameters: differential size
distribution, ejection velocities, and dust loss rates as a function
of the heliocentric distance. In addition, the density p, and
the geometric albedo p,, of the dust grains must be specified. We
adopt p, = 1000 kg m~>. The scattering properties of aspherical

grains of a wide range of sizes, like those ejected from cometary
nuclei, are very tedious to calculate using the available light
scattering codes (e.g., the Discrete Dipole Approximation by
Draine & Flatau 1994), mainly because of the long CPU time
and huge memory needed for grains larger than the wavelength
of the incident light, even for large computers. In consequence,
we consider spherical dust grains, for which Mie theory gives
an exact computation of the phase matrix at a given wavelength
and refractive index. For a refractive index of m = 1.88 + 0.71 i,
which corresponds to glassy carbon, we obtain p, = 0.04 at red
wavelengths for grains having aradius 7 > A. The main problem
we face with this approximation is that the phase function is
completely flat at backscattering, so that the backscattering
enhancement cannot be modeled properly. This is why we resort
to correct the data affected by the backscattering enhancement
by the method described in the previous section.

From Mie theory, we can also obtain the radiation pressure
coefficient Qp,, which turns out to be Qp,~ 1 for r > A. The
ratio of solar radiation pressure to solar gravity force exerted
on the grains can be computed as § = CQpr(prr)_l, where
C = 1.19 1073 kg m~2. Neglecting cometary gravity, which is
a reasonable assumption for nucleus sizes of the order of Ry ~
1 km, like ISON, the grains move in Keplerian orbits around
the Sun. The trajectory of the grains will be a function of the
terminal velocities and the 8 parameter. The final position of the
ejected grains on the photographic plane for a given observation
date and their contribution to the tail brightness are computed
by the Monte Carlo code.

The model can deal with the characteristics of the emission
pattern. Adopting a spherical nucleus, it is possible to specify
its rotation parameters (rotation period and orientation of the
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Figure 4. Reduced images of the comet ISON obtained through the Clear filter of the LASCO C3 coronagraph on the SOHO satellite. The dates are 2013 November
28.02 (a), 28.63 (b), 29.26 (c), and 30.21 (d). Panels (a) and (b) are pre-perihelion, and panels (c) and (d) are post-perihelion images. The crosses mark the nucleus
position, according to the JPL-Horizons ephemeris. The encircled stars in panels (a) and (b) illustrate the fits to the Hipparcos catalog. In all panels, north is up, and

east is to the left.

spin axis), and to set some active area(s) on its surface. The
orientation of the spin axis is specified by the obliquity 7, and
the argument of the subsolar meridian at perihelion @ (for a
definition of those angles, see, e.g., Sekanina 1981). Owing
to the large number of free parameters, we only resort to that
anisotropic ejection model when we cannot find an acceptable
fit for isotropic or hemispherical emission models.

The terminal velocity of the ejected grains is parameterized
according to the expression v(B, t) = v;(¢t)8'/. This formula
has previously been used in other well-known models such as
Fulle (1989), and separates the time and size dependencies of
the velocity. The size dependence is appropriate to gas drag
by the ice sublimation processes. The ejection velocities are
parameterized as a three-dimensional vector whose components
are directed outward in the direction of the comet radius vector
(ug), perpendicular to ug, contained in the orbital plane, and in
the opposite sense of the comet motion (uy), and normal to the
orbital plane directed to the north pole of the orbit (u;). These
components must be calculated as a function of the active area
coordinates and the angles 7 and ® (Sekanina 1981).

To model the dust tail observations at different epochs, we
start from a specific choice of input parameters as follows.

The differential size distribution function is set in the interval
1073 cm to an upper size limited by the escape velocity, given
by vese = ~/2GM /R, where R is the distance to the nucleus
center of mass. We adopt R = 20 Ry, the distance at which the
gas drag becomes negligible. Then, for a spherical nucleus of
Ry = 500 m, which would agree with the reported nucleus size
by Combi et al. (2014), 0.3 < Ry < 1.3 km, and a bulk nuclear
density of py = 1000 kg m~3, the nucleus mass is 5.2 10" kg,
and the escape velocity becomes 0.08 m s~!. The differential
size distribution function is initially assumed constant with the
heliocentric distance and having a power index of —3.5, which
is within the range estimated for many comets. The onset time
of cometary activity was set at 12 AU. At the first pre-discovery
observation by Pan-STARRS, on 2011 September 30 (see the
available magnitude data for ISON in the Minor Planet Center
database), the comet was at 9.4 AU, so that we placed a safe
onset time earlier, as the comet might already be active at the
time of the first observation. In any case, this date was tested in
the modeling procedure. With these parameters, we attempted
first to fit our earliest images on 2013 February 14 and May
2, in combination with the first part of Afp data from —430 to
—200 days to perihelion, and then the rest of images and Afp
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Figure 5. Panels (a), (b), and (c): reduced images of the comet ISON obtained through the DeepRed filter of the LASCO C3 coronagraph on the SOHO satellite. The
dates are 2013 November 28.07 (a), 28.62 (b), and 29.28 (c). Panel (d) is the image obtained through a Clear filter on 2013 November 30.21, already displayed in
Figure 4(d), but shown here again for clarity. These images are those used in the modeling procedure. In all panels, north is up, and east is to the left.
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Figure 6. Original Afp measurements by the amateur astronomical Association Cometas-Obs (asterisks), as a function of the heliocentric distance and time to

perihelion. The open circles are the same data but corrected by the factor 1

r(30—a)/2.5

, with & = 0.03 mag deg~' for phase angles a < 30° (see the text). The phase

angle of the comet is displayed as a dashed line referring to the right ordinate axis. The large solid circles are the Afp measurements obtained for the images shown in
Table 1. The solid line is the modeled Afp from synthetic images generated every 10 days for the best-fit model parameters.

data, except the SOHO images. These images were fitted in the
last phase of the fitting procedure, since they required a special
treatment, as other processes such as particle vaporization are
taking place at those dates very close to perihelion.

The synthetic Afp data were generated by computing syn-
thetic images evenly spaced every ~10 days with the model
input parameters, and calculating Afp at p = 10* km from
those images. Not surprisingly, the first model results were very
far from the real data set, needing corrections in several param-

eters of the model. Then a trial-and-error procedure is begun,
in which we modified each of the input parameters at a time,
then several at a time, until a reasonable fitting is found. Given
the large amount of free parameters (many of them functions of
the heliocentric distance), it is very difficult to follow a specific
fitting strategy, other than first starting with the earlier data.
After finding a reasonable order zero fit to the earliest data,
we proceed to more recent data, by trying to modify only the
time-dependent parameters between the last two epochs, so that
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Figure 7. Observed brightness contours (black lines) and modeled contours (red lines) for the images obtained on 2013 February 14 (Panels (al), (a2), and (a3)) and
2013 May 1 (Panels (bl), (b2), and (b3)). Panels (al) and (b1) correspond to an isotropic ejection model. Panels (a2) and (b2) correspond to a hemispherical ejection

model. Panels (a3) and (b3) correspond to a 45° emission cone toward the Sun.
(A color version of this figure is available in the online journal.)

the earlier input data are not modified. Much of the time it is
impossible to find a fit to a given image without modifying ear-
lier parameters affecting the images already fitted, so that we
must go back and forth until reaching a reasonable global fit to
all the data. We must recognize that the fit found is surely not
unique, but taking into account the amount of data constraining
the model, it is possibly the best that can be achieved with the
available data.

4. RESULTS

We divided the analysis into three parts, as a function of
time: the first part of data correspond to the early images and
Afp data, until approximately 200 days pre-perihelion, when
the comet went behind the Sun from the Earth and could not
be observed; the second part of data corresponds to those data
between approximately 100 days and 13 days to perihelion, i.e.,
when the comet was available again to Earth’s observers; and

the third part corresponds to the SOHO data, in which the comet
was &12 days to perihelion. The first and second blocks of data
constitute the ground-based observations and are described and
analyzed in the next subsection, while the SOHO images and
models are described in the last subsection.

The model analysis is made by first considering the simplest
kind of particle ejection pattern, in which particle emission
occurs within a cone of a given aperture around the vector from
the comet to the Sun. This emission cone is assumed to have
either a broad aperture of 90 deg (hemispherical emission), or a
more focused emission of 45 deg aperture.

4.1. Ground-based Data

The first part of the data apply to the earliest images on 2013
February 14 and May 2. We first attempted to fit those images
using isotropic ejection models, but those synthetic images did
not accurately fit the observed images. A hemispherical ejection
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Figure 8. Variation of the latitude of the subsolar point of the comet ISON
as a function of the heliocentric distance assuming a spherical nucleus with
rotational axis parameters of / = 70°, and @ = 270°.

model (a 90 deg aperture emission cone toward the Sun) was also
built up, but the results did not improve significantly. However,
for narrower emission cones toward the Sun, the fits started
to improve considerably. Figure 7 shows the improvement on
the fits to the images from changing the emission pattern from
isotropic to a 45 deg emission cone toward the Sun. In terms
of a model of a rotating nucleus with an active area on it,
which would be, at least conceptually, a more realistic scenario
than the simple emission cone, we searched for models giving
similar ejection patterns to that given by the 45 deg aperture
ejection. Then, we searched in the space of parameters I, ©,

MORENO ET AL.

and latitude range for an active area yielding model fits of
similar or better quality than those displayed in Figures 7(a3)
and (b3). The best fits were found when I was near 70°, ®
close to 270°, and an active area latitude extending from 35°
to 90° north. We note that the sense of rotation of the nucleus
around the spin axis cannot be constrained with this model,
so that this configuration would be equivalent to I = 110°,
® = 45°, (retrograde motion). For simplicity, we will adopt the
prograde solution. The cometocentric latitude of the subsolar
point, A, as a function of the true anomaly, 6, is given by
sinAg = sin/ sin(® + 0). For I = 70° and ® = 270°, Ay
becomes ~70° for a large portion of the inbound branch of
the comet (see Figure 8), meaning that the comet is always
approximately facing the same hemisphere to the Sun inbound
except for small heliocentric distances r;, < 1 AU, where the
subsolar point changes very fast with time toward southern
latitudes. The model resulting fits to the isophote field of the two
images on February 14 and May 2 can be seen in Figures 9(a)
and (b). These fits constitute further improvement against the
simple 45 deg ejection cone. Note that the model fits must
also be consistent with the evolution of the model parameters
back to the onset of activity, specifically with the heliocentric
variation of the Afp curve as well. We verified that the model
in fact simultaneously fits the images and the Afp parameter as
a function of time (see Figures 6 and 9) for the first part of the
data, from the onset of activity to 200 days to perihelion.

The second block of data corresponds to images and Afp data
from 100 to 13 days to comet’s perihelion, or from r, = 1.55
to r, = 0.61 AU. The application of the previously described
anisotropic ejection model to those images resulted in poor fits,
showing a prominent brightness excess in the sunward direction.
For those images, simple isotropic ejection models performed
much better, however. To satisfy both the images and Afp data

(f)

(9)

Figure 9. Observed brightness isophotes (black contours) and best-fit modeled isophotes (red contours) for the seven images labeled (a)—(g) (see Table 1 for a
description of the image parameters). The best-fit model parameters are displayed in Figure 11. In all panels, north is up, and east is to the left.

(A color version of this figure is available in the online journal.)
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Figure 10. Best-fit parameters for the dust environment of the comet ISON. In panel (a), the dust-loss rate as a function of the heliocentric distance is shown by a
solid line, while the filled circles are the water production rates calculated from the heliocentric magnitudes by the expression of Jorda et al. (2008). Panel (b) shows
the variation of the ejection velocity referred to a grain of 1 cm in radius. The dashed line corresponds to a 1/. r}% dependence of the velocity on ry,. The dotted line is
the escape velocity assuming a spherical nucleus of radius Ry = 500 m and density p = 1000 kg m~3. Panel (c) shows the variation of the maximum (solid line) and
minimum (dotted line) grain radius as a function of the heliocentric distance. Panel (d) displays the variation of the power index of the size distribution function vs.

the heliocentric distance.

for both blocks of data, we had to assume anisotropic ejection
from the onset time until the May 1.86 image at r, = 3.89 AU
and then switch to an isotropic ejection model for heliocentric
distances r, < 3.89 AU. In this way, we could consistently fit
all the images and the evolution of the Afp parameter for the
first and second blocks of data (Figures 6 and 9).

The large obliquity of the spin axis (I = 70°) agrees with
the analysis of Hubble Space Telescope (HST) observations
of the comet on 2013 April 10 by Li et al. (2013), who also
suggests a high obliquity, in the range I = 50°-80°. Since the
latitude of the subsolar point remains essentially constant until
r, ~ 1 AU, a potential problem of the model would be in how
the emission could become isotropic for r;, < 3.89 AU, if only
one hemisphere of the comet is continuously illuminated, and
the dominating process is gas drag from sublimating ices. One
possibility is the propagation of a thermal wave into the nucleus
that activate subsurface sublimation in areas that previously
had been inactive. Another possibility, but much more unlikely,
is that the nucleus of the comet is highly elongated and
has the rotating axis aligned with the long axis (i.e., in an
unstable configuration because of its high energy for its angular
momentum) so that very small variations in the subsolar point

latitude would result in the illumination of fresh ices in the
southern hemisphere, leading to sublimation.

The model parameters that best fit all available images and
Afp data are displayed in Figure 10. The dust mass-loss rate as a
function of the comet heliocentric distance is displayed together
with the water production rate obtained by converting the
available heliocentric magnitude (1) data (Minor Planet Center
database and N. Biver 2014, private communication) to Q[H,O]
(in s71) by the expression log Q[H,0] = 30.675-0.2453 m;,
(Jorda et al. 2008). In general, both quantities correlate, except
for the local minimum near —4.8 AU. The dust-to-gas ratio tends
to decrease with increasing heliocentric distance in general and
keeps < 1 except at |r,| > 1 AU. It is, however, important to
note that the latest images on 2013 November 6.23, November
13.20, and, especially, November 15.24, at r, = 0.87, 0.67,
and 0.61 AU, respectively, are increasingly contaminated by
the plasma tail, so that the dust-loss rates derived are actually
an upper limit. Most of this contamination presumably comes
from the H,O" ion, which is the one that dominates the red
region of the spectrum covered by the red bandpasses. The
narrow local maximum of dust-loss rate at ~-5.2 AU does
not have a counterpart in the gas-loss rate (except for two
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single magnitude estimates), and is associated to the brightness
increase very likely produced by the brightness opposition effect
or backscattering enhancement.

Regarding ejection velocities, as stated previously, we im-
posed a maximum grain size limit set by the escape velocity
appropriate for an assumed 500 m radius body with a bulk den-
sity p = 1000 kg m~ at a distance of 20 Ry (see the dotted line
in Figure 10(b)). Then, at heliocentric distances of |r,| <9 AU,
~1 cm radius grains could in principle be ejected. However,
the maximum size set at heliocentric distances 5 < |r;| < 9
was 0.3 cm. The reason is that the ejection of larger particles
would result in the presence of a strong sunward brightness
spike in the images for |r;| < 1 AU, which is not observed.
The grain velocities experience a strong decrease with increas-
ing heliocentric distance, which might be approximated closely
byal/ r,% dependence (see Figure 10(b)). This agrees with the
terminal subsolar velocity found by Crifo & Rodionov (1997)
from advanced three-dimensional circumnuclear coma models
at intermediate particle sizes, and departs from the approximate
1/r, dependence stated by Whipple (1951).

The derived range of ejected grain sizes as a function of
the heliocentric distance is generally constrained by the escape
velocity in the upper bound. The lower size limit is constrained
in combination with the power index, controlling both the
absolute brightness levels of the outermost isophotes, and the
variation of brightness across the tail images. The power index
ranges between —4.2 at far pre-perihelion distances and —3.5
at perihelion. These are rather common values for the power
index found in the literature. As an example, Fulle et al. (2010)
found similar values in the post-perihelion branch in their model
analysis of the dust environment of comet 67P/Churyumov-
Gerasimenko.

4.2. Analysis of SOHO Images

The third block of data pertain to the previously described
“level-0.5” SOHO fits images in both the Clear and DeepRed
filters obtained with the LASCO C3 coronagraph spanning
the dates around perihelion. With our Monte Carlo model we
analyzed two pre-perihelion and one post-perihelion DeepRed
images, and one post-perihelion Clear image. These images
are described in Table 1 and are displayed in Figure 5. As
stated previously, it is assumed that the DeepRed images are
providing information on light scattered by dust only. The
brightness observed in the pre-perihelion Clear filter images
is mostly attributed to sodium emission (e.g., Knight & Battams
2014). As stated in Section 2, alkali atoms should be expected
to be extracted from dust, where up to five possible mechanisms
have been identified (Fulle et al. 2013), including thermal-
and/or photon-stimulated desorption, solar wind sputtering,
vaporization, and photodissociation of parent molecules. In
consequence, the pre-perihelion Clear filter images can trace
the dust grains, but their analysis should obviously take into
account the emission mechanism(s) involved, and this is beyond
the scope of the paper. We will only use those Clear filter pre-
perihelion images to compare with the dust features observed in
the DeepRed images pre-perihelion.

The choice of the LASCO C3 images analyzed was not
arbitrary: we selected Clear and DeepRed images taken as
close in time as possible in order to compare the observed dust
features at each epoch. The first images selected correspond
to 2013 November 28.02 (Clear) and 28.07 (DeepRed). At
that time, the Clear filter image shows nearly the maximum
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level of saturation, with an apparent magnitude near —2.0, in
contrast with the apparent magnitude in the DeepRed filter of
~ +2.0 (Knight & Battams 2014). The next images were selected
at 2013 November 28.62 (Clear) and 28.63 (DeepRed), just
before the comet head was hidden by the coronagraph. Then,
we selected images at 29.26 (Clear) and 29.28 (DeepRed), just
after the comet emerged from the coronagraph, and yet another
one when the comet was headed toward the edge of LASCO
C3 field of view, but still retaining some significant signal on
the Clear filter on November 30.21. At that time, no DeepRed
images were available. However, and since the fluxes in the
Clear and DeepRed images were similar since November 29.0
onward (Knight & Battams 2014), we assumed in principle that
the flux in the Clear filter at that time (November 30.21) is
given information on light scattered by dust, as in the DeepRed
images, and that the alkali emission is negligible.

The analysis of the SOHO images is complicated by the
fact that particle sublimation, among other processes, is surely
playing a role. Our approach consist in fitting the tails as if
they were generated in some interval of time where dust is
being produced according to a set of model input parameters,
but without taking into account that in the very same interval
there is an unspecified fraction of particles that surely undergo
variations in size, or even disappear because of sublimation. As
a consequence, our estimates of the mass of particles contained
in a dust tail for these SOHO images are always lower limits to
the real dust mass ejected. For these fits, and for lack of better
information, we assumed the same ejection velocity law as for
the gas drag in the previous analysis. The dust ejection was
assumed in principle to be isotropic.

We started the analysis with the DeepRed image on 2013
November 28.07. The close Clear filter image on November
28.02 is becoming saturated near the head of the comet, reaching
approximately maximum brightness (Figure 4). The parameters
of the best fit to the DeepRed image, as well as for the other
SOHO images are shown in Figures 11 (pre-perihelion) and
12 (post-perihelion). The most remarkable feature of the fit is
the large amount of dust mass needed to fit the tail, which
is 2.3x10!! kg, equivalent to a sphere of 380 m in radius with
density 1000 kg m~3. This is a very significant dust mass, nearly
half of that of a 500 m nucleus with p = 1000 kg m—3 (5.2 x
10" kg). This is much larger than the total dust mass ejected
from the onset time until the observation time of our last ground-
based image on November 15.24,7.3 x 10° kg, when the comet
was at 0.61 AU. The start of the significant mass loss is at
r, = 0.36 AU pre-perihelion, where, after a short maximum
burst, the activity continues at a highrate of 1.7 x 10° kg s~!, until
the observation date, November 28.07. The minimum particle
sizes are rather small, ranging from about 1 um to 0.1 um
during the peak activity, with the largest particles being ejected
at ~10 m s~!. The best fit image is shown in Figure 13(a),
and a scan along the tail is compared to the observation in
Figure 14(a). It must be noted that this strong production of
particulate material at 0.36-0.08 AU is also accompanied by a
strong reduction in the dust production rate at r, > 0.61 AU in
comparison with the derived loss rates from ground-based data
at those heliocentric distances (see Figure 10(a)). Specifically,
we must impose a reduction factor of atleast40 atr, > 0.61 AU,
otherwise the spike, which appears clearly in the northern branch
of the tail in the Clear filter images (see Figure 4(a)), would
appear markedly in these synthetic DeepRed images, contrary
to the observations. An explanation of this on the light of particle
sublimation is given in Section 4.2.1.
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Figure 11. Pre-perihelion dust environment of the comet ISON from the selected DeepRed SOHO LASCO C3 images on 2013 November 28.07 (solid lines) and
28.62 (dashed lines). In panel (a), the dust production rate as a function of the heliocentric distance is displayed. Panel (b) shows the variation of the ejection velocity
vs. heliocentric distance referred to a grain of 1 cm in radius. In panel (c), the maximum and minimum particle radii used in the model are displayed, and, in panel (d),

the evolution of the power index of the size distribution.

The next image to fit was the DeepRed image taken on 2013
November 28.62 To fit this image, a considerable decrease in
mass-loss rate in comparison with the November 28.07 image
must be considered. In addition, the dust production must stop
just after November 28.07, otherwise the region of the comet’s
heat would be much brighter than observed. Also, a notable
variation in the range of particle size had to be introduced,
in such a way that the distribution has become much more
monodisperse (see Figure 11(c)). The dust mass contained in
this tail is 7.6x 108 kg, a factor of about 300 smaller than the
mass on November 28.07. The resulting fit to the image, and a
scan along both the observed and modeled tails, are shown in
Figures 13(b) and 14(b). As in the case of the pre-perihelion
DeepRed image on November 28.07, we imposed a strong
reduction in the dust production rate at heliocentric distances
of r, > 0.61 AU of a factor of at least 40 (Figure 11(a)),
with respect to the production rate derived from ground-based
data at those heliocentric distances (Figure 10(a)), for the same
reason: the spike that is clearly seen in the Clear filter image (see
Figure 4(b)), which corresponds to dust ejected much earlier in
the orbital path, would appear clearly in the synthetic DeepRed

11

image of November 28.62, unless this reduction is applied. The
spike only appears in a high-contrast display, such as shown in
Figure 13(e), when that reduction to the dust production rate is
performed.

The two post-perihelion images analyzed were taken at phase
angles of 121°1 and 127°8 on November 29.28 and 30.21,
respectively. As a consequence, a correction for the forward-
scattered brightness, in a similar way as we did for the early
images and Afp data for phase angles close to backscattering,
must be performed. We followed the parameterization of Marcus
(2007), also used by Knight et al. (2010), for an intermediate
dust-to-gas ratio of 0.52. Then, to take into account the cometary
phase curve, and putting the data at the brightness level of the
30° phase angle, as for the ground-based images and Afp data,
the images on November 29.28 and 30.21 are corrected by 0.50
and 0.75 mag, respectively. Both post-perihelion observations
reveal a bilobed -shaped tail, with some material in between.
The dust parameters of the best fits are displayed in Figure 12,
while the best-fit images are compared to the observations in
Figures 13(c) and (d), while scans along the images are displayed
in Figures 14(c) and (d). As stated previously, the theoretical
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Figure 12. Post-perihelion dust environment of the comet ISON from the selected DeepRed (2013 November 29.28, solid lines) and Clear (2013 November 30.21,
dashed lines) SOHO LASCO C3 images. In panel (a), the dust production rate as a function of the heliocentric distance is displayed. Panel (b) shows the variation
of the ejection velocity vs. heliocentric distance referred to a grain of 1 cm in radius. In panel (c), the maximum and minimum particle radius used in the model are
displayed, and, in panel (d), the evolution of the power index of the size distribution. Note that with the exception of panel (a), the dust environments from the analysis

of both post-perihelion images are indistinguishable.

nucleus position is significantly outside the optocenter of these
images. This is consistent with the fact that the comet ceases
activity before perihelion, as confirmed by the model results.
The dust parameters are the same for both post-perihelion
images, except that the mass production stops at 0.02 AU for
the November 29.28 image and at 0.05 AU for the November
30.21 image. This accounts for the difference in total dust mass
released in the two observations, 8.1x 108 kg and 6.7x 108,
respectively. It is also important to note is the very small size
of the particles that constitute both tails in comparison with all
previous images, being in the range 0.1-50 pm.

It must be noted that while an isotropic ejection pattern was
compatible with the ejection scenario in the first of the two pre-
perihelion images on November 28.07, in order to perform a
good fit to the images on November 28.62, 29.28, and 30.21, an
anisotropic ejection model had to be considered. Specifically,
for those images (those displayed in Figures 13(b), (c), and (d))
the ejection pattern was characterized by ug 0.7+ 0.3r;
and up = 0.5+ 0.5, while the ejection component along the
perpendicular to the orbit plane is isotropic, i.e., u, = 2r3—1,

12

where ry, r», and r3 are random numbers in the (0, 1) interval.
To show this, post-perihelion synthetic images built under the
assumption of isotropic ejection are shown in Figure 15, where
it can be seen that they not adequately reproduce the observed
brightness pattern.

4.2.1. Particle Sublimation Near ISON Perihelion

To gain insight into the size variations that the particles
might experience due to sublimation processes that have taken
place during the ISON close approach to perihelion, we have
calculated the evolution of the grain sizes for different cometary
materials. We have specifically considered spherical grains of
crystalline olivine, pyroxene glass, and glassy carbon as typical
cometary materials. The rate of size decrease due to sublimation
is governed by the Clausius—Clapeyron equation as (see, e.g.,
Mukai & Mukai 1973; Kimura et al. 2002)

dr

=

M, u

e — 1
27'L’kBT ( )

p(T),
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Figure 13. Panels (a)-(d): observed brightness isophotes (black contours) and modeled isophotes (red contours) for the analyzed SOHO LASCO C3 images. Panels
(a), (b), (c), and (d) refer to the images on 2013 November 28.07, 28.63, 29.26, and 30.21, respectively (see Table 1). The black lines along the tails correspond to the
brightness scans shown in Figure 14. Panel (e) shows a highly contrasted version of the model image on November 28.63 (panel (b)) intended to show the northern
spike that is clearly seen in the Clear filter image (see Figure 4(b)), which is due to dust ejected much earlier in the ISON orbit.

(A color version of this figure is available in the online journal.)

where T is the temperature, p), is the particle density, M, is the
molecular mass of the gas released in the sublimation process,
u=166 x 107 kg is the atomic mass unit, and kg is the
Boltzmann constant. The vapor pressure, p(T), is given by

@)

(T)=¢ M, b
= X —_ s
p Pl-r7

where L is the latent heat for sublimation, and b is a constant,
which are obtained from evaporation experiments of the material
involved.

The equilibrium temperature of the grains is computed from
the balance between the energy absorbed and emitted using the
equation (e.g., Hanner et al. 1997)

Tr? [
= f S(2)QunsOr, )
rh 0

— 4 fo " Qa7 BT (), 3)

where S(L) is the solar flux at 1 AU, r;, is the heliocentric
distance in AU, B; (T (r)) is the Planck function for grain tem-
perature T, and Qgs(X, ) is the absorption efficiency of the
grain of radius r at wavelength A. The absorption efficiencies
are computed for spherical grains by Mie theory, and are a
function of the refractive index of the material. The refractive
indices are taken from Edoh (1983) for glassy carbon, from
Dorschner et al. (1995) for glassy pyroxene of composition
Mg, sFe( 5Si03, and from Fabian et al. (2001), and Zeidler et al.
(2011) for natural crystalline olivine in the mid-IR, and from
unpublished data in the UV through the near-IR from the JENA
database (http://www.astro.uni-jena.de/Laboratory/OCDB/
crsilicates.html). The olivine refractive indices in the mid-IR
from the three optical axes were averaged out.
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The adopted values for the constants appearing in the sub-
limation equations are b = 31.84 (when MKS units are used),
L = 321x10°J kg=!', M, = 169, and pp = 3710 kg m3
for crystalline olivine, b = 24.17 (when MKS units are used),
L = 9.61x10°7J kg™!, M, = 60 (see Kimura et al. 2002),
and p, = 3200 kg m~3 for pyroxene, and b = 32.8 (when
MKS units are used), L = 6.19x107 J kg’l, M, = 12, and
pp = 2250 kg m™ for carbon. To obtain the evolution of
the grain size for the different materials, we first compute the
equilibrium temperature of the grains and the rate of change
of the grain radius for different heliocentric distances and
grain sizes. Then, we integrate Equation (1) taking into ac-
count, at each time step, the predicted heliocentric position
of the comet ISON. Thus, the evolution of the grain size
as a function of the heliocentric distance, for different initial
grain radii and the three different compositions, is displayed in
Figure 16.

The first immediate conclusion that can be drawn from
Figure 16 is that grains of sizes r < 10 um and of any of the
studied compositions cannot survive ISON perihelion passage.
In particular, crystalline olivine grains of any size will be
completely vaporized at r;, <5 Rg, so that grains of this
composition will not survive. In contrast, pyroxene grains
of sizes r 2 100 um will survive, with some size reduction.
Micrometer and submicrometer pyroxene grains will start to
vaporize at r, S 10 Rg. On the other hand, glassy carbon
grains last longer than grains of the other substances, those of
r <10 um being vaporized very close to perihelion, and those
having r 2 100 pm surviving the perihelion passage with some
size reduction.

From the pre-perihelion LASCO C3 image on Novem-
ber 28.07, we have inferred a large mass-loss rate in the
0.36-0.08 AU heliocentric distance range. Based on the ex-
traordinary amount of dust mass contained in the tail, of
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Figure 14. Brightness scans along the SOHO LASCO C3 images displayed in Figure 13.

model.
(A color version of this figure is available in the online journal.)
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Figure 15. Synthetic images of ISON on 2013 November 29.28 (a) and 30.21 (b) under the assumption of isotropic emission.

2.3 x 10'! kg, we believe that most of the mass released is
a consequence of a cataclysmic disruption of the nucleus, from
whose interior a large amount of fresh material was released in
the form of both ice and refractory material. This huge release of
material is simultaneously accompanied by a reduction in dust
production rate by a factor of at least 40 of that derived from
ground-based data at r, > 0.61 AU, otherwise the spike seen
in the Clear filter images would show up markedly in the syn-

14

thetic DeepRed image. The reason that strong reduction must
be linked to the fact that the entire tail is within the LASCO
C3 field of view, i.e., inside 32 solar radii or ~0.15 AU, so
that particle sublimation has surely taken place (see Figure 16).
During this strong ejection of material, it is interesting to note
the narrow spike in dust production near 0.37 AU or 80 R, he-
liocentric distance at which the blackbody temperature is about
450 K, which is the sublimation temperature of most organics
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Figure 16. Evolution of grain size as a function of ISON heliocentric distance,
for several initial radii and different materials: (a) crystalline olivine, (b) glassy
pyroxene, and (c) carbon. For the source of the optical and sublimation constants
for the different substances, see the text.

(Kouchi et al. 2002; Kimura et al. 2002). Then, if the equilib-
rium temperature of the grains is close to that of a blackbody,
sublimation of the organic mantle covering the particles possi-
bly takes place (Kimura et al. 2002). While the position of the
spike corresponds to the heliocentric distance at which subli-
mation of organic compounds is expected, we cannot prove this
solely from this data set.

Most of the large amount of material released in the 0.36 to
0.08 AU range is rapidly vaporized afterward as confirmed by
the analysis of the November 28.62 DeepRed image, implying
a strong reduction in dust mass production, mainly inward of
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0.36 AU, as particle vaporization should be stronger for shorter
heliocentric distances (see Figure 16). However, the total dust
mass in the first post-perihelion tail on November 29.28 is
approximately the same as in the post-perihelion November
28.62 tail. This would indicate that the dominant process in that
time interval should be particle fragmentation, and not particle
vaporization, in order to make mass conservation compatible
with a decrease in grain size. It is possible that the smallest
grains have undergone vaporization at distances r;, <5 Rg, and
then the larger particles, which are essentially not vaporized, are
suffering mostly fragmentation phenomena. This is consistent
with the non-detection of ionized oxygen from the Solar
Dynamics Observatory (Pesnell 2013).

Finally, the dust production rate profile corresponding to the
last image analyzed on November 30.21 (the dashed line in
Figure 12(a) stops at 0.05 AU (or 10.8 Rp), indicating that
the material that makes the November 29.28 tail in the region
0.05-0.02 AU has been completely vaporized after undergoing
the fragmentation phenomena.

5. CONCLUSIONS

We have performed a complete study of the dust environment
evolution of the comet ISON by analyzing a series of images and
Afp data, spanning a period from after discovery until its almost
complete vaporization a few days after perihelion. We use a
Monte Carlo model to retrieve the dust parameters as a function
of the heliocentric distance. The most important conclusions
follow below.

The early Afp and image data are consistent with ejection
from an active area from a comet nucleus whose spinning
axis has a large obliquity (/ = 70°), in agreement with the
interpretation of HST observations of the comet by Li et al.
(2013). The argument of the subsolar meridian at perihelion is
found to be around (® = 270°; assuming prograde motion),
and the nucleus would present a single and extended active
area from 35° to 90° north. This configuration nicely fits the
early images and Afp data until approximately 200 days pre-
perihelion, where the emission should vary from the mentioned
active area on the northern hemisphere to become essentially
isotropic afterward. The reason for that is unclear, although a
plausible explanation is the propagation of a thermal wave into
the nucleus that activate subsurface sublimation in areas that
previously had been inactive.

The early Afp data show a local maximum at approximately
350 days pre-perihelion which has been found to be coincident
with a minimum phase angle of about 2°, showing the presence
of backscattering enhancement, which has been corrected by
a linear phase coefficient of ¥ = 0.03 mag deg~!. However, a
residual maximum still remains, even considering a larger «.
As a consequence, a coincidental outburst of activity cannot be
ruled out.

The isotropic ejection model from approximately 200 days
to perihelion to 13 days to perihelion is capable of fitting
all the images and Afp data in this interval, perfectly mim-
icking the minimum in the Afp data found observationally
60 days before perihelion and the strong rise afterward. Com-
paring to the water production rate, we found a dust-to-gas
ratio that generally decreases with increasing heliocentric dis-
tance, and a velocity ejection law that is close to a 1/r}
dependence.

The analysis of SOHO LASCO C3 2013 November 28.07
DeepRed images reveals that, assuming an initial nucleus of
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Ry = 500 m with p = 1000 kg m~3, at least half of the mass of
the nucleus was vaporized when the comet was at about 17 R,
At this time, based on the particle sublimation curves for
different cometary materials, we conclude that the nucleus must
have suffered a cataclysmic fragmentation releasing a large
amount of material. The analysis of yet another pre-perihelion
image on November 28.62 reveals that most of the material
released was immediately vaporized after the catastrophic event,
so that the nucleus itself probably disappeared at that time. The
analysis of a post-perihelion LASCO C3 DeepRed image on
November 29.28 reveals that the total mass has not changed with
respect to the pre-perihelion November 28.62 image, while the
particle size has decreased notably, which is compatible with
fragmentation phenomena of the largest particles, but not with
vaporization. In fact, for two analyzed compositions, pyroxene
glass, and glassy carbon, particles of the size » > 10 um could
have survived ISON perihelion passage, experiencing only a
small variation in size.

The total mass contained in the last LASCO C3 post-
perihelion image analyzed, the surviving ISON material, is
just 6.7x108 kg, or a sphere of 54 m in radius with a density
of 1000 kg m~3. This surviving dust is populated by small
particles in the size range 0.1-50 em, the final product of profuse
vaporization and particle fragmentation process.
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4.2 Unpublished results

In this section we report some results which have not been published yet, but which are being
considered for publication shortly. These results are related to outbursts suffered by two SPCs:
217P/Linear and P/2010 H2 (hereafter 217P and Vales). Outbursts are short duration events which
increase the comet brightness by several magnitudes as a consequence of a massive dust release
from the nucleus. The mechanisms which drive these events are not completely understood, al-
though some theories are being put forward. In the first Chapter, subsection 1.5, we introduced
these events in detail as well as the current theories about their triggering mechanisms.

Both comets are JFCs with perihelion distances and orbital periods of ¢ = 1.22 AU and P =
7.83 yr in the case of 217P, and ¢ = 3.10 AU and P = 7.56 yr in the case of Vales. They suffered
the outbursts some days after their last perihelion passage in 2009 September 8th (217P), and 2010
March 9th (Vales).

Sarugaku et al. (2010) studied the outburst of 217P, using optical images taken with the Kiso
105 cm Schmind Telescope which captured the day-by-day variation of the dust environment dur-
ing the event (see . On the other hand, comet Vales was discovered as a consequence of its
outburst, when it reached about 8-9 mag, appearing suddenly in the sky. However, no studies of
that event have been published yet. Thus, our purpose is to determine the dust parameters which
best describe the dust environment of these objects before, during, and after the outbursts, and
compare them with previous results for 217P and others available, such as the case of 17P/Holmes
(see e.g. Moreno et al. 2008} Ishiguro et al.2013). In addition, we obtain the total amount of dust
emitted during the explosions and their duration.

To perform this task we used optical images taken at Sierra Nevada Observatory (see Fig.
M.T) and Afp measurements as a function of the heliocentric distance, provided by the amateur
astronomical association Cometas-Obs. The image reduction process, as well as the Monte Carlo
model used to fit the observations, have already been explained in each appended paper of the
previous section, and will not be repeated here.

217P/Linear

This comet suffered an outburst on October 13, 2010. In our study we have one observation
~ 60 days after the outburst, and 215 Afp measurements provided by Comets-Obs which span
~ 290 days pre- and post-perihelion. From our model we find that the comet started emitting
dust at ~ 2.5 AU inbound, and the activity increased little by little until perihelion. The rest of
the dust parameters, i.e., ejection velocities and size distribution of particles, display the same
trend. The current knowledge of cometary properties establishes the bulk density around p = 600
kg m~ (see e.g. Davidsson & Gutiérrez 2004; |A’Hearn et al. 2005). The ejection velocity at a
distance of R ~ 20Ry, where the gas drag vanishes, must overcome the escape velocity, which is
given by v, = V2GMR~!, and if we assume a spherical shaped nucleus, the escape velocity is
Vese = Ry +/(2/15)Grp. Due to the lack of nucleus size estimates, we considered the minimum
particle velocity determined in the model as v, ~ v,,;,,. In this way, we could estimate an upper
limit of the nucleus radius. In our case, the terminal velocity for the largest particles at 2.5 AU,
were Vi, = 50 cm s~!, so we can conclude that the upper size of the nucleus is roughly 3.8 km.
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Figure 4.1: Observations carried out at Sierra Nevada Observatory in Granada, using a CCD cam-
era at the 1.52 m telescope. Left panel corresponds to comet 217P on December 12, 2009 (~ 60
days after the outburst). The isophotes levels are 0.50x10713, 0.22x10713, 1.00x10~* SDU. Right
panel corresponds to comet Vales on June 3, 2010 (~ 51 days after the outburst). The isophote
levels are 1.50x10713, 1.00x10713, 0.50x10713, and 0.22x107'3 SDU. In both cases the orienta-
tion is given and the vertical bars correspond to 10*km in the sky. Table shows the log of the
observations.

Table 4.1: Log of observations

Comet Observation Da}fs frf)m h A Reso!ution Phase Afp  Num. of Cometas-Obs
Date (UT) perihelion (AU) (AU) (km pixel™!) Angle (°) (cm™) observations

217P/LINEAR 2009 Dec 12 02:15 80.5 1.684 0.732 976.9 3344 80 215

P/2010 H2 (Vales) 2010 Jan 3 23:45 86.7 3.129 2.463 822.1 118.8 166 112

Note. Both comets were observed post-perihelion, and after the outbursts.
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Figure 4.2: 217P dust parameters derived from the model which best fits the observations. All
parameters are given as a function of the heliocentric distance. From top to bottom and left to
right the panels are: (a) Dust mass loss rate [kg s™']; (b) Ejection velocities for r=1 cm glassy
carbon spherical particles [m/s]; (¢) Maximum size of the particles [cm]; (d) Power index of the
size distribution ¢. In all cases the solid red line corresponds to pre-perihelion and the dashed blue

line to post-perihelion.

In Fig. the dust parameters as a function of the heliocentric distance are shown. In all
cases, we can see a remarkable increase at r = 1.301 AU post-perihelion. This event corresponds
to the outburst on October 13. From October 15, the dust parameters started to decrease. During
the outburst, the peak dust production rate was 5100 kg s~!. The peak ejection velocity for r = 1
cm particles reached a value of v, = 16 m s~! and the maximum size of particles was r = 15
cm, while the minimum size was fixed as constant with value of 1 um. The power of the size
distribution reached the value of @ ~ —3.6. We established that the onset of the event was on
October 13, and its duration was roughly 45 h. During that time, the total mass ejected was
M, ~ 3.2 x 10% kg. The comet emission pattern is concluded to be isotropic for the whole study.
The total dust production was 3.2 x 10° kg. In Fig we present the comparison of the model
with the observational data, where the agreement between them is remarkable.

P/2010 H2 (Vales)

Vales comet appeared suddenly in the sky on April 16 , 2010. There have been no reports on its
general properties or on the outburst suffered. From our model, we infer that the comet had a huge
explosion on April 14, which lasted until April 18. After that date, the comet faded away until its
disappearance. Thus, our data correspond to one observation night carried out at 1.52 m telescope
at the OSN, and 112 measurements of the A fp parameter provided by Cometas-Obs, which cover
from the onset of activity until ~ 52 days later.
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Figure 4.3: Comparison between model and observations of comet 217P/Linear. Left panel:
Isophote field on December 12, 2009. The contours levels are 0.50x107!3, 0.22x107!3, and
1.00x10~'* SDU. The black contours correspond to the OSN observation, and the red contours
to the model. The vertical bar corresponds to 10* km in the sky. Right panel: A fp versus heliocen-
tric distance. The black dots correspond to the Cometas-Obs measurements and the green triangle
is the OSN datum, which corresponds to the observation day. The red line is the model. Both
observations and model refer to p = 10* km.

From the analysis of this observational information we infer that the dust loss rate reached its
peak at 35 x 10° kg s™!' with an ejection velocity for » = 1 cm particles of 10 m s~!. In addition,
the maximum size of particles during the event was found to be r = 10 cm, and the power index of
the size distribution was in the range of -3.0-(-3.5). The total duration of the outburst was roughly
120 h. During that period, the total ejected dust was found to be 8.5 x 10° kg, which indicates
the strength of the event. In Fig [4.4] the evolution of the dust parameters during the outburst as
a function of the heliocentric distance are shown, and in Fig. 4.5 a comparison between the
observation and the model is displayed.

Discussion

The outburst of comet 217P was reported by [Sarugaku et al.| (2010), where the authors imaged the
comet day-by-day from October 11 to October 17. From their analysis they concluded that the
total dust emitted was in the range of 10° — 10° kg depending on the size of the particles, with
minimum size of 3um and maximum size up to 12 cm. These values agree with our estimates.
In addition, they are comparable to the small outburst characterized by us in paper III, where the
total dust emitted by two outbursts was in the range of 3 — 9 x 10% kg. These outbursts are larger
than the ones reported by Belton et al.| (2008) in his studies of comet 9P/Temple 1. The authors
observed at least 10 events in the range of 6 — 30 x 10* kg and established a relationship between
those mini-outbursts and some features observed on the surface during the Deep Impact mission
(see e.g. Veverka et al. 2013 |A’Hearn et al.|[2005; Thomas et al.|[2013).

In the case of comet Vales, there are no previous reports on its outburst. The total dust ejected
was 8.5x 10° kg. This value is comparable to the results obtained by some authors of comet 29P/S-
W, whose outbursts reach values in the range of 10® — 10'° kg (see e.g. Moreno| 2009} |Sekanina
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Figure 4.5: Comparison between model and observations of comet P/2010 H2 (Vales). Left panel:
Isophote field on June 3, 2010. The contours levels are 0.85x1073, 0.45x107'3, and 0.20x107"3
SDU. The black contours correspond to the OSN observation, and the red contours to the model.
The vertical bar corresponds to 10* km on the sky. Right panel: A fp versus heliocentric distance.
The black dots correspond to the Cometas-Obs measurements and the green triangle is the OSN
datum, which corresponds to the observation date. The red line is the model. Both observations
and the model refer to p = 10* km.
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2008; Hosek et al.[2013)). However, these strong values from comet Vales and 29P/S-W are far from
the breathtaking outburst suffered by comet 17P/Holmes (see Fig. [1.8). This comet experienced
a massive dust release from its nucleus in the range of 10'°-10'% kg (see e.g. Moreno et al.[|2008;;
Sekanina 2008; [Li et al.2011), with expansion velocities of 9-250 m s~! for particles with sizes
of 2-200 um (Reach et al. 2010). It was estimated that the total mass ejected corresponded with
~ 3 = 9% of its nuclear mass (Boissier et al.|2012), and produced the ejection of large chunks in
the range of 10-100 m (Stevenson et al.[2010).
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Chapter

Future work

In this Chapter, we summarize some ongoing projects which were not finished at the time this thesis
dissertation went to print. These projects, are presented according to the comet family involved, as
we did before in the results section (Chapter 4).

Regarding the SPCs, we have planned a long-term study of comet 67P/Churyumov-Gerasimenko.
This comet is of special interest as a target of the Rosetta mission, which will arrive at the comet in
August-September 2014. We will make an extensive characterization of this target and will com-
pare the results with those obtained for other targets of this family, presented in Chapter 4. There
are planned observations from the OSN and other telescopes, and systematic measure of the A fp
parameter from the amateur association Cometas-Obs. The idea is to compare these data with the
in situ data derived from Rosetta Mission.

In the case of the MBCs, due to their unpredictable activation times, we have started a target-
of-opportunity (ToO) observation campaign at the OSN and at the GTC telescope (Canary Islands,
Spain) in a IAA-TAC collaboration. An example of this, was the report of the first observed asteroid
nucleus fragmentation, in MBC P/2013 R3 (Catalina-PanStarrs) (Licandro et al.[[2013) (see Fig
S.1).

Some projects are focused on LPCs, particularly on comet C/2013 A1 (Siding Spring) which
will have a close encounter with Mars (~40 Martian radii) on October 18, 2014 (see Fig.
We have obtained observation time for this comet from CASLEO (Complejo Astronémico El
Leoncito) (Argentina) from July to September 2014, in collaboration with R. Gil-Hutton. This
is an important event in terms of the accretion of water and organic materials on the planet. Al-
though approaches are more common than direct impacts, once each ~ 10® yr (Stokes & Yeomans
2003), they are still rare. The event will be followed by a number of international groups (Ye &
Hui 2014; Tricarico et al.|[2014; |[Farnocchia et al.[|2014). The ground-based observation window
is from June to November, 2014, and only from the southern hemisphere. We will use the 2.15
m telescope (Jorge Sahade), for 9 nights. In addition, we have planned a monitoring of this event
with Cometas-Obs, who have some observers in Australia.

Another project on this family will be the characterization of a sample of LPCs. These comets,
namely C/2009 P1 (Garradd), P/2011 L4 (PanStarrs), and P/2012 F6 (Lemmon), have already been
observed at the 1.52 m telescope at the Sierra Nevada Observatory, and we also have available A fp
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Figure 5.1: The MBC P/2013 R3 (Catalina-Panstarrs) obtained at GTC telescope on October 11th,
2013. The green circles mark the three fragments detected: A, B and C.

measurements from Cometas-Obs. C/2009 P1 (Garradd) has one of the highest dust-to-gas ratios
ever observed, as in the case of C/1995 Ol (Hale-Bopp). Some observations at the OSN, and
the Afp curve are shown in Figs. [5.2] and [5.3] C/2011 L4 (PanStarrs) displayed asymmetric
activity around perihelion, and became one of the most active targets in recent years (see e.g.
Combi et al|[2014; [Yang et al|2014). The OSN observations are shown in Fig. [5.4] and the
Afp measurements are presented in Fig. [5.5] Comet C/2012 F6 (Lemmon) had the peculiarity of
having a heterogeneous nucleus, due to the normal HCN, CHy4, and CO abundances, but enhanced

H,CO abundance(see e.g. [Combi et al|2014; [Paganini et al.2014). In Fig. [5.6and [5.7] the OSN

observations and the A fp curve as a function of the time to perihelion are shown.
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Garradd (a) Garradd (b)

Figure 5.2: C/2009 P1 (Garradd) observations obtained using a CCD camera at the 1.52m OSN
telescope, in Granada, Spain. (a) January 3, 2013, and (b) January 6, 2013. Both images corre-
spond to r;, = 1.56 AU, A = 1.90 AU, and a pixel size of 633.9 km. The isophote levels, in Solar
Disk Units (SDU), are 2.0 x 1072, 0.5 x 107'2, 0.25 x 107'2, and 0.1 x 10~'2. North is up and East
is left. The vertical bars correspond to 10° km in the sky.
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Figure 5.3: C/2009 P1 (Garradd). Afp versus time to perihelion. The black dots correspond to

Cometas-Obs data, and the green triangles are the OSN observations presented in Fig. [5.2] These
observations are refered to p = 10* km.
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PanStarrs (a) PanStarrs (b) PanStarrs (c)

Figure 5.4: As Fig. @ but for the comet C/2011 L4 (PanStarrs). (a) May 1, 2013, r, = 1.31
AU, A = 1.53 AU, and pixel size of 510.4 km. The isophote levels are 2.0 x 1072, 1.0 x 10712,
0.5 x 1072, and 0.25 x 1072 SDU. (b) June 13, 2013, r, = 2.04 AU, A = 2.01 AU, and pixel size
of 670.6 km. The isophote levels are 0.5 x 10712, 0.15x 107!2,0.75 x 1073, and 0.40 x 10713 SDU.

(c) July 8, 2013, r, = 2.42 AU, A = 2.40 AU, and a pixel size of 807.4 km. The isophote levels are
20x 10713, 1.0x 10713,0.5 x 10713, and 0.25 x 10~"3 SDU.
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Figure 5.5: As Fig. [5.3|but for the comet C/2011 L4 (PanStarrs).
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Lemmon (a)

Lemmon (b)

Figure 5.6: As Fig. @but for the comet C/2012 F6 (Lemmon). (a) June 14, 2013, r, = 1.64 AU,

A =1.77 AU, and pixel size of 590.5 km. (b) July 9, 2013, with r, = 1.99 AU, A = 1.87 AU, and

pixel size of 623.9 km. In both dates the isophote levels are 5.0 x 10713, 2.0 x 10713, 1.0 x 1073,
0.5x 10713, and 0.25 x 10~"* SDU.
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Figure 5.7: As Fig. [5.3]but for the comet C/2012 F6 (Lemmon).
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Unit: Martian radius

Figure 5.8: Close approach between Mars and the LPC C/2013 A1 (Siding-Spring). In the graph,
1 unit equals 1 Martian radius. Extracted from Ye & Hui| (2014).
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Chapter

Summary & Conclusions

In this Ph.D. thesis, we have discussed the dust environment of comets of different families, as
a function of the heliocentric distance. In addition, for the SPCs, we have presented dynamical
analyses. In this section, we give a short summary of the studies done and its conclusions.

e In papers I, II, and III we report on the dust analysis and dynamical studies of a sample
of ten SPCs. These comets are: 22P/Kopff, 30P/Rienmuth 1, 78P/Gehrels 2, 81P/Wild 2,
103P/Hartley 2, 115P/Maury, 118P/Shoemaker-Levy 4, 123P/West-Hartley, 157P/Tritton,
185P/Petriew, and P/2011 W2 (Rinner). In these papers, we present an accurate charac-
terization of the dust parameters which best describe the dust environment of the comets
during a significant orbital arc around their perihelion passages. These parameters are: dust
loss rates, size distribution functions of the particles, ejection velocities, and the emission
patterns. To this end, we use our Monte Carlo dust tail code (e.g. Moreno et al.[2012). In
addition, using the numerical integrator Mercury 6.2 developed by |Chambers| (1999), we
have determined the dynamical history of each comet, in order to identify the solar system
regions visited and the time spent there, for each comet. From these two different analyses,
we relate the annual dust production rate with the time spent in the region of JFCs for all
comets. The main result obtained, is that the highly active comets are also the youngest ones
with age in the range of 40-600 yr in the Jupiter Family region.

e The work concerning MBCs is presented in papers IV and V. In these papers, the comets
studied are P/2012 T1 (PANSTARRS) and P/2013 PS5 (PANSTARRS). We present a char-
acterization of the dust environment following the steps described in chapter 3. The mech-
anisms which drive the activity of these objects, and the MBC population in general, are
still unclear. In the case of the P/2012 T1, the dust ejection was sustained over time, when
the comet was near to perihelion, and we inferred that the activity was not produced by
any impulsive event, the most likely driver being the sublimation of ices. The anisotropic
ejection pattern obtained is in remarkable agreement with the one found for the MBC P/La
Sagra (Moreno et al.[|2011a)), and agrees with the seasonally driven behavior also found in
the case of 176P by |Hsieh et al. (2011]). We concluded that if this behavior is confirmed in
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the next perihelion passage or if it is found in other MBCs, it would then have important con-
sequences for the evolution and nature of these objects. In the case of the MBC P/2013 PS5,
which displayed a multi-tailed pattern, the rotational disruption was confirmed as the most
likely mechanism. This produced an intermittent dust mass loss, which caused the complex
tail brightness observed at different epochs.

In paper VI, we report an extensive study of the dust environment evolution of comet C/2012
S1 (ISON). The observational data covered the period from right after its discovery, at ~ —6.2
AU, until its almost complete disintegration a few days after perihelion. In the first period,
the ejection of dust was produced by an active area located in the Northern hemisphere until
~ 200 days to perihelion. Then, the emission became isotropic until 13 days to perihelion.
We found a clear correlation between the water and dust production rates during the ap-
proach, and a velocity ejection law close to a 1/r; dependence. When the comet was near
perihelion, it was monitored by SOHO. From the analysis of SOHO LASCO C3 images, we
inferred that the large mass loss rate observed between 77 and 17R,, was due to a cataclysmic
disruption of the nucleus, releasing fresh material which contained ices that were rapidly va-
porized. Thus, at least half of the mass of the nucleus was vaporized. In addition, based on
the particle sublimation curves for different cometary materials, we concluded that at ~ SR,
small particles (r < 10um) were vaporized. However, the total dust mass in the tail before
and after perihelion passage, was approximately the same, while the particle size decreased
notably. This suggests that the dominant process at that time was particle fragmentation, and
not particle vaporization. The final surviving post-perihelion dust cloud was populated by
tiny particles with the size range 0.1-50 um, with a mass of only ~ 6.7 x 10® kg.

In addition to the appended papers, we have presented some results which have not been
published yet. These refer to the outbursts suffered by comets 217P/Linear and P/2010 H2
(Vales). From these studies we obtained the dust environment before, during and after the
outbursts. In the case of 217P, the observational data cover most of the orbit. We inferred
that the total dust mass released from the nucleus during the explosion was 3.2 x 10% kg and
the duration was ~ 45 h. These results agree with previous studies available for this comet
(Sarugaku et al.[2010). On the other hand, comet Vales outburst was far more intense. The
total mass released from the nucleus was 8.5 x 10° kg, and the duration ~ 120 h. Therefore,
we concluded that the outburst of 217P was a small event, similar to the ones suffered by
81P/Wild 2, reported in paper III, but larger than the mini-outbursts suffered by 9P/Temple
1 in the range of 6 — 30 x 10* kg (Belton et al.[2013)). The outburst of Vales was close to the
values reached by 29P/S-W erratic outbursts, with values of 108 — 10'° kg (see e.g. Moreno
2009; Hosek et al.2013)). However, both outbursts are far away from the huge outburst of
17P/Holmes which reached values in the range of 10'°-10'2 kg (see e.g. Moreno et al [2008;
Liet al.2011).

In chapter 5, an outline of future studies is presented, in connection with each comet family.

In relation to SPCs, we are planning to monitor and study the Rosetta target 67P/C-G in real
time during the next observation campaigns. In the case of MBCs, we are continuing with
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the ToO programme and the IAA-IAC collaboration, to monitor these objects as soon as they
become activated. Finally, in the case of the LPCs, we have already observed some comets,
which are ready to be analyzed, and, in addition, we are involved in a IAA-CASLEO project
to study the close approach of comet Siding Spring to Mars.
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