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Abstract

Comets are numerous objects surviving from the early formation stages

of the Solar System, and they are made up of frozen volatiles and dust grains.

The frozen volatile material of the cometary interior can be regarded as the

oldest and largely unprocessed material of the Solar System. This makes comets

the ideal candidates to study the early formation history of the Solar System.

Cometary volatiles have been detected both in situ and by remote observations

of the cometary atmosphere or coma. One of the major sources of knowledge

about the structure and composition of comets comes from studies of the coma.

Numerical modeling studies of the coma give a quantitative understanding of the

physics and chemistry in the coma gas.

In this thesis work, a numerically robust chemical-hydrodynamical coma

model has been built, which can be used to study the coma of comets having

a wide range of volatile compositions. This model is based on applying fluid

conservation equations to a spherically symmetric coma in a steady state. The

model involves collision-dominated flow, a multifluid treatment of the coma-gas,

active gas-phase chemistry, and heating and cooling mechanisms. An extensive

chemical network is used, which includes chemical reactions involving complex

organic molecules and ions. Cooling mechanisms due to vibrational and elec-

tronic excitation of CO molecules have also been added.

The model is used to simulate the coma of the interstellar comet

2I/Borisov. This comet shows a high CO/H2O ratio (∼ 1), which makes it a

notable exception when compared with Solar System comets, which are domi-

nated by the outgassing of water molecules from the nucleus. The model results

show that the high CO/H2O ratio will affect the chemistry and dynamics of the

coma. It is found that the high CO abundance alters the temperature profile

and results in high abundances of CO+ and HCO+ ions in the coma. These two

ions affect the formation/destruction rates of other ions such as H2O
+, H3O

+,

and N-bearing ions. In addition, higher abundances are seen for assorted organic

neutrals and ions in the interstellar comet, compared to a typical Solar System

comet of the Halley-type composition.
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Improvements in observational capabilities have resulted in the detection

of many new organic species in a large number of comets. While organic species

can originate from the nucleus, comets showing moderate to high activity can

reach sufficient coma densities for organic molecules to form by active gas-phase

coma chemistry. The coma model has been used to study the comets C/1996 B2

(Hyakutake), C/2012 F6 (Lemmon), C/2013 R1 (Lovejoy) and C/2014 Q2 (Love-

joy) with respect to their organic abundances. The gas-phase organic formation

pathways in the comae of these comets and the resulting coma abundances of

organic neutrals and ions due to these gas-phase formation mechanisms are exam-

ined. The efficiency of coma chemistry towards forming neutral organic molecules

in the coma, as opposed to these molecules outgassing from the nucleus, is dis-

cussed.

The volatile composition of 2I/Borisov will provide insights into the pre-

vailing conditions of its host system. A comparative study of the interstellar

comet with Solar System comets will aid in making a chemical inventory of

2I/Borisov’s natal disk, including possible organics that could be present. An-

swering the questions of how organic chemistry works in cometary environments

will improve our understanding of the formation and distribution of organics in

the Solar System and the terrestrial delivery of organic molecules.

Keywords: Comets, Comae, Comet volatiles, Complex organic molecules
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Chapter 1

Introduction

Comets are the most numerous objects of the Solar System, and they, along

with asteroids, are thought to be the relics of Solar System formation, that were

created and processed in the primordial solar nebula (Weissman et al., 2002).

Asteroids are the parent bodies of most meteorites, and they formed by the ac-

cretion of solids in the inner warm and dense regions of the solar nebula (Brown-

lee et al., 2006). On the other hand, comets are assumed to have formed in the

outer regions, where the temperatures were low enough for the formation of frozen

volatiles, and the density was sufficient to allow effective condensation. The orbit

of Jupiter at 5.2 AU is taken to be the boundary between the asteroid and comet

formation zones (Weissman et al., 2002). There are several concurrent models

that deal with the origin of cometary ices, including the inheritance of amor-

phous ices from the prestellar core (Meech et al., 2009). While comets may not

be entirely pristine, the cometary ices can be considered to be the least-altered

material surviving from the formative period of the Solar System. The cometary

material originally existed in the solar nebula as microscopic interstellar grains

and nebular condensates, which then coagulated into macroscopic bodies rang-

ing in size from tens to hundreds of kilometers (Weidenschilling, 2004). These

icy planetesimals may have formed the cores of the giant planets (Chambers,

2007) and they may have also contributed to the volatile inventory of the terres-

trial planets, including the delivery of prebiotic organic material (Ehrenfreund

& Charnley, 2000; Marty et al., 2016). Studies of the elemental and molecular

3



4 Chapter 1. Introduction

compositions, and the isotopic ratios of cometary materials, and comparison to

laboratory experiments and to other objects within and outside the Solar System

is essential to obtain insights into comet formation and evolution.

Present day comets reside in two distinct reservoirs, namely the Oort

cloud and the Kuiper Belt (divided into the classical Kuiper Belt, the scattered

disk and the extended disk populations; Morbidelli et al., 2008). However, it

is assumed that the cometary populations formed closer to the Sun than where

they currently reside, as densities in the solar nebula at large distances from the

Sun would have been too low for planetesimals to form. Migration of the giant

planets scattered the comets either inwards, causing the period of Late Heavy

Bombardment (LHB) 4.0−3.8 billion years ago (Marty et al., 2016), or outwards

to their current locations (Gomes et al., 2005). The number of known comets at

present is ∼ 5000, which is a miniscule fraction of the total comet population that

is estimated to be more than a trillion. Comets have been observed for centuries,

but have been studied as astronomical phenomena since only the previous few

hundred years.

Comets and asteroids contain abundant quantities of both inorganic as

well as organic species, and a subset of cometary organics are of prebiotic inter-

est (Oro et al., 1991; Irvine, 1998; Altwegg et al., 2016; Dalai et al., 2016; Kwok,

2016). Many of these organic molecules have also been observed in the inter-

stellar medium, suggesting a common formation pathway. Impact processes are

likely to have transported volatiles and organics to the terrestrial planets, includ-

ing the Earth. Therefore, comets may have played a decisive role in the prebiotic

chemistry that began after the LHB (Chyba & Sagan, 1997). The organic compo-

sition of comets has been estimated from remote observations (Bockelée-Morvan

& Biver, 2017), while in situ spacecraft missions such as Rosetta have greatly

enhanced the organic inventory of comets (Capaccioni et al., 2015; Goesmann

et al., 2015; Le Roy et al., 2015; Altwegg et al., 2016, 2019; Schuhmann et al.,

2019).
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Figure 1.1: Extract from the Book of Silk compiled by Chinese astronomers
around 300 B.C., found in 1973 at the Mawangdui archaeological site in China.
This is regarded as the first definitive atlas of comets, in which more than two
dozen comets are documented, linking them to calamitous events that occurred
at the time of their appearance. Image Source: https://deepimpact.astro.

umd.edu/science/comets-cultures.html

1.1 Historical Overview

Many references to comets have been made since ancient times, including find-

ings of their carved images on rock walls in North America and islands of the

Pacific, and their mention in early Chinese histories and by ancient Greek and

Roman philosophers such as Aristotle, Seneca and Pliny the Elder. Aristotle

and Ptolemy did not consider comets to be celestial phenomena; while Aristotle

wrote about comets in his treatise on terrestrial phenomena, Meteorologica, he

did not mention them in his work on heavenly bodies. The first comet that was

recorded reliably in multiple historical texts was the one observed by the Chinese

https://deepimpact.astro.umd.edu/science/comets-cultures.html
https://deepimpact.astro.umd.edu/science/comets-cultures.html
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in 613 B.C. The appearance of comets in early times was considered to be an

omen for calamities and tragedies. A beneficial outcome of these superstitious

beliefs is that cometary apparitions were recorded, and this information is quite

valuable to modern astronomers. Some of the cometary apparitions have been

visually impressive or memorable, and these are termed as great comets.

It was only in the sixteenth century that comets were established to be

celestial objects that existed outside the Earth’s atmosphere. This was the re-

sult of parallax measurements of the Great Comet of 1577 by Tycho Brahe and

Michael Maestlin, which initiated an era of positional measurements in cometary

astronomy. In 1705, Edmond Halley used Newtonian mechanics to calculate the

orbits of 23 comets that appeared between 1337 and 1698. He noted that the

orbital elements for three of the cometary apparitions were quite similar, and

deduced that it was the same comet. He predicted its return in 1758, and this

speculation proved correct, causing the comet to be named after him and become

famously known as comet Halley. Orbital calculations have enabled investigators

to trace the appearances of comet Halley backwards through many centuries, and

identify its mention in ancient records dating as far back as 240 B.C.

The modern era in cometary science began with the formulation of three

path-breaking ideas in 1950−51. These were the proposal of the icy-conglomerate

model of the cometary nucleus (Whipple, 1950), the identification of a distant

cometary population known as the Oort cloud (Oort, 1950) and the explanation

of the motion of features in cometary plasma tails due to interactions with the

solar wind (Biermann, 1951). The late 1970s witnessed an increased interest in

comets, mostly due to the predicted return of comet Halley in 1986. The first

in situ mission to a comet was the International Cometary Explorer (ICE) that

made a tail passage of 21P/Giacobini-Zinner, and later also passed through Hal-

ley’s sphere of influence. In situ measurements of comet Halley by five spacecrafts

(Giotto, Sakigake, Suisei, Vega 1 and 2 ) confirmed Whipple’s icy-conglomerate

model and also led to the detection of several cometary molecules and ions.

Since then, spacecraft missions to other comets and improved remote observa-

tional facilities have led to significant advances in the study of comets. The

direct examination of cometary material is particularly crucial in understanding
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the composition of comets. In this context, the Deep Impact space probe de-

signed to study the cometary interior by releasing an impactor into the comet

9P/Tempel, and the Stardust cometary sample return mission to 81P/Wild 2

have been scientifically important. The findings of the Deep Impact mission

advanced our knowledge of cometary nuclei, and some of these results include

the observation of surface features and morphological diversity of 9P/Tempel

(Thomas et al., 2007) and the presence of micrometer sized subsurface H2O

grains (Sunshine et al., 2007). Analysis of the samples returned from 81P/Wild

2 by Stardust enabled the detection of glycine and other amino acids (Glavin

et al., 2008; Elsila et al., 2009) and also established the importance of large-scale

mixing in the early Solar System through the presence of high temperature phase

minerals such as chondrules in the cold cometary ices (Brownlee et al., 2006).

The hugely successful Rosetta mission to 67P/Churyumov-Gerasimenko was the

first spacecraft to orbit a comet, and the in situ observations more than doubled

the number of species known to be present in comets (Rubin et al., 2019). The

Rosetta mass spectrometers probed the comet’s isotopic composition, which has

implications on comet formation and volatile delivery to the early Earth (Altwegg

et al., 2015; Marty et al., 2017; Hoppe et al., 2018). The continuous two-year

monitoring of the comet enabled the observation of changes in the morphology

and composition of the nucleus with time and the strong seasonal effects (De

Sanctis et al., 2015; Fornasier et al., 2016).

1.2 Physical Structure

1.2.1 The Nucleus

The central solid body of a comet is the nucleus, which is generally a few kilome-

ters in size and is made up of frozen gases and dust. Small cometary nuclei may

have sizes measuring several hundred meters, for example the comet 71P/Clark

has an estimated radius of 680 m (Lamy et al., 2000). The largest cometary nu-

cleus is reported to be that of the comet C/2014 UN271 (Bernardinelli–Bernstein),

which has a radius ∼ 60 km (Hui et al., 2022). Using data obtained from the NE-
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OWISE mission, Bauer et al. (2017) constrained the sizes for a debiased sample

of comets. They find that the mean nucleus diameter of Jupiter family comets

(JFCs) is 1.3 km, while this is 2.1 km for long-period comets (LPCs). Addi-

tionally, the median diameter for JFCs is 3 km, which is midway between the

values of 3.2 km and 2.8 km reported by Meech et al. (2004) and Fernández et al.

(2013), respectively. The cumulative size-frequency distribution of the nucleus

sizes yields a power law relationship N(> D) ∼ D−β, where N is the number of

comets with diameter greater than D.

Since the nucleus has a relatively small size, its mass, density, gravity and

escape velocity are low, and hence it is irregularly shaped since gravitational

compaction of the fluffy nuclear material does not occur (Keller, 1990). In the

outer Solar System where the solar radiation flux is negligible, comets are not

active and consist only of their nuclei. The nucleus consists of a loose collection

of condensed volatiles like water, carbon monoxide, methane, ammonia, carbon

dioxide and other condensed molecules, in a matrix of dust and mineral particles.

An approximate description of the compositional structure of the nucleus that

is widely accepted in the present day was proposed by Whipple, who described

cometary nuclei as “dirty snowballs” or an “icy conglomerate” of refractory dust

and primary ices (Whipple, 1950).

Numerous models have been proposed to explain the internal structure

and density of the nucleus (Weissman & Lowry, 2008), and comet formation

models are an intensive area of research. The relative abundances of refractory

materials and volatile ices or the refractory-to-ice mass ratio within the nucleus

is an important tracer of comet formation and evolution. It is still unclear if

the mixing of ices and refractories took place on a microscopic level by the

formation of ice mantles around micrometer sized grains, or at macrosocpic scales

by the mixing of ice grains and refractory grains, or a combination of both.

The refractory-to-ice ratio also affects the thermal properties of the nucleus and

the cometary outgassing activity, since accelerated dust particles that leave the

nucleus may also contain ices. Rosetta provided the opportunity to measure

the refractory-to-ice ratio and the coma dust-to-gas ratio for an extended period

of time. Although these measurements are of low precision, yet it is indicated
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Figure 1.2: Nucleus of comet 67P/Churyumov-Gerasimenko by Rosetta’s OSIRIS
narrow-angle camera on August 3, 2014, from a distance of 285 kilometers. The
image resolution is 5.3 meters per pixel. Image Credit: ESA/Rosetta/MPS for
OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA.

that the dust-to-gas ratio may not be representative of the refractory-to-ice ratio

(Choukroun et al., 2020).

The composition of cometary nuclei is not known precisely because

molecules exist in the condensed phase and their spectral analysis using ground

and space based telescopes is challenging. In addition, the nucleus sizes are too

small to be resolved by remote observations. On the rare occasion when a comet

with a large and probably resolvable nucleus enters the inner Solar System (for

example in the case of comet Hale-Bopp), the coma obscures the nucleus from

view. Hence, the only means of studying the cometary nucleus in detail is by in

situ measurements using interplanetary space probes (Keller et al., 2004). Comet

1P/Halley was the target of several in situ measurements, and observations taken

by the Giotto space probe revealed the nucleus to possess a dark crust with low

albedo, while the volatiles are located below the crust (Sagdeev et al., 1986;

Keller et al., 1987). Images of the comets 19P/Borrelly acquired by the Deep

Space I mission, 9P/Tempel obtained by Deep Impact and 67P/Churyumov-

Gerasimenko (67P/C-G) by the OSIRIS camera aboard the Rosetta mission con-
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firm the low surface albedo of cometary nuclei (Soderblom et al., 2002; Buratti

et al., 2004; Li et al., 2007; Fornasier et al., 2015). Particles that have radii that

are larger than the critical radius (the largest size that can be entrained by the

sublimating gas) accumulate on the surface, leading to the formation of surface

features that were observed on 9P/Tempel (Kobayashi et al., 2013). Reflectance

spectra of 67P/C-G suggest that the low albedo is due to the presence of re-

fractory organics in dust grains, containing polyaromatic compounds mixed with

sulfides and Fe-Ni alloys (Quirico et al., 2015).

1.2.2 The Coma

As a comet enters the inner Solar System, the temperature of the outer surface

of the nucleus increases due to the solar radiation field. Volatile gases sublimate

from the nucleus, expand outwards and entrain the dust particles from the sur-

face, leading to the formation of the coma (Keller, 1990). The nucleus and the

coma are collectively known as the head of the comet, and this can extend upto

2− 3 million kilometers. Most comets become active inside the orbit of Jupiter

(∼ 5 AU) when sublimation of water ice drives cometary outgassing. However,

few comets have been observed to show activity at larger heliocentric distances

(Meech et al., 2009; Kulyk et al., 2016; Womack et al., 2017), though they tend

to be extremely faint and this introduces an observational bias. A prime example

of such a comet is C/2017 K2 (PanSTARRS) that exhibited activity out to a

heliocentric distance of 23.7 AU (Jewitt et al., 2017; Meech et al., 2017b; Hui

et al., 2018).

The nucleus has insufficient mass and cannot gravitationally bind its at-

mosphere, so the coma is interpreted to be in the steady state (Huebner, 1990).

Sublimation from the nucleus continuously replenishes the outflowing gas, and

the coma is frequently observed as stable and unchanging. However, sudden

changes in the brightness and structure of the coma is not uncommon, and

features may rapidly alter within several hours. Various processes have been

proposed to explain cometary outbursts, such as the formation of surface craters

through internal explosions (Brownlee et al., 2004) or the crystallization of amor-
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phous ice that releases heat and triggers outbursts (Prialnik & Bar-Nun, 1992).

Spatial structures are also seen in the comae of many comets, in both the gas and

dust components (Combi et al., 2004; Schleicher & Farnham, 2004). Cometary

comae are a natural laboratory for many unique and intriguing astrophysical

phenomena (Ip & Axford, 1990). The mean free path near the nucleus is small,

resulting in frequent molecular collisions and interactions (Keller, 1990). Ioniza-

tion and dissociation processes in the coma result in the formation of ions and

radicals. Fragmented species created by the photolysis of parent molecules are

also present in the bulk of the coma. Detailed analyses of high-resolution spectra

show that the observed coma emissions are due to two kinds of excitation mech-

anisms: radiative processes and collisional excitation (Bockelée-Morvan et al.,

2004; Feldman et al., 2004; Bodewits et al., 2022). A knowledge of the excitation

mechanisms and molecular and atomic data can be used to derive column den-

sities of the observed species from the spectrophotometric data. With suitable

modeling, the column densities can be used to deduce the relative abundances

of the parent species in the ice (Combi et al., 2004).

1.2.3 The Hydrogen Cloud

The head of the comet (namely, the nucleus and the coma) is surrounded by

a hydrogen cloud, that was first predicted by Biermann (1968). Subsequently,

observations of large clouds of Lyman-α emission around the comets Tago-Sato-

Kosaka 1969g (C/1969 T1) and Bennett (C/1969 Y1) led to the discovery of hy-

drogen clouds (Brandt & Chapman, 2004). Since H2O is the dominant cometary

volatile, its photodissociation produces H, O and OH, that are present in the

hydrogen cloud. The ultraviolet imager instrument of the Suisei space probe

recorded the variation of the intensity of Lyman-α with time, in the hydrogen

cloud of comet 1P/Halley. The total brightness of the hydrogen cloud was ob-

served to change periodically, and also exhibit pulsations (Kaneda et al., 1986).

The observed hydrogen cloud of 1P/Halley had a shell structure, which was the

result of outbursts from the nucleus (Hirao, 1986).

The hydrogen envelope can be extremely large, with observable emissions
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Figure 1.3: Schematic (not to scale) of the main cometary features, showing the
coma, the hydrogen cloud, and the plasma and dust tails. The bow shock and
the contact surface are shown in the inset figure. Image credit: ESA. https://
sci.esa.int/web/giotto/-/13767-the-comet-main-features-and-scales

detected at distances greater than 107 km from the nucleus (Combi et al., 2000).

The energy released due to photodissociation gives the H atoms excess velocity in

the range of 4− 24 km s−1 (Keller & Meier, 1976; Combi et al., 2004). Collisions

in the inner coma can thermalize the H atoms partially, which affects the bulk

velocity distribution. The Solar Wind Anisotropies (SWAN) instrument on the

Solar and Heliospheric Observatory (SOHO) has enabled the imaging of the full H

coma, and long term monitoring by this instrument has provided measurements

of hydrogen Lyman-α for many comets (Combi et al., 2018, 2019, 2021).

1.2.4 The Plasma and Dust Tails

The cometary plasma and dust tails form when the solar wind and the solar

radiation pressure influence the motion of the constituents of the coma as the

comet approaches the sun (Brandt & Chapman, 2004). Typically, cometary tails

have a size of around 10 million kilometers, but can even extend up to hundreds

https://sci.esa.int/web/giotto/-/13767-the-comet-main-features-and-scales
https://sci.esa.int/web/giotto/-/13767-the-comet-main-features-and-scales
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of millions of kilometers. The two tails are morphologically different; the plasma

tail or the type I tail is long and thin, while the dust tail or the type II tail

has a diffuse and curved appearance. The plasma tail is made up of molecular

ions such as CO+ and H2O
+, along with protons, other ions and electrons, and

often appears blue in color due to ionic emissions (Bobrovnikoff, 1942). The

plasma tail is observed for comets at distances < 1.5 − 2 AU from the sun and

results from the interaction of cometary charged particles with the solar wind.

Indeed, observations of plasma tails provided the necessary evidence to prove

the existence of the solar wind (Biermann, 1951). Comets at larger heliocentric

distances and those whose perihelion distances are too close to the sun may not

show plasma tails. The ion velocities in the plasma tail vary from about 10

km s−1 near the head of the comet to nearly 250 km s−1 far out from the head

(Brandt & Chapman, 2004).

The cometary dust tail is made up of dust particles that are entrained from

the nucleus by the sublimating volatile molecules (Brandt & Chapman, 2004).

Different sized dust particles obtain different velocities, with submicrometer-sized

particles reaching nearly the velocity of the escaping gases (∼ 1 km s−1), while

particles larger than a centimeter hardly reach the gravitational escape velocity

(∼ 1 m s−1) of the cometary nucleus (Grün & Jessberger, 1990). The motion

of dust particles is influenced by the solar radiation pressure which repels the

particles and solar gravity which attracts them. These two forces vary as r−2, and

one can define an effective gravity as their difference, which decides the nature

of the orbit of the particle (Finson & Probstein, 1968). The effective gravity

depends on particle size, shape and composition, and the diffuse and curved

nature of the dust tail is due to different particles following separate orbits.

The two tails are oriented in different directions and do not point in the

exact antisolar direction. As the comet approaches the sun, the first to form

is the coma, followed by the development of the plasma tail and the dust tail.

These then disappear in reverse order after the perihelion passage of the comet

(Huebner, 1990). The observation of cometary tails also depends on the viewing

geometry. Chinese astronomical records make a distinction between beixing and

huixing, that is, comets without and with a tail, respectively. Comets that have
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a tail have been described as beixing when they are in opposition and the tail

is not visible (Needham, 1959). Sometimes the viewing geometry is such that

when the Earth crosses the orbital plane of the comet, dust particles appear as

a spike emanating from the coma, and directed towards the sun, creating an

antitail. This phenomenon occurs when dust particles remain in the cometary

orbital plane due to a weaker influence by the solar radiation pressure, forming a

disk, which is visible side-on as a spike when the Earth passes through the plane

(Gary & Odell, 1974).

1.2.5 Plasma Regions and Boundaries

The two types of plasma at a comet are (1) the light solar wind ions, and (2) the

cometary plasma consisting of heavy ions that are created due to the ionization

of the neutral coma gas. The addition of slow, heavy cometary ions to the high

velocity solar wind leads to mass-loading of the solar wind (Biermann et al.,

1967; Szegö et al., 2000). This interaction results in the creation of large-scale

structures in the form of boundaries and regions characterized by changes in

the plasma parameters. The plasma structures in the cometary environment

are dependent on the scale size, and therefore the gas production rate from the

nucleus. Thus, the outgassing activity may be divided into three categories,

following Goetz et al. (2022): weakly active (production rate < 1026 mol s−1),

intermediately active (1026 mol s−1 < production rate < 5 × 1027 mol s−1) and

strongly active (production rate > 5× 1027 mol s−1).

The solar wind gets decelerated strongly in the vicinity of the comet as a

result of mass-loading. For a comet such as 1P/Halley, that has a high production

rate, mass-loading effects were seen at distances > 106 km from the nucleus

(Mukai et al., 1986; Neubauer et al., 1986). The bow shock is formed at the

boundary where the solar wind flow transitions from supersonic to subsonic. The

existence of two permanent boundaries, namely the bow shock and the contact

surface, were predicted by computer simulations (Ip & Axford, 1982; Schmidt &

Wegmann, 1982), and later confirmed by spacecraft flybys. In situ measurements

by Suisei during its encounter with 1P/Halley provided evidence of the bow
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shock at a cometocentric distance of about 4.5×105 km (Mukai et al., 1986) and

similar observations were also made by Vega 1 and 2 and Giotto (Galeev et al.,

1986; Gringauz et al., 1986c). A plasma structure detected at comet 67P/C-G

was identified as an infant bow shock, that may manifest as a more developed

cometary bow shock at higher activity (Gunell et al., 2018; Goetz et al., 2021).

Rosetta did not travel far enough from the comet to cross the bow shock during

higher outgassing rates.

The bow shock and the contact surface create three general plasma in-

teraction regions: an upstream region outside the bow shock, the cometosheath

located between the bow shock and the contact surface, and a diamagnetic cavity

between the contact surface and the nucleus. The cometosheath is the region

where both solar wind ions and cometary pickup ions are present. Plasma fea-

tures present in the cometosheath include the cometopause, a magnetic pileup

boundary and an ion pileup boundary. Additionally, Cravens (1989) also pro-

posed the concept of a collisionopause, which is a boundary inside of which colli-

sions dominate the plasma dynamics. Three boundaries that have been observed

by spacecrafts are proposed to be collisionopauses, namely the cometopause, the

cometary ion collisionopause, and the electron exobase.

The cometopause is the boundary where the plasma composition changes

from predominantly solar wind ions to predominantly cometary ions (Gringauz

et al., 1986b; Fuselier et al., 1988; Mendis et al., 1989; Coates, 1997). Its existence

is disputed by some (Reme et al., 1994) while others have determined it to

be a permanent feature (e.g., Gringauz & Verigin, 1991; Sauer et al., 1995).

Cravens (1989) describes the cometopause as the collisionopause for solar wind

proton charge exchange. Rosetta’s instruments did not observe the cometopause

(Mandt et al., 2016), though it may have been observed as it was forming (Behar

et al., 2017), while Williamson et al. (2022) found plasma characteristics that

suggest the formation of the cometosheath. Inwards of the cometopause, further

collisionopause boundaries could form, namely the ion-neutral collisionopause

that depends on the composition of the ion flow (Mandt et al., 2016, 2019)

and the electron-neutral collisionopause or the electron exobase that depends on

electron energy (Henri et al., 2017).
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Piling up of the magnetic field becomes more pronounced in the plasma

region between the cometopause and the contact surface. Giotto observed a

sharp magnetic pileup boundary during its inbound journey of the Halley flyby

(Neubauer, 1988). However, this was not observed on the outbound leg, suggest-

ing that the boundary is a transient feature (Gringauz & Verigin, 1991). Within

the magnetic pileup region but outside the contact surface, the Vega probes and

Giotto observed an ion pileup region (Balsiger et al., 1986; Gringauz et al., 1986a;

Vaisberg et al., 1987), characterized by a sharp drop in the ion number density

as detected by Giotto at a distance ∼ 12000 km (Häberli et al., 1995). This is

proposed to form because decreasing distance from the nucleus leads to a de-

crease in the electron temperature and an increase in the ion recombination rate

(Ip et al., 1987).

The diamagnetic cavity is a magnetic field-free region that exists within

the contact surface, where the solar wind cannot penetrate. The presence of

this region was confirmed by the magnetometer data obtained from the Giotto

flyby (Neubauer et al., 1986). Data taken by the Rosetta magnetometer revealed

signatures of a diamagnetic cavity around 67P/C-G (Goetz et al., 2016), though

its size was larger than that predicted earlier (e.g., Benna & Mahaffy, 2006;

Hansen et al., 2016).

A comet may move to a higher outgassing regime on its approach to the

sun. In the weakly active comet, the influence of cometary ions on the solar wind

is small and no boundaries form. The intermediately active comet is the stage

where the solar wind is decelerated significantly and boundaries begin to form,

though they may disappear and reappear on short timescales. The strongly active

comet is the classical comet picture that exhibits most of the plasma regions

discussed above. Comet 67P/C-G went through all these three activity stages

during the Rosetta mission (Hansen et al., 2016; Läuter et al., 2019). Though the

spacecraft remained at roughly the same distance from the nucleus of 67P/C-G,

changes in the cometary activity allowed various solar wind-cometary plasma

interaction regions to pass over Rosetta (Mandt et al., 2016).
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1.3 Composition of Comets

Comets have been observed remotely from ground and space based telescopes,

over a wide range of wavelengths. This has resulted in the detection of highly

charged solar wind ions in the X-ray regime, while molecules undergoing elec-

tronic, vibrational and rotational transitions have been detected in the ultraviolet

to visible range, the infrared range and the sub-millimeter to millimeter range,

respectively (Bockelée-Morvan et al., 2004; Lisse et al., 2004; Dello Russo et al.,

2016a; Bodewits et al., 2022). Powerful interferometers, such as the Atacama

Large Millimeter/submillimeter Array (ALMA) has resulted in a steady increase

in the number of known cometary molecules observed remotely (Biver et al.,

2015). In addition to remote observations, in situ investigations are a power-

ful tool to analyze the cometary volatiles and refractory dust. Apart from the

flyby missions to 1P/Halley, other comets have also been visited by spacecrafts,

including the Giotto flyby of 26P/Grigg-Skjellerup (Coates et al., 1997), the

Deep Space 1 mission to 19P/Borrelly (Soderblom et al., 2002), the Deep Impact

probe that deployed an impactor onto 9P/Tempel (A’Hearn et al., 2005), and the

EPOXI flyby of 103P/Hartley (A’Hearn et al., 2011). NASA’s Stardust mission

to the comet Wild 2 was the first sample return mission to a comet (Brownlee

et al., 2006). The most significant of all cometary spacecraft missions has been

ESA’s Rosetta mission that followed comet 67P/C-G along its orbit for more

than two years, carrying out extensive investigations (Glassmeier et al., 2007;

Schulz, 2009), including the deployment of the Philae lander onto its surface

(Biele et al., 2015).

Numerous volatiles have been detected in comets till the present time,

either remotely or in situ. Here, volatiles are those species that sublimate in

the temperature regime of comet 67P/C-G, ranging from tens of Kelvin in the

subsurface (Gulkis et al., 2015) to several hundred Kelvin on hot grains that

may release semivolatiles in the coma (Lien, 1990). The long and extensive

investigation of 67P/C-G, by mass spectrometers and other instruments carried

by Rosetta, led to the detection of many species for the first time (Altwegg et al.,

2019). At present, the number of parent volatile species (i.e. those species that
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are present in the cometary ices), detected at least tentatively, either remotely

or in situ, stands at 72, out of which 37 are complex organic molecules (Rubin

et al., 2019). In the context of the interstellar medium, complex organic molecules

(COMs) are those species that contain six or more atoms, including one or more

carbon atoms (Herbst & van Dishoeck, 2009). A similar definition can be used for

organic molecules in comets (Rubin et al., 2019). Some of the cometary species

may also be present as isomers, indistinguishable by mass spectrometry, and this

may increase molecular diversity even more. Table 1.1 shows a list of molecules

detected remotely in comets, and their abundances relative to water.

1.3.1 Main Constituents

In most of the Solar System comets, H2O is the dominant constituent and can

form up to ∼ 90% of the cometary volatile composition at heliocentric distances

< 2.5 AU (Combi et al., 2004). Its production rate is used to quantify cometary

activity and the abundances of other volatiles. The vibrational bands of water,

especially ν3 near 2.7 µm, cannot be observed directly from the ground due to

strong telluric absorption, though this limitation is overcome by space based

observatories such as the Hubble Space Telescope and the James Webb Space

Telescope. The observations of H and OH, with velocities and spatial distribu-

tions consistent with their production in the coma from the photolysis of H2O,

established the presence of water in comets (Festou et al., 1993).

The next important parent volatiles in terms of abundance are CO and

CO2. The average abundance of CO with respect to H2O is ∼ 5%, though some

comets may show high levels of CO at large heliocentric distances due to its low

sublimation temperature (Dello Russo et al., 2016a; Womack et al., 2017). The

range of abundance for CO2 is a few up to ∼ 30% of H2O, with a median value

of 17% (Ootsubo et al., 2012). Trace amounts of other species such as NH3, H2S,

HCN are present, to name a few, whose abundance with respect to H2O is at the

percent level or less (Mumma & Charnley, 2011). Solar System comets exhibit

chemical diversity in terms of their volatile composition, with the range of species

abundances varying by a factor of a few up to several tens (Bockelée-Morvan,
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Species Abundance (%) Observed Species Abundance (%) Observed

C O bearing

CO 0.2− 23 U, I, R CO2 2.5− 30 U, I

Hydrocarbons

CH4 0.12− 1.5 I C2H6 0.14− 2.0 I

C2H2 0.04− 0.5 I

CHO bearing

CH3OH 0.6− 6.2 I, R H2CO 0.13− 1.4 I, R

HCOOH 0.028− 0.18 R (CH2OH)2 0.07− 0.35 R

HCOOCH3 0.07− 0.08 R CH3CHO 0.047− 0.08 R

CH2OHCHO 0.016 R C2H5OH 0.12 R

N-bearing

HCN 0.08− 0.25 I, R HNC 0.002− 0.035 R

HNCO 0.009− 0.08 R CH3CN 0.008− 0.036 R

HC3N 0.002− 0.068 R NH2CHO 0.008− 0.021 R

NH3 0.3− 0.7 I, R

S-bearing

H2S 0.13− 1.5 R OCS 0.03− 0.40 I, R

H2CS 0.009− 0.09 R CS 0.02− 0.2 U, R

SO 0.04− 0.30 R NS 0.006− 0.012 R

S2 0.001− 0.25 U S2 0.2 R

Table 1.1: Relative abundance (%) with respect to water, of cometary volatiles
from remote spectroscopic observations. The wavelength regime in which the
molecules are detected are ultraviolet (U), infrared (I) and radio (R, sub-
millimeter to millimeter). Adapted from Bockelée-Morvan & Biver (2017).

2011; Dello Russo et al., 2016a).

1.3.2 Hydrocarbons

The first detection of the symmetric hydrocarbon C2H6 was reported in the comet

C/1996 B2 (Hyakutake), and this molecule has bright cometary emission bands

in the near-infrared wavelength regime (Mumma et al., 1996). Since C2H6 is a

symmetric molecule with no permanent dipole moment, it is not observable at

submillimeter wavelengths. It is one of the trace volatiles that has a relatively
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high abundance, with the average abundance with respect to H2O being 0.55%.

CH4 is another symmetric hydrocarbon and like C2H6, it is only observable

through its IR rovibrational transitions. However, the CH4 lines are intrinsically

weaker than C2H6 emissions, making it a harder molecule to detect. In addition,

due to telluric absorptions, ground-based detections of CH4 is possible only at

certain observing geometries, such that the geocentric velocity is sufficient to

cause a Doppler-shift in the cometary CH4 emissions away from the correspond-

ing telluric absorptions. Space-based observations do not have this limitation,

though most of the cometary CH4 observations have been made from ground-

based facilities, since space-instruments lacked the desired spectral resolution

before JWST (Dello Russo et al., 2016a). The average CH4 abundance is 0.78%,

which is similar to that of C2H6.

Yet another symmetric hydrocarbon observed in cometary comae at

IR wavelengths is C2H2. Though its emission lines do not suffer from telluric

absorptions like CH4, the lines of C2H2 are weak, and it also has a mean

abundance of 0.13% with respect to H2O, which is lower than that of C2H6 and

CH4. The Rosetta mission has detected CH4 through the VIRTIS instrument

(Bockelée-Morvan et al., 2016), and both CH4 and C2H2 through mass spec-

trometry by ROSINA (Le Roy et al., 2015). ROSINA also identified a number

of other saturated aliphatic hydrocarbons and the aromatic compounds benzene

and toluene (Schuhmann et al., 2019).

1.3.3 CH3OH and H2CO

Methanol (CH3OH), the simplest alcohol, was first detected in comets at millime-

ter wavelengths (Bockelée-Morvan et al., 1994), and has since been measured in

many comets at sub-millimeter/millimeter and near-infrared wavelengths (Dello

Russo et al., 2016b; Bockelée-Morvan & Biver, 2017). CH3OH is mainly associ-

ated with direct release from the nucleus, though measurements on the hyeprac-

tive comet 103P/Hartley indicated its production by sublimation from icy coma

grains (Dello Russo et al., 2011). CH3OH is one of the more abundant cometary
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volatiles, with an abundance range of 0.6− 6.2% relative to H2O.

Formaldehyde (H2CO) can also be measured at both sub-

millimeter/millimeter and NIR wavelengths. Observations of comets C/1990 V

(Austin) and C/1990 XX (Levy) resulted in the first unambiguous detection of

H2CO (Bockelée-Morvan et al., 1991; Colom et al., 1992), although tentative

detections were claimed for 1P/Halley. Observational results show that cometary

H2CO can result from nucleus sublimation as well as from unknown sources

in the coma (known as distributed sources; Cottin & Fray, 2008). Organic

macromolecular material, detected by the VIRTIS instrument onboard Rosetta,

has been suggested as a likely coma source of H2CO (Capaccioni et al., 2015).

1.3.4 Complex Organics

Rotational transitions of complex organic molecules has resulted in their de-

tection in comets at millimeter and sub-millimeter wavelengths, particularly in

those comets with high activity such as C/1995 O1 (Hale-Bopp) and C/2014

Q2 (Lovejoy). The organics that have been detected include CHO-bearing

molecules such as formic acid (HCOOH), methyl formate (HCOOCH3), ethylene

glycol (CH2OH)2, acetaldehyde (CH3CHO), ethanol (C2H5OH), and the sim-

plest monosaccharide sugar, glycolaldehyde (CH2OHCHO), as well as nitrogen-

bearing species such as isocyanic acid (HNCO), cyanoacteylene (HC3N), acetoni-

trile (CH3CN), and formamide (NH2CHO) (Bockelée-Morvan et al., 2000; Cro-

visier et al., 2004; Biver et al., 2014, 2015). In situ measurements by the ROSINA

mass spectrometer aboard Rosetta and by COSAC and Ptolemy on the Philae

lander revealed a suite of organic molecules that were previously undetected in

comets (Goesmann et al., 2015; Altwegg et al., 2017). The simplest amino acid,

glycine was detected in the samples returned from Wild 2 (Elsila et al., 2009), and

also in situ by Rosetta (Altwegg et al., 2016). Though the abundances of these

molecules are poorly constrained owing to very few cometary measurements, yet

their detection is an indication of the chemical complexity stored in cometary

nuclei.

The origin of organic molecules in comets can be traced to the interstellar
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medium (ISM), partially. Over 250 molecules have been detected in the ISM,

including organic molecular species and COMs (Herbst & van Dishoeck, 2009).

The detection of COMs near protostars is an indication that they are building

blocks for planetary systems and can be incorporated into comets. Besides, the

D, 13C and 15N isotopic measurements in organic molecules are an indication

of the survival of organics from the prestellar core and their condensation as

cometary volatiles (Rubin et al., 2019). The ISM contains different environments

that show densities varying over 102 − 108 H atoms per cubic centimeter. The

density of the coma is higher (∼ 1012−1013 molecules cm−3 in the inner regions),

which may aid in the formation of complex organic molecules through gas-phase

collisional reactions.

1.3.5 Interstellar Comet Composition

The arrival of interstellar objects in the Solar System had been anticipated for

many years (Sekanina, 1976). Simulation studies have suggested that the mi-

gration of the giant planets in the early formation and evolution stages resulted

in the ejection of upto 99% of the planetesimals from the Solar System into the

interstellar space (for example, Charnoz & Morbidelli, 2003; Bottke et al., 2005).

2I/Borisov is the first active interstellar comet, which was discovered in the Solar

System by G. Borisov on 30 August 2019. Since comets contain largely unpro-

cessed material frozen in at the time of planet formation, interstellar comets offer

a unique opportunity to deduce the possible composition of a distant protoplan-

etary disk. Before the arrival of 2I/Borisov, the knowledge of extrasolar comets

was limited to the deductions that could be made from distant, unresolved ob-

servations of regions around stars that show exocometary signatures, with only

a single detection of carbon monoxide (Matrà et al., 2017).

Measurements of the production rates of various volatiles resulted in the

characterization of 2I/Borisov as significantly rich in CO (Bodewits et al., 2020;

Cordiner et al., 2020). The range of the CO/H2O ratio for this comet is 35−105%

(Cordiner et al., 2020), but it can also be as high as 173% (Bodewits et al., 2020).

Volatile CO ice may begin to sublimate from the nucleus of a comet at heliocen-
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tric distances as far out as 120 AU (Meech & Svoren, 2004), while the sublimation

of water ice efficiently occurs only at heliocentric distances < 2.5 AU. CO is an

important driver of cometary activity at large distances (Senay & Jewitt, 1994;

Womack et al., 2017), and measurements of cometary CO production exceed-

ing water production at distances beyond 2.5 AU have been reported (Ootsubo

et al., 2012). However, the CO/H2O ratio measured in 2I/Borisov is substan-

tially higher than what has been observed in other comets that came within a

heliocentric distance of 2.5 AU (Bodewits et al., 2020; Cordiner et al., 2020).

The production rates of other trace volatile species in 2I/Borisov was found to

be similar to that of Solar System comets (Cordiner et al., 2020).

1.4 Comet Classifications

1.4.1 Dynamical Classification

1.4.1.1 Periodicity

Comets can be classified on the basis of their orbital properties. In terms of

periodicity, comets are divided into two categories, namely periodic and nonpe-

riodic. Periodic comets orbit the sun in a stable elliptical orbit, with an orbital

eccentricity e < 1, while nonperiodic comets have a nonstable trajectory, which

can be parabolic (e = 1) or hyperbolic (e > 1). Nonperiodic comets having

hyperbolic orbits do not re-approach the sun, but pass through the inner Solar

System only once, before being ejected out into the interstellar space. Recently, a

new class of interstellar objects have been discovered in the Solar System, which

are 1I/’Oumuamua and 2I/Borisov, with the latter exhibitng cometary activity.

Both these objects have a high hyperbolic excess velocity, indicating their origin

from outside the Solar System (Meech et al., 2017a; Jewitt & Luu, 2019).

1.4.1.2 Orbital Period

Comets also show a great deal of variation in their orbital periods, and can thus

be classified as long-period and short-period comets (Oort, 1990). Long-period

comets are those that have an orbital period P ranging from 200 years to as
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high as 100 million years, and an orbital eccentricity e . 1. Orbital eccentric-

ities slightly greater than 1, indicating hyperbolic orbits, have been observed

as well, though this is rare and is a result of perturbations from giant planets.

Long-period comets are thought to originate mainly in the Oort cloud, which is a

region of space beyond the outer Solar System extending from 2×103−1.5×105

AU (Oort, 1950; A’Hearn, 2006). In fact, the existence of the Oort cloud was

proposed to explain the origin of long-period comets with semi-major axes a > 40

AU. Oort (1950) argued that the distribution of 1/a shows a spike for a > 104

AU, and the orbital elements cos i, ω and Ω are isotropic, which can be explained

by a spherical reservoir of objects around the sun. These comets evolve dynami-

cally under the influence of perturbations from stellar passages and the galactic

gravitational tidal field. Most of the long-period comets have been observed only

once in recorded history, due to their large orbital period. Although the Oort

cloud extends about halfway to the nearest star alpha Centauri, the comets re-

siding here belong to the Solar System and are not interstellar objects (Brandt

& Chapman, 2004). The number of comets in the Oort cloud was earlier es-

timated to be ∼ 1011 (Oort, 1950). More recent estimates based on numerical

simulations distinguish between a disk-like inner Oort cloud containing ∼ 1013

comets, and an outer Oort cloud housing ∼ 1012 comets (Weissman, 1991; Levi-

son et al., 2001). The boundary between the two is estimated to be at ∼ 2× 104

AU (Brandt & Chapman, 2004). Long-period comets can enter the inner Solar

System either in the same direction of circulation of planets (prograde comets)

or in the inverse direction (retrograde comets). The giant planets, particularly

Jupiter, often influence the trajectory of long-period comets once they enter the

inner Solar System. Such influence may cause the comets to be either ejected

into the interstellar space or get captured into more tightly bound orbits and

become short-period comets.

Short-period comets are those that have a periodicity P < 200 years.

Nearly 60% of the short-period comets have periods between 5 and 6.5 years

(Oort, 1990). They mainly originate from the Kuiper belt (also known as the

Edgeworth-Kuiper belt), which is a disk of minor bodies located beyond the orbit

of Neptune, extending at 30 − 50 AU from the sun (Edgeworth, 1949; Kuiper,
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1951). The orbital inclination of these comets is upto ∼ 13◦ and hence they are

close to the ecliptic, and their aphelion is generally ∼ 5− 6 AU.

The short-period comets are further subdivided into two groups, namely

Jupiter Family comets (orbital period less than 20 years) and Halley Type comets

(orbital period lying between 20 and 200 years). A distinction is made between

these two subcategories based on the Tisserand parameter T , which is calculated

on the basis of the semi-major axes of the orbits of Jupiter and the comet,

and also the cometary orbital inclination and eccentricity (Carusi & Valsecchi,

1987). The Jupiter Family comets have T > 2 while long-period and Halley

Type comets have T < 2. More precisely, the Jupiter Family comets may be

transition type (2.0 < T < 2.5), loosely bound (2.5 < T < 2.8) or tightly

bound (T ≥ 2.8) (Horner et al., 2003). It is to be noted that the three families

of comets namely long-period comets, Jupiter Family comets and Halley Type

comets can have their origin in either the Oort cloud or the Kuiper belt (Brandt

& Chapman, 2004). The orbital period of a comet does not necessarily indicate

its origin. Most comets may have dynamical lifetimes that transition between

Jupiter Family and Halley Type orbits many times (Levison & Duncan, 1994).

1.4.2 Compositional Classification

1.4.2.1 Carbon-Chain Species Abundances

The photometric survey of a sample of 85 comets, conducted from 1976 to 1992,

resulted in the identification of distinct compositional groups of comets based

on the abundance of the carbon-chain species C2 and C3 (A’Hearn et al., 1995).

These comets are classified as ‘typical’ and ‘depleted’ in C2 and C3, with most

of the depleted class of comets being Jupiter Family comets. However, not all

Jupiter Family comets that were surveyed belong to the depleted class, while the

percentage of Oort cloud comets showing such depletion is comparatively smaller.

The correlation of CN, C2 and C3 abundances with each other is stronger than

with either OH or NH, in typical comets. This classification was later extended

to more than 191 comets (Schleicher & Bair, 2016), which are further divided

into seven compositional classes, and some of these classes are subgroups of
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the original carbon-chain depleted class defined by A’Hearn et al. (1995). It is

indicated that the depletion in carbon-chain species abundances is a reflection

of the primordial composition at the location and time of cometary accretion.

Schleicher & Bair (2016) also identify a new class of comets depleted in NH3

but not depleted in carbon-chain species. In a spectroscopic survey, Cochran

et al. (2012) found that the depleted comets make up 37% of JFCs, while 18.5%

of long-period comets belong to the depleted class, which is in agreement with

A’Hearn et al. (1995).

Fink (2009) presented the spectroscopic survey of 92 comets from 1985 to

2002, out of which 50 comets showed good emissions, enabling the calculation of

the abundances of C2, CN and NH2, with respect to water. Fink (2009) identified

four compositional groups of comets: (1) typical composition, that exhibit typical

abundance of C2, CN and NH2; (2) Tempel 1 type, that show deficiency in C2

abundance but normal NH2 abundance; (3) G-Z type, that have low abundance

of C2 and NH2; (4) the unusual object Yanaka (1988r), that shows no detectable

C2 and CN but normal NH2 abundance. The Oort cloud comets in this survey

do not show low C2 abundance, and they generally exhibit higher C2/CN ratios.

On the other hand, nearly half of the Jupiter Family comets exhibit deficiency

in the abundance of C2. This is in agreement with the characterization obtained

by A’Hearn et al. (1995).

1.4.2.2 CO2 and CO Abundances

Reach et al. (2013) classified comets as ‘rich’ and ‘poor’ in CO2 and CO, based

on an infrared survey of 23 comets by the Spitzer Space Telescope. There were

multiple observations for many of the comets, at different heliocentric distances.

However, in most cases, this did not alter the compositional class of the comet.

While there is no one-on-one correlation between this classification and the com-

positional grouping by A’Hearn et al. (1995), more comets belonging to the

CO2-poor class are also depleted in carbon-chain species. This is intuitively ex-

pected, since both depleted and CO2-poor classifications indicate lower cometary

abundances of carbon-bearing molecules.
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1.4.2.3 Organic Abundances

Mumma & Charnley (2011) identified three principal compositional groups

namely, organics-normal, organics-enriched, and organics-depleted, based on the

organic abundances in a sample of 13 comets. The abundance ratios with re-

spect to water for 12 comets are compared by Mumma & Charnley (2011) with

in situ abundance measurements of the comet 1P/Halley. A positive correlation

is seen in the abundances of ethane and methanol, i.e. if a comet belonging to

this sample is enriched in ethane, it is also enriched in methanol, and so on. The

hypervolatile species methane and carbon monoxide are only coarsely correlated

in this sample.

1.4.2.4 Comet Taxonomy

Dello Russo et al. (2016a) analyzed the abundance mixing ratios with respect to

water for eight cometary volatiles, namely CO, CH4, C2H6, C2H2, H2CO, CH3OH,

HCN and NH3, measured with infrared spectroscopy in 30 comets. They noted

at least one order of magnitude variation in the mixing ratios for the observed

species. The mixing ratios of HCN, CH4 and C2H6 exhibit high correlation with

each other, while NH3, C2H2 and H2CO are moderately correlated with each

other and poor to uncorrelated with other species. The abundance of CO is

mostly uncorrelated with that of the other species. Jupiter Family comets show

an average depletion in mixing ratios as compared to Oort cloud comets, with

the most volatile species showing the highest relative depletion. Dello Russo

et al. (2016a) employed cluster analysis to create a hiearchical tree classification

system, dividing the comets into four groups and eleven subgroups.

1.5 Coma Modeling

The primary source of knowledge about the structure and composition of comets

comes from studies of the cometary atmosphere or the coma. As mentioned be-

fore, the coma expands to very large distances, that are greater than the size of

the nucleus by many orders of magnitude. Astronomical measurements of the
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coma can be made directly because the spectral emission lines of the volatile

species can be observed remotely. Modeling of the chemical and thermodynam-

ical processes of the coma is significant in expanding our understanding of the

coma gas-dynamics and interpreting cometary observations.

1.5.1 Coma Collisional Region

When talking about the physical and chemical processes occurring in the coma,

the collisional coma is particularly interesting in terms of the creation of new

molecules and ions. The collisional coma is the inner cometary region where

particle collisions drive the gas-phase chemistry. The size of the collisional region

can roughly be estimated as the cometocentric distance r such that the mean

free path of a particle becomes equal to r. The collisional region is proportional

in size to the total gas production rate from the nucleus, and its size generally

increases with a decrease in the heliocentric distance. The size of this region for a

Halley-type comet at a distance of 1 AU from the sun is nearly several thousand

kilometers for neutral-neutral collisions. For ion-neutral collisions, this can be

upto one order of magnitude larger, due to higher cross sections for ion-neutral

reactions.

We can also loosely describe a “molecular coma”, which is the region

where most of the molecules have not yet undergone photodissociation. This

region will have different sizes for different molecules, due to variations in the

species lifetimes. The size of the molecular coma for water and most other species

is ∼ 105 km for the solar radiation field at 1 AU and a typical outflow velocity ∼ 1

km s−1. Species such as formaldehyde and ammonia are destroyed much faster

and the size of the molecular coma will be smaller by an order of magnitude, while

more stable species such as carbon monoxide and carbon dioxide will survive up

to more than 106 km. The approach of the comet towards the sun will shrink

the molecular coma because most of the coma is optically thin and the stronger

radiation field will increase the photodissociation rates.
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1.5.2 Physical and Chemical Processes in the Coma

The solar radiation field initiates most of the processes occurring in the inner

coma. Ultraviolet radiation causes the photodissociation and ionization of the

parent molecules, resulting in the production of “second-generation” ions, radi-

cals and electrons. These further react with each other or with the parent species

to form “third-generation” species. Many of the ions thus created have been de-

tected in 1P/Halley by the ion mass spectrometer aboard the Giotto space probe

(Geiss et al., 1991). The densities of the various species in the coma are large

enough such that the gaseous coma can reasonably be considered as a fluid. In-

tegration of standard fluid flow conservation equations can be used to describe

the thermodynamics of the coma, as long as the initial boundary values on the

nucleus surface are known or can be estimated to a certain degree of accuracy.

With an increase in the cometocentric distance, there is a decrease in the coma

density which results in an increase of the mean free path, so that the fluid de-

scription cannot be applied. This is the region where there is a transition to free

molecular flow and processes affecting a particular molecule does not necessarily

affect the entire gas, and the outflowing gas has attributes that are “frozen in”

from the earlier collisional region (Crifo, 1991).

Apart from the gaseous species, there is also a population of dust grains

in the coma. The entrained dust and the coma gas interact, which has an effect

on the chemistry and dynamics of the coma. For example, the gas-dust drag

may decelerate the outflowing gas close to the nucleus, such that the gas velocity

attains subsonic levels (Marconi & Mendis, 1983). The dust grains, though

not strictly a fluid, can be described using the hydrodynamic variables, namely,

temperature and velocity. Some molecules have “extended sources” in the coma

and dust grains may account for this. Molecules having low volatility may have

delayed sublimation from the hot dust grains, or the grains may themselves break

up, thus accounting for the extended sources.

1.5.3 Historical Overview of Coma Modeling

Haser (1957) proposed the first analytical model to find the distribution of vari-
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ous molecules in the coma. This model only considered the escape of molecules

radially outwards at a constant velocity without undergoing collisions. Subse-

quently, the vectorial model by Festou (1981) allowed for the photodissociated

products (daughter species) to move non-radially in the coma. O’dell et al.

(1988) gave the expression for the column density profile of a three generation

Haser-type model by considering the scale lengths of the granddaughter species,

the intermediate daughter and the original parent. This was necessitated by ob-

servations of C2 in 1P/Halley, since Wyckoff et al. (1988) suggested that C2 is

produced as a granddaughter species or by grains.

Apart from photolytic dissociation and ionization, it was realized that

chemical reactions that are important in other astrophysical environments, are of

significant importance in comets as well, due to the high density conditions of the

coma (number density ∼ 1013 cm−3 near the nucleus). In addition, the develop-

ment of better computational technology resulted in the development of detailed

chemical models (for example, Oppenheimer, 1975; Giguere & Huebner, 1978;

Huebner & Giguere, 1980; Mitchell et al., 1981; Biermann et al., 1982). These

earlier models made many assumptions to reduce complexity, which included

the use of constant temperature and velocity profiles. However, these models

established the importance of ion-neutral reactions in the inner coma, particu-

larly the formation of protonated species by proton transfer reactions, and the

subsequent dissociative recombination of the protonated molecule. These models

also demonstrated that the solar UV radiation field cannot penetrate into the

inner regions of the coma, and optical depth calculations need to be taken into

account for more accurate chemical models.

Coma hydrodynamic models that were developed susbsequently illus-

trated the non-viable nature of the assumptions of constant temperature and

velocity (for example, Marconi & Mendis, 1982a, 1983, 1986; Ip, 1983; Gom-

bosi et al., 1985, 1986; Combi & Smyth, 1988). The initial expansion of the

gas outwards from the nucleus is adiabatic, resulting in temperatures as low as

∼ 10 K in the inner regions of the coma. Further outwards in the coma, the

dominance of photochemical reactions leads to an increase in the temperature,

particularly of the electrons. The rates of the recombination reactions of elec-
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trons with ions is thus reduced in the outer coma, due to the high temperature

of the electrons. Hence, the chemistry and physics of the coma is intimately

linked, and a complete description of the coma requires a combined chemical-

hydrodynamical model (for example, Huebner, 1985; Körösmezey et al., 1987;

Wegmann et al., 1987; Schmidt et al., 1988; Rodgers & Charnley, 2002; Weiler,

2012). Most of these later models include an extensive chemical network, that

includes additional reactions such as radiative association and electron impact

processes. Modeling studies have also been done for extended CO and H2CO

sources in the coma (Boice et al., 1990; Cottin et al., 2001), and for a dusty

gas cometary atmosphere (for example, Marconi & Mendis, 1982b; Gombosi &

Körösmezey, 1989).

The coma can also be modeled using Monte Carlo techniques, which de-

scribe the coma more accurately, since the fluid assumption is neglected (Combi

& Smyth, 1988; Hodges, 1990). However, they are computationally very expen-

sive, and it is not feasible to use detailed chemistry in such coma models. In the

inner collisional coma, the coma properties derived from Monte Carlo models

and fluid models are sufficiently well-matched, and thus Monte Carlo methods

do not need to be employed in modeling the coma chemistry (Combi et al., 2004;

Rodgers et al., 2004).

1.6 Importance of Studying Comets

Comets are interesting and fascinating objects that merit scientific investigations

for various interdisciplinary reasons, some of which are listed below (Huebner &

McKay, 1990).

• Comets are generally believed to be pristine and largely unaltered objects of

the Solar System (Altwegg, 2008; Mumma & Charnley, 2011). Hence, their

study can give insights into the formation history and evolution of matter in

the early Solar System (Mumma et al., 1993; Irvine et al., 2000; Bockelée-

Morvan et al., 2004). Cometary compositions and structures can provide

clues about the thermodynamic conditions and the chemical composition
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of the comet-forming regions of the solar nebula, and the formation of

planetesimals from the agglomeration of cometary subbodies.

• Comets can also reveal information about the evolution of planets and

their atmospheres since impact processes may have led to the enrichment

of volatiles in the inner Solar System. Cometary impacts may have also

delivered organic molecules to the Earth, which are necessary for creat-

ing molecules of biological interest (Chyba et al., 1990; Ehrenfreund et al.,

2002), and cometary studies can give indications about the chemical evo-

lution that led to the molecular origins of life (Rubin et al., 2019).

• It is seen that the molecular abundances in comets show notable similarities

when compared with interstellar abundances (Mumma & Charnley, 2011).

A comparative study of the chemical composition of comets with protostars

can be used to investigate the building blocks required to form planetary

systems similar to ours. The midplane ices of the protoplanetary disk

are inherited in comets, and comets can be used to probe the midplane

composition (Drozdovskaya et al., 2016).

• The regions of interaction of the solar wind with the cometary coma and

tails can be regarded as an exceptionally large laboratory of plasma physics

for the study of processes, instabilities and waves that cannot be created

under terrestrial laboratory conditions. The plasma structures in comets

can be used as natural laboratories to investigate regions of the interplan-

etary medium where in situ measurements are difficult.

1.7 Work Objectives

The application of combined hydrodynamical and chemical simulations to the

coma helps in a quantitative understanding of the physics and chemistry occur-

ring in the coma gas. As has been established from observational studies, most of

the Solar System comets within a heliocentric distance of 2.5 AU have cometary

comae that are dominated by the outgassing of water molecules from the nucleus.

CO is an important driver of cometary activity at large heliocentric distances
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(Senay & Jewitt, 1994; Womack et al., 2017; Jewitt et al., 2019) and there have

been measurements of CO/H2O � 1, such as in 29P/Schwassman-Wachmann

1 (Ootsubo et al., 2012) and C/2016 R2 (PanSTARRS) (McKay et al., 2019),

though such observations do not exist for distances less than 2.5 AU from the

sun. Thus, previous modeling studies have simulated the atmosphere of comets

where H2O is the most abundant species. On the other hand, the high CO/H2O

ratio observed in the interstellar comet 2I/Borisov makes it a notable exception

when compared with the Solar System comets. This alters the chemistry and

dynamics of the coma, and the changes can be understood with the help of a

numerical model for the coma gas. There are only a few coma-modeling studies

on comets that have a CO abundance comparable to or more than that of water.

Improvements in observational capabilities and the discovery of Solar Sys-

tem comets exhibiting high activity has resulted in the detection of many new

organic species in comets. While organic species can originate from the nucleus,

comets showing moderate to high activity can reach sufficient coma densities for

organic molecules to form by active gas-phase coma chemistry. The formation of

organic molecules in the coma has been the focus of only a handful of modeling

studies, and a quantitative description of the rates of formation and the resultant

organic abundances can be obtained through coma modeling. The objectives of

this thesis work are thus defined as follows:

• To build a chemical-hydrodynamical model for the coma, with

emphasis on a CO rich coma, and the formation of organics

The first objective of this work is to build a numerically robust coma model

that can be used to study the physico-chemical propeties of the comae of

comets having wide range of volatile compositions. The model built in this

work is based on the application of fluid conservation equations to a spher-

ically symmetric coma in the steady state. This model involves collision-

dominated flow, a multifluid treatment of the coma-gas, a chemical reaction

network, and heating and cooling mechanisms. The model employs an ex-

tensive chemical network, including chemical reactions involving organic

molecules and ions. Cooling mechanisms due to vibrational excitation of
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CO molecules have also been added, which was not considered in previous

models due to the lesser relative abundance of CO with respect to H2O.

• To study the effect of high CO/H2O ratio on the coma of

2I/Borisov

The second objective is to simulate the coma of 2I/Borisov, using the coma

model that is built, and see how the high CO/H2O ratio will affect the chem-

istry and dynamics of the coma, and how the abundances of secondary and

tertiary species are affected when the production rate of CO is comparable

to or more than that of water. In addition, another aim is to see the dif-

ferences in the abundances of organic neutrals and ions in the interstellar

comet as compared to a typical Solar System comet.

• To study organic formation in the comae of assorted Solar Sys-

tem comets

The third objective is to use the coma model to study the gas-phase

formation pathways in the comae of assorted Solar System comets, and

how successful the proposed formation pathways are for producing organic

molecules and COMs in the cometary atmosphere. Besides, another goal is

to see how the organic formation rates get altered when there are changes

in the relative abundances of volatile species with respect to water, from

one comet to another.

1.8 Thesis Overview

The following is a brief description of the organization of this thesis.

Chapter 2: Chemical Network and Reaction Pathways

This chapter contains a description of the chemical reaction network that is

employed by the gas phase coma model. Details of the different types of chemical

reactions are given, along with the relevant formulae to calculate the reaction

rates, and the databases where these rates are available. In addition, a brief
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description of the reaction scheme for the formation of organic species in the

coma is given in this chapter.

Chapter 3: Gas Phase Coma Model

This chapter contains a complete description of the combined chemical and hy-

drodynamical model that has been built as part of this thesis work. The model

equations are a set of coupled first order differential equations. The equations are

described, the methods used to calculate the requisite paramters are explained,

and the numerical integration scheme is also discussed.

Chapter 4: Study of the Interstellar Comet 2I/Borisov

This chapter contains the modeling results of the interstellar comet 2I/Borisov.

The simulation results include the temperature profile, the species abundances,

and the formation/destruction rates of major ions. A comparison of the results

are made with a Solar System comet of the Halley-type composition, and the

effect of large CO abundance in 2I/Borisov is examined.

Chapter 5: Study of the Formation of Organics in the

Coma

This chapter contains the modeling results on the formation of organics in the

comets C/1996 B2 (Hyakutake), C/2012 F6 (Lemmon), C/2013 R1 (Lovejoy)

and C/2014 Q2 (Lovejoy). The different mechanisms for the formation of neutral

organic molecules and organic ions in the coma are discussed, and the resulting

abundances of these species in the coma is described.

Chapter 6: Cometary Organics: Efficiency of Coma Chem-

istry

This chapter contains a discussion on the efficiency of the formation of organic

molecules in the coma, as opposed to their outgassing rate from the nucleus, in

the comets C/1996 B2 (Hyakutake), C/2012 F6 (Lemmon), C/2013 R1 (Lovejoy)
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and C/2014 Q2 (Lovejoy). The role of the various types of gas-phase reactions

towards the formation of cometary organics in these comets is discussed.

Chapter 7: Conclusions, Implications and Future Work

This chapter contains the concluding remarks and implications of the work that

has been done in this thesis, and a brief description of future projects to be

undertaken.
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Chemical Network and Reaction

Pathways

Understanding the molecular complexity that exists in the cometary atmosphere

requires an understanding of the formation and destruction pathways of molecu-

lar species in the coma. This requires the use of an extensive chemical network.

The chemistry occurring in the coma can be described by a number of two-body

reactions and photolytic processes, which are used to build the reaction net-

work. In addition, the rates at which these reactions occur in the gas phase are

also required, for the relevant temperature range. Thus, the chemical behavior

of the coma is modeled by constructing a comprehensive network of collisional

and photolytic gas-phase reactions involving a large number of species, and the

associated parameters required to calculate the reaction rates.

2.1 Types of Chemical Reactions

2.1.1 Photolytic Processes

The general equations for the photolytic processes, caused by solar radiation, are

as follows:

Photodissociation: A + hν → B + C

A + hν → B + C + D
(2.1)

37
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Photoionization: A + hν → A+ + e– (2.2)

Photodissociative ionization: A + hν → B + C+ + e–

A + hν → B + B′ + C+ + e–.
(2.3)

The photodissociation and photoionization of parent molecules sublimating from

the nucleus results in the creation of highly reactive radicals and ions, intitiating

the chemical reactions in the coma. Another important photolytic process is pho-

todissociative ionization in which extreme UV photons ionize a neutral molecule

into an excited state, and this is followed by the dissociation of the molecular

ion into a lighter ion and one or more neutral species. A molecular species in the

coma can undergo one or all of these processes, with different branching ratios.

Photolytic reactions can be regarded as unimolecular processes, and their

rates are dependent on the strength of the UV radiation field, which itself is

dependent on the heliocentric distance and on the solar cycle for λ < 200 nm.

In addition, photolysis can only occur when the UV photons possess a minimum

energy that is equal to the dissociation or ionization threshold (i.e., the binding

energy). The excess energy above this threshold is converted into kinetic energy

of the photo products. Due to the light mass of electrons, the excess energy

that results from ionization is almost entirely in the form of kinetic energy of the

photoelectrons.

Water, the most abundant volatile molecule in a majority of comets, un-

dergoes photolysis via a number of channels, some of which are as follows (Hueb-

ner et al., 1992; Combi et al., 2004):

H2O + hν → OH + H

→ O(1D) + H2

→ H2O
+ + e–.

(2.4)

The major dissociative process for H2O is the formation of OH and H, and the

threshold wavelength for this process to take place is 1860 Å. Since the ionization

energy for H2O is higher than the dissociation energy, photons possessing higher

energies are required for the photoionization of water, and the threshold wave-
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length for this process that creates H2O
+ ions is 984 Å. Photolytic reactions may

lead to the creation of species in their metastable states, an example of which

is the creation of O(1D) by the photodissociation of water. H2O also undergoes

photodissociative ionization with comparatively lower branching ratios, and this

leads to the creation of H+, O+ and OH+ ions.

2.1.2 Electron Impact and Recombination Processes

The energetic electrons that are created due to photolytic processes can undergo

impact processes in the coma, as given below.

Electron impact ionization: A + e–→ A+ + e– + e– (2.5)

Electron impact dissociation: A + e–→ B + C + e–

A + e–→ B + C + D + e–

A + e–→ B + C + D + E + e–

(2.6)

Electron impact dissociative ionization: A + e–→ B + C+ + e– + e–

A + e–→ B + B′ + C+ + e– + e–
(2.7)

Electron impact excitation: A + e–→ A∗ + e–. (2.8)

Electron impacts with neutral molecules can result in secondary ionization, dis-

sociation, and excitation. Dissociative ionization by electron impacts can be

regarded as a two-step process, in which the first step involves the creation of

ions of unbound states, while the second step involves the dissociation of these

unbound states. Excitation of neutral molceules to higher electronic states can

also occur due to electron impacts, an example of which is the excitation of CO

molecules, as follows:

CO + e–→ CO(1Π) + e–. (2.9)

For impact ionization processes to take place, the electrons need to have

energy greater than the ionization potential of the neutral molecule, which is

generally in the range of ∼ 10 − 20 eV. Apart from impact processes, electrons

also participate in recombination reactions, which require lower collisional energy,
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and the general equations for these reactions are as follows:

Dissociative recombination: A+ + e–→ B + C

A+ + e–→ B + C + D

A+ + e–→ B + C + D + E

(2.10)

Radiative recombination: A+ + e–→ A + hν. (2.11)

Positive ions in the coma capture electrons, combining with them to form neu-

tral species. Dissociative recombination occurs when an ion recombines with an

electron to form a neutral intermediate, which subsequently dissociates into two

or more fragments. This process is generally exothermic, and has a large cross

section since Coulomb interactions are long-range in nature. Radiative recom-

bination processes also occur in the coma, whereby an ion recombines with an

electron, by capturing the electron into an excited state, and then radiating the

excess energy as photons.

2.1.3 Radiative Processes

In addition to the radiative recombination of ions with electrons, other radiative

processes that occur in the coma are collisional de-excitation (quenching) and

radiative association, and the general formulae for these reactions are as follows:

Collisional de-excitation: A∗ → A + hν (2.12)

Radiative association of neutrals: A + B→ C + hν (2.13)

Radiative association of ions & neutrals: A + B+→ C+ + hν. (2.14)

Similar to photolytic reactions, radiative de-excitation is also a unimolecular

process. Neutral molecules that get excited to higher electronic states by electron

impact or other processes, release their excess energy radiatively. Photolytic

reactions may lead to the creation of atoms in their metastable states, such as

the creation of O(1D) by the photodissociation of water (Equation 2.4). The

radiative de-excitation of these metastable states generally leads to forbidden
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emission lines in the optical region of cometary spectra. For example, the O(1D)

state has a lifetime ∼ 110 s, leading to emissions at wavelengths 6300 Å and

6364 Å, popularly known as the red doublet.

Radiative association involves two species (neutral or ion) combining to

form a new molecule, which is stabilized by emitting a photon. These processes

are important, particularly in the creation of organic species, because they result

in the growth of species from smaller fragments. The mechanism of radiative

association involves the reacting species combining to form an energized complex,

which then loses energy by spontaneous emissions, so that it does not have

sufficient internal energy to re-dissociate.

2.1.4 Reactions of Ions and Neutrals

The general equations for chemical reactions involving ions and neutral species

are given below.

Neutral-neutral: A + B→ C + D

A + B→ C + D + E
(2.15)

Associative ionization: A + B→ C+ + e– (2.16)

Ion-neutral: A + B+→ C + D+

A + B+→ C + C′ + D+

A + B+→ C + C′ + C′′ + D+.

(2.17)

A large number of neutral-neutral bimolecular reactions in the gas-phase possess

an activation energy barrier, and these reactions were earlier thought to be unim-

portant at low temperatures. The CRESU (cinétique de réaction en ecoulement

supersonique uniforme, meaning kinetics of reactions in uniform supersonic flow)

technique is a method that has been used to measure reaction rates at tempera-

tures as low as 20 K (Rowe et al., 1984a,b). A variety of experiments, especially

those that employ the CRESU technique, provide sufficient evidence that many

neutral-neutral reactions do not have activation energy barriers, and can proceed

at a rapid rate at low temperatures (Smith et al., 2004; Wakelam et al., 2010).
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These reactions include both radical-radical systems, as well as processes involv-

ing a radical/atom and a stable molecule. Two neutral species may also undergo

associative ionization, which occurs when one or both of the neutrals are in the

excited state, and the sum of their energies is sufficent to create a single additive

ionic product and an electron.

Besides neutral-neutral reactions, a significant part of the chemical net-

work is made up of ion-neutral reactions, that are responsible for the formation

Name Formula Proton Affinity

(kJ mol−1)

Ammonia NH3 853.6

Formamide NH2CHO 822.2

Ethylene glycol (CH2OH)2 815.9

Methyl formate HCOOCH3 782.5

Acetonitrile CH3CN 779.2

Ethanol C2H5OH 776.4

Amino radical NH2 773.4

Acetaldehyde CH3CHO 768.5

Methanol CH3OH 754.3

Cyanoacetylene HC3N 751.2

Formic acid HCOOH 742.0

Hydrogen cyanide HCN 712.9

Formaldehyde H2CO 712.9

Water H2O 691.0

Ethylene C2H4 680.5

Acetylene C2H2 641.4

Ethane C2H6 596.3

Carbon monoxide CO 594.0

Hydroxyl radical OH 593.2

Methane CH4 543.5

Carbon dioxide CO2 540.5

Hydrogen H2 422.3

Table 2.1: Data on the proton affinity of some neutral cometary species,
evaulated and compiled by Hunter & Lias (1998). The species are arranged
in decreasing order of their proton affinities.
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of a wealth of new species in the coma. The experimental database of labo-

ratory measured gas-phase ion-neutral reactions is also quite extensive, which

is of significant advantage in modeling the ion and neutral abundances in the

coma. Many of the reactive ions originate from photoionization and photodis-

sociative ionization of parent species. Another abundant class of ions are proto-

nated species, that form when a hydrogen cation attaches to a neutral molecule.

Further collisional reaction of the H+-bearing protonated species with a neutral

molecule having higher proton affinity results in the transfer of the hydrogen

cation to the neutral molecule. This sets up a proton transfer “chain”, whereby

protonated species are created by the successive transfer of the H+ ion from one

molecule to another, moving in the direction of increasing proton affinity. This

is a significant feature of the coma chemistry.

Table 2.1 is a list of some of the major cometary volatiles, arranged in de-

creasing order of their respective proton affinities. Molecules that are high up on

the chart, such as NH3 and CH3OH, have a tendency to get protonated and form

NH +
4 and CH3OH +

2 respectively, since they have higher proton affinities. On the

other hand, ions such as H3O
+ and HCO+ that are created due to protonation of

H2O and CO respectively, will have a tendency to transfer their protons to the

molecules that lie above them. An example of the proton transfer chain that is

set up in the coma is as follows:

H2O + H2O
+→ H3O

+ + OH (2.18)

H2CO + H3O
+→ H2COH+ + H2O (2.19)

NH3 + H2COH+→ NH +
4 + H2CO (2.20)

NH3 + H3O
+→ NH +

4 + H2O. (2.21)

The ion-neutral reactions also include charge exchange reactions between ions

and neutral species, which are of the form

A + B+→ A+ + B. (2.22)
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Negative ions and multiply ionized species are not considered in the present

network, since they do not have high enough densities to be chemically important.

2.2 Reaction Rates

Type of Reaction Rate Coefficient

Photo Reactions 10−3 − 10−9 s−1

Electron Impact Reactions 10−10 − 10−15 cm3 s−1

Dissociative Recombination 10−7 − 10−9 cm3 s−1

Collisional De-Excitation 10−4 − 107 cm3 s−1

Radiative Association 10−10 − 10−15 cm3 s−1

Neutral-Neutral Reactions 10−10 − 10−13 cm3 s−1

Ion-Neutral Reactions 10−9 − 10−11 cm3 s−1

Table 2.2: Typical range of rate coefficients for the different types of chemical
reactions in the cometary atmosphere. The values are appropriate for the solar
UV radiation field at a heliocentric distance of 1 AU, and temperatures of 300
K for the ion and neutral species, and 104 K for the electrons.

The rate coefficients of the chemical reactions in the current network are

stored in the form of three parameters, namely α, β and γ. These parameters

are used to calculate the rate coefficients using different formulae, depending

upon the chemical process and the temperature range. The rate coefficients of

unimolecular reactions have units of s−1, and the reaction rate is computed by

multiplying this with the density (in cm−3) of the reactant. Bimolecular reaction

rate coefficients have units of cm3 s−1, and when this is multiplied by the densities

(in cm−3) of the two reacting species, the reaction rate can be obtained.

Table 2.2 lists the typical range of values of the rate coefficients for the

various chemical reactions occurring in the coma. These ranges are calculated

using the values of the rate parameters α, β and γ listed in different databases

and literature. For photo reactions, the values of the rate parameters given

by Huebner & Mukherjee, 2015 appropriate for a quiet sun are used. For the

other reactions, the rate parameter values listed in the KIDA database (Wakelam

et al., 2015; http://kida.astrophy.u-bordeaux.fr/) are used. The formulae

that are used to calculate the rate coefficients are discussed in the following

http://kida.astrophy.u-bordeaux.fr/
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subsections.

It can be seen that the rate coefficients for different types of processes vary

over many orders of magnitude. However, it is to be noted that these ranges are

for representational purposes, and the rate coefficients for all reactions do not

necessarily lie in this range. The coma shows significant temperature variation

in its different regions, which may alter the rates considerably (Weiler, 2006;

Rubin et al., 2014). This is in addition to changes in the photolytic rates due to

variations in the UV flux.

2.2.1 Photolytic Rates

In the wavelength interval λi and λi + ∆λi, the photolytic rate coefficient can be

written as:

ki(τi) =

∫ λi+∆λi

λi

σ(λ)φ(λ)e−τ(λ)dλ. (2.23)

This equation takes into account the UV optical depth τi in the same wavelength

interval. σ(λ) and φ(λ) are respectively the photolytic cross section and the

unattenuated solar UV flux at wavelength λ. In general, since σ(λ) and φ(λ) are

not known as continuous functions of the wavelength, the rate coefficients can

approximately be written as

ki(τi) = σiφi(τi). (2.24)

Here, σi is the wavelength-averaged photo cross section in the i-th wavelength

bin that has a width of ∆λi, and φi(τi) is the attenuated spectral photon flux

integrated over the same wavelength bin:

φi(τi) =

∫ λi+∆λi

λi

φ(λ)e−τ(λ)dλ. (2.25)

The total rate coeffiecient for any photolytic process can then obtained by sum-

ming over all the wavelength bins:

k(τ) =
∑
i

ki(τi). (2.26)
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2.2.2 Bimolecular Reaction Rates

The rate coefficients of bimolecular reactions at a temperature T can be written

in the form of a modified Arrhenius formula:

k(T ) = α

(
T

300 K

)β
e−γ/T , (2.27)

where α, β and γ are parameters whose values for various reactions are available

in literature and reaction databases. The Arrhenius form does not have a strict

theoretical background, and is an empirical relation at best, though it is suitable

for fitting the variation of the rate coefficients with temperature. The term(
T

300 K

)β
is a description of the dependence of the reaction rate on the impact

energy. The term e−γ/T accounts for the possible existence of an activation energy

barrier. γ can be written in terms of the activation energy Ea and the Boltzmann

constant kB as γ = Ea/kB (in temperature units). Then, e−Ea/kBT denotes the

fraction of molecules with energy ≥ Ea for a Maxwellian distribution.

2.2.3 Ion-dipole Reaction Rates

Many of the reactions that are employed in chemical model networks are un-

measured in the laboratory, or have been studied only at limited temperature

ranges. Those reactions that have been studied experimentally are between singly

charged cations and neutral molecules that can be synthesized or purchased quite

easily. However, these neutral species only form a fraction of the possible reac-

tants, while many significant ion-neutral reactions involve radicals as the neu-

tral reactant. Studying these reactions introduces experimental difficulties as

the radicals have to be created by flow-discharge techniques and their steady-

state concentration estimated. The rates for unmeasured reactions between ions

and neutral species possessing a dipole moment can be estimated using the Su-

Chesnavich capture approach (Su & Chesnavich, 1982). This method can be

employed to calculate the reaction rates for low and high temperature ranges

(Woon & Herbst, 2009; Wakelam et al., 2010, 2012). For ion-neutral reactions

in which the neutral species is non-polar, the rate coefficient is given by the
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Langevin expression kL:

kL = 2πe

√
αP
µ
. (2.28)

In this expression, e is the electronic charge, αP is the average dipole polarizabil-

ity of the neutral species, and µ is the reduced mass (1/µ = 1/mion + 1/mneutral,

mion and mneutral being the masses of the ion and neutral species, respectively),

and cgs-esu units are employed, such that the rate coefficient has the unit cm3

s−1.

For neutral species possessing a dipole moment µD, a unitless parameter

x is defined to delineate the temperature ranges, such that

x =
µD√

2αPkBT
, (2.29)

where kB is the Boltzmann constant and T is the temperature. If all the quanti-

ties are in cgs-esu units, then the low temperature range is defined by the region

for which x ≥ 2, while x < 2 corresponds to the high temperature range. The

temperature-dependent rate coefficients for ion-dipole collisional reactions in the

low and high temperature ranges can be written in terms of the parameters x

and kL as:

k(T )

kL
= 0.4767x+ 0.62 if x ≥ 2 (2.30)

k(T )

kL
=

(x+ 0.5090)2

10.526
+ 0.9754 if x < 2. (2.31)

For x = 0, the rate coefficient reduces to the Langevin expression given by

Equation 2.28. The rate coefficients for reactions that proceed via more than a

single channel need to be multiplied by the branching ratio. Equations 2.30 and

2.31 can be re-written using the parameters α, β and γ, as Equations 2.32 and

2.33, respectively.

k(T ) = αβ

[
0.62 + 0.4767γ

(
300 K

T

)0.5
]

(2.32)



48 Chapter 2. Chemical Network and Reaction Pathways

k(T ) = αβ

[
1 + 0.0967γ

(
300 K

T

)0.5

+
γ2

10.526

300 K

T

]
. (2.33)

Here, α is the branching ratio of the reaction, β is the Langevin rate and γ is the

value of x at 300 K. The accuracy of this approach depends on the values of the

dipole moments and dipole polarizabilities. Woon & Herbst (2009) find that for

the dipole moment, the overall rms difference between theory and experiment is

0.094 D, while for the dipole polarizability, it is 0.268 Å3.

2.3 Formation Pathways of Organic Species

Gas-phase chemistry in the cometary atmosphere leads to the formation of or-

ganic molecular species, with varying degrees of complexity. An important mech-

anism for the formation of neutral organic molecules is by the corresponding

protonated organic species undergoing proton transfer reactions, and transfer-

ring H+ ions to molecules with higher proton affinity. Dissociative recombination

of the protonated species into neutral unprotonated molecules is another domi-

nant mechanism in the synthesis of organic neutrals. The protonated species are

themselves created by a series of ion-neutral or radiative association reactions.

The major reactions that are responsible for the formation of organic ions and

neutral molecules in the coma are discussed in the following sections.

2.3.1 Formation Pathways Starting from Alcohols

2.3.1.1 Formation from CH3OH

Figure 2.1 shows the formation routes of organic molecular neutrals and ionic

species starting from methanol. Due to its high proton affinity, methanol forms

CH3OH +
2 or protonated methanol when proton transfer takes place from H3O

+

and HCO+ ions to neutral CH3OH. Ion-neutral reactions of CH3OH +
2 with H2CO

and HCOOH form protonated methyl formate or HCOOCH +
4 (Woon & Herbst,

2009; Cole et al., 2012), and methyl cation transfer reaction of CH3OH +
2 with

CH3OH creates protonated dimethyl ether or CH3OCH +
4 (Wakelam et al., 2015).

These protonated ions then undergo dissociative recombination to form the re-
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spective neutral molecules, namely HCOOCH3 and CH3OCH3 (Hamberg et al.,

2010; Wakelam et al., 2015). The dissociative recombination of HCOOCH +
4 and

CH3OCH +
4 proceeds via two and three channels respectively, and in both cases,

one of the channels produce methanol.

HCOOCH4
+CH3OH

H3O
+

HCO+ CH3OH2
+

CH3OCH4
+

HCOOCH3

e-

CH3OCH3

H2CO

HCOOH

e-
CH

3 OH

(CH2OH)2
CH2OH

CH2OH

O,
H,
OH,
CN,
C2H

Figure 2.1: Schematic showing the gas-phase formation of species, starting from
methanol.

CH3OH also undergoes bimolecular reactions with photo produced rad-

icals and atoms such as OH, O, H, CN and C2H. This leads to H-abstraction

or the removal of an H-atom from CH3OH, and the creation of hydroxymethyl

(CH2OH) radicals (Hebrard et al., 2009; Ruaud et al., 2015). CH2OH combines

with itself to form (CH2OH)2 or ethylene glycol (Tsang, 1987).

CH3OH +
2 can also form by the protonation of methanol by CH+ and

CH +
4 ions (Woon & Herbst, 2009), that have lesser abundance, or by the radiative

association of H2O with CH +
3 (Luca et al., 2002), which is a slower process

compared to protonation.

2.3.1.2 Formation from C2H5OH

Figure 2.2 shows the formation routes of organic neutrals starting from ethanol.

Similar to CH3OH, ethanol also undergoes H-abstraction by reacting with OH, O

and H, resulting in the formation of the radicals CH2CH2OH and CH3CHOH (Wu

et al., 2007; Sivaramakrishnan et al., 2010; Skouteris et al., 2018). CH2CH2OH

radicals further react with atomic oxygen to create formaldehyde (H2CO)
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and glycolaldehyde (CH2OHCHO), while the reaction of CH3CHOH with O

atoms creates formic acid (HCOOH), acetaldehyde (CH3CHO) and acetic acid

(CH3COOH).

C2H5OH
OH

O, H

CH2CH2OH

CH3CHOH

O H2CO

CH2OHCHO

O
HCOOH

CH3COOH
CH3CHO

Figure 2.2: Schematic showing the gas-phase formation of species, starting from
ethanol.

C2H5OH itself forms in the gas phase when protonated ethanol or

C2H5OH +
2 participates in a proton transfer reaction with ammonia (Feng &

Lifshitz, 1995), or undergoes dissociative recombination (Wakelam et al., 2015).

The dissociative recombination of C2H5OH +
2 proceeds via three branches with

equal branching ratios, and the other two branches form C2H4 and CH3CHO

molecules. C2H5OH +
2 forms by the radiative association of H2O with C2H

+
5 , and

of C2H4 with H3O
+ (Herbst, 1987), or by the protonation of C2H5OH by H3O

+

and HCO+ ions.

2.3.2 Formation of Aliphatic Diols

The aliphatic diols whose gas-phase formation is added in the present network

are (CH2OH)2 and CH2OHCHO. Besides forming in the coma from radicals cre-

ated by the H-abstraction of CH3OH and C2H5OH, they are also created by

the dissociative recombination of their corresponding protonated forms, namely

(CH2OH)2H
+ and CH2OHCHOH+. These protonated species are themselves

created when (CH2OH)2 and CH2OHCHO undergo protonation reactions with

H3O
+ and HCO+ ions (Garrod et al., 2007).
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2.3.3 Formation of Acids and Aldehydes

2.3.3.1 Formic Acid

Apart from the neutral-neutral reaction of CH2CH2OH and O, formic acid or

HCOOH forms when protonated formic acid (HCOOH +
2 ) undergoes proton

transfer reactions with CH3OH, CH3CN, CH3CHO and NH3, or by the dis-

sociative recombination of HCOOH +
2 . Radiative recombination of H2O and

HCO+, and the ion-neutral reaction of CH4 and O +
2 forms HCOOH +

2 in the

coma (Herbst, 1985; Wakelam et al., 2015).

H2O + HCO+→ HCOOH +
2 + hν (2.34)

CH4 + O +
2 → HCOOH +

2 + H. (2.35)

2.3.3.2 Acetaldehyde

As already seen, acetaldehyde or CH3CHO forms by the neutral-neutral reac-

tion of atomic oxygen with the H-abstracted ethanol radical CH3CHOH. Other

neutral-neutral reactions forming CH3CHO in the coma are (McElroy et al., 2013;

Wakelam et al., 2015):

O + C2H5→ H + CH3CHO (2.36)

CH + CH3OH→ H + CH3CHO. (2.37)

In addition, the dissociative recombination of several ions namely C2H5OH +
2 ,

C2H5OH+ and CH3CHOH+ (protonated acetaldehyde) results in the creation of

CH3CHO (Wakelam et al., 2015). CH3CHOH+ forms by the ion-neutral reaction

of H2CO+ and CH4 (Wakelam et al., 2015), the methyl cation transfer reaction

of CH3OH +
2 with H2CO (Karpas & Mautner, 1989), and the protonation of

CH3CHO by H3O
+, HCO+ and HCOOH +

2 . In addition, C2H5OH reacts with

C+, H+ and H +
3 ions (Sung Lee et al., 1992; Wakelam et al., 2015), while the

H-abstracted ethanol radicals undergo charge exchange with H+ ions (Skouteris

et al., 2018), creating CH3CHOH+.
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2.3.4 Formation of N-bearing Organics

2.3.4.1 Acetonitrile

Acetonitrile or CH3CN forms via bimolecular reactions of saturated and unsat-

urated hydrocarbons with N-bearing radicals or ions (Anicich, 2003; Hebrard

et al., 2009):

CH4 + CN→ H + CH3CN (2.38)

C2H4 + N(2D)→ H + CH3CN (2.39)

C2H6 + CNC+→ C2H
+

3 + CH3CN. (2.40)

Dissociative recombination of protonated acetonitrile or CH3CNH+ also creates

CH3CN (Loison et al., 2014), where CH3CNH+ forms by the following radia-

tive association (Herbst, 1985; Loison et al., 2014) and methyl cation transfer

reactions (Plessis et al., 2010):

HCN + CH +
3 → CH3CNH+ + hν (2.41)

HNC + CH +
3 → CH3CNH+ + hν (2.42)

HCN + CH +
4 → CH3CNH+ + H. (2.43)

2.3.4.2 Formamide

The nitrogen-bearing species NH2CHO (formamide) can be produced in the gas-

phase via neutral-neutral reaction of the NH2 radical (created due to photodis-

sociation of ammonia) with H2CO (Wakelam et al., 2015). NH2CHO undergoes

proton transfer reactions with H +
3 , H3O

+, HCO+ and N2H
+ to form NH2CHOH+

or protonated formamide (Woon & Herbst, 2009), and NH2CHOH+ undergoes

dissociative recombination to get converted back into NH2CHO (Wakelam et al.,

2015).



2.4. Reaction Databases and Other Sources 53

2.3.4.3 Cyanopolyynes

Cyanopolyynes (HC2n+1N) form in the gas phase through neutral-neutral reac-

tions, and dissociative recombination of protonated species. Cyanoacetylene or

HC3N forms in the gas phase when C2H reacts with HCN or HNC (Hebrard et al.,

2009; Loison et al., 2014), or by the reaction of CN with C2H2 (Wakelam et al.,

2015). C3N reacts with hydrocarbons namely CH4, C2H2 and C2H6, and with the

carbon-chain radicals C2H3 and C2H5 (Hebrard et al., 2009) to create HC3N. The

reaction of C2H2 with the radicals C3N and C5N leads to the gas-phase forma-

tion of HC5N (Hebrard et al., 2009; Harada et al., 2010). Other neutral-neutral

reactions that form HC5N are the following (Wakelam et al., 2015):

C4H2 + CN→ HC5N + H, (2.44)

HC3N + C2H→ HC5N + H. (2.45)

Additionally, the dissociative recombination of the protonated cyanopolyynes

HC3NH+ and HC5NH+ can produce HC3N in the coma, while HC5N forms by

the dissociative recombination of HC5NH+ and C5H4N
+ (Wakelam et al., 2015).

2.4 Reaction Databases and Other Sources

The Kinetic Database for Astrochemistry or KIDA (Wakelam et al., 2015, http:

//kida.astrophy.u-bordeaux.fr/) contains gas-phase chemical reactions, and

updated parameters for calculating rate coefficients using Equations 2.27, 2.32

and 2.33. Most of the reactions in the present chemical network are taken from

the KIDA database. Additional reactions involving organics are taken from Sk-

outeris et al. (2018), Garrod et al. (2007), the UMIST Database for Astrochem-

istry (McElroy et al., 2013, http://udfa.ajmarkwick.net/index.php) and the

NIST Chemical Kinetics Database (Manion et al., 2008, https://kinetics.

nist.gov/). The reaction rates for the electron impact excitation and radia-

tive de-excitation of the electronic states of CO are taken from Schmidt et al.

(1988). The reactions involving the metastable excited states of oxygen, carbon,

http://kida.astrophy.u-bordeaux.fr/
http://kida.astrophy.u-bordeaux.fr/
http://udfa.ajmarkwick.net/index.php
https://kinetics.nist.gov/
https://kinetics.nist.gov/
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and nitrogen are taken from Raghuram & Bhardwaj (2013) and Raghuram et al.

(2020). The photochemical reactions are taken from Huebner et al. (1992), with

updates from Weiler (2006) and Huebner & Mukherjee (2015).

The present chemical reaction scheme consists of 486 species linked by

over 5000 reactions. This is a comprehensive network, with chemical reaction

rates compiled from various sources, and it includes most of the parent H-C-N-O

neutral molecules (containing upto 10 carbon atoms) that have been detected in

comets either in situ or by remote observations (Rubin et al. 2019; also Altwegg

2017, Table 2). However, gas phase reactions and reaction rates are not available

in literature for some of the molecules, and these have been excluded from the

chemical network. Second and third generation species that are created by the

ionization/dissociation of these neutrals are also included. These products of

ionization/dissociation react with one another and with the parent species, and

the species thus created are included in the network, along with the relevant for-

mation and destruction reactions. A list of the major reactions for the formation

of the cometary organics studied in this work, and the parameters to calculate

their rate coefficients is included in the Appendix.



Chapter 3

Gas Phase Coma Model

The chemistry and dynamics of the gas phase cometary atmosphere or the coma

can be described with the help of a numerical model. The parent volatile species

sublimating from the cometary nucleus undergo photolytic reactions, resulting in

the formation of neutral radicals, ions and photoelectrons. This triggers an active

gas-phase chemistry in the coma, whereby the species interact with each other

by a host of processes, including neutral-neutral and ion-neutral bimolecular

reactions, recombination reactions and electron impact reactions. In addition to

considering the coma chemistry, a dynamical evolution of the coma gas is also

included. This is done because many of the chemical reaction rates are dependent

on the gas temperature and previous hydrodynamical models have found that the

temperature varies strongly with cometocentric distance (Ip, 1983; Marconi &

Mendis, 1983, 1986; Gombosi et al., 1986; Körösmezey et al., 1987; Schmidt et al.,

1988; Crifo, 1991). Furthermore, the energy released due to chemical reactions

is generally distributed non-uniformly amongst the species, resulting in unequal

heating and thus, different temperatures of the species involved. Hence a multi-

fluid approach is adopted, and the neutrals, ions, and electrons are considered

to be three different fluids.

3.1 Hydrodynamical Description

The governing model equations for the coma are arrived at from the principles

of conservation of number density, mass, momentum and energy, and cgs units

55
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are employed. Considering a single inviscid fluid, the continuity equation for the

particle flux, nv is
∂n

∂t
+∇ · (nv) = N, (3.1)

where n (in cm−3) is the particle number density, v (in cm s−1) is the fluid velocity

and N (in cm−3 s−1) is the number density source term. The corresponding

equation for the conservation of mass, with mass density ρ (in g cm−3) and mass

source term M (in g cm−3 s−1), is

∂ρ

∂t
+∇ · (ρv) = M. (3.2)

Alternatively, the mass density can be computed from the number density as

ρ = µn, where µ is the mean molecular mass. The momentum conservation

equation is vector in nature and can be written as

∂(ρv)

∂t
+∇ · (ρv⊗ v) +∇p = F. (3.3)

This equation represents the acceleration of a fluid element under a pressure

gradient ∇p and an external force density F (in dyne cm−3). The term ∇· (ρv⊗

v) +∇p can be written as ∇ ·Π, where Π is the momentum flux tensor that has

the components Πij = ρvivj + δijp in Cartesian coordinates (Landau & Lifshitz,

1987). The energy conservation equation can be written in terms of the specific

energy e, the energy flux density je, and the energy source term Q (in erg cm−3

s−1), as follows:
∂ρe

∂t
+∇ · je = Q. (3.4)

The specific energy (in erg g−1) of a fluid element is related to the specific internal

energy ε by the relation:

e = ε+ v2/2, (3.5)

while the energy flux density (in erg cm−2 s−1) is given by:

je = ρv(v2/2 + h), (3.6)
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where h is the specific enthalpy. If V is the specific volume, given by V = 1/ρ,

then h can be written as the sum of the specific internal energy and the work

done by expansion, giving h = ε+ pV .

The coma is assumed to be in the steady state, which causes the partial

time derivatives in Equations 3.1-3.4 to become zero. Spherical symmetry is

also assumed for the coma, and a transformation of the divergence into spherical

coordinates results in the radial components being the only non-zero derivatives.

The conservation equations then take the following form (Rodgers & Charnley,

2002):
1

r2

d

dr
(r2nv) = N, (3.7)

1

r2

d

dr
(r2ρv) = M, (3.8)

1

r2

d

dr
(r2ρv2) +

d

dr
(nkBT ) = F, (3.9)

1

r2

d

dr

[
r2ρv

(
v2

2
+

γ

γ − 1

kBT

µ

)]
= Q. (3.10)

In the above equations, r (in cm) is the cometocentric distance, and the source

terms N , M , F and Q represent the net rate per unit volume for the generation of

species number density, mass, momentum and energy respectively. The equation

of state for the coma is generally assumed to follow that of an ideal gas, such

that the pressure is written as:

p = nkBT, (3.11)

while the specific internal energy can be written as:

ε =
p

ρ(γ − 1)
, (3.12)

where kB is the Boltzmann constant and γ is the adiabatic exponent. Using

these relations, the specific enthalpy term in Equation 3.10 is

h =
γ

γ − 1
pV =

γ

γ − 1

kBT

µ
. (3.13)
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The energy source term Q in Equation 3.10 can be replaced by the thermal

energy source term G, such that

G = Q− Fv +
1

2
Mv2. (3.14)

3.2 Model Equations

Every species in the coma can be described using the set of Equations 3.7-3.10,

that is, each species can be treated as a separate fluid. However, such a treatment

is computationally expensive, and the species are divided into three categories

of fluids, namely the neutral, ion and electron fluids. These three fluids have

separate temperatures and a common expansion velocity. Equations 3.7-3.10 are

re-written as a set of coupled first-order differential equations in number density,

velocity and temperature, as follows.

dnj
dr

=
Nj

v
− nj

v

dv

dr
− 2nj

r
, (3.15)

dv

dr
=
∑
k

[
1

ρkv2 − γknkkBTk

(
Fkv − (γk − 1)Gk −Mkv

2 +
2v

r
γknkkBTk

)]
,

(3.16)
dTk
dr

=
(γk − 1)Tk

v

(
Gk

nkkBTk
− 2v

r
− dv

dr
− Nk

(γk − 1)nk

)
. (3.17)

In the above differential equations, the subscript j (Equation 3.15) stands for any

particular chemical species, while the subscript k = n, i, e (Equations 3.16 and

3.17) indicates the three fluids namely neutral, ion and electron, respectively.

Thus, in this system of coupled differential equations, there are as many ODEs

in number density as there are species in the coma, three ODEs in temperature,

for the three different fluids, and a single ODE for the common velocity. A sum-

mation of the number densities and number density source terms of the species

that belong to the fluid k gives the terms nk and Nk, respectively. Similarly, the

mass density ρk of the fluid k is obtained by summing over the densities of all
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the species corresponding to the fluid k, such that

ρk =
∑
l

mlnl, (3.18)

where m is the molecular weight of a species. γk for the fluid k is computed as

a weighted average of the adiabatic exponents γ of all the species that belong to

the fluid k, where the weights are the species number densities:

γk =

∑
l γlnl∑
l nl

. (3.19)

The value of γ for most species is listed in Schmidt et al. (1988).

3.2.1 Simplifications

The present model employs a large chemical network to study the coma chemistry

and certain simplifications and assumptions are made to reduce complexity and

computational time. The following is an overview of these assumptions and the

justification of their validity.

Hydrodynamic Flow

The model assumes a hydrodynamic flow of the cometary atmosphere, which is

true for a collisionally dominated coma. The model also assumes an isotopically

active comet and sublimation takes place from the entire surface of the nucleus.

When the gas expands in space, the flow is collisionally dominated only in the

inner coma, and there is strong dilution and a transition to free molecular flow

in the outer coma. This transition region is roughly at a distance ∼ 104 km from

the nucleus, for a moderately active comet at 1 AU (Rodgers et al., 2004). A

Monte Carlo treatment of the gas is more apt for free molecular flow, though

it has been shown that a hydrodynamical description can reasonably reproduce

observed number densities and temperatures (Marconi & Mendis, 1986).
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Steady State and Spherically Symmetric Flow

The model is valid for a cometary atmosphere in the steady state, and does

not take transient phenomena into account, such as sudden outgassing due to

outbursts, or periodic variations due to a rotating cometary nucleus. Changes in

the heliocentric distance also causes variations in cometary activity, though this

occurs at a timescale that is much larger than the timescale for fluid flow within

the coma. At 1 AU, the lifetime of H2O is ∼ 8.5× 104 s, and for a cometary gas

expansion velocity of 1 km s−1, the density of the coma at 105 km is reduced to

< 35% of the near-nucleus density. There is negligible change in the heliocentric

distance in this timescale.

The nucleus of the comet is expected to show higher activity in the sun-

ward direction, and there is day-night asymmetry in the outgassing of parent

species (cf. Le Roy et al., 2015). A more detailed coma model would thus re-

quire a multi-dimensional approach. There are shape models which exist from

in situ observations. However, it is not possible to deduce the shape of the nu-

cleus from ground based observations. Due to lack of data on the shape of the

cometary nucleus for the comets studied in this work, the assumption of spherical

symmetry is practicable.

Common Fluid Velocity

The ions and the electrons are coupled due to Coulomb interactions, which en-

sures charge neutrality in the coma. Thus it is reasonable to assume that the

plasma velocity for the ion and electron fluids is the same. The sonic speed of

the plasma, containing ions of an average mass µi is given by

cp =

√
kB(γiTi + γeTe)

µi
. (3.20)

The electron temperature can attain very high values in the outer coma (> 104

K or > 1 eV), causing the plasma velocity to become subsonic. At the sonic

point, Equation 3.16 for the plasma velocity would become singular. To ensure a

smooth transition through the sonic point, a separate numerical treatment would
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be required. This can be avoided if the plasma velocity is assumed to be the same

as the velocity of the neutral species, so that all of the fluids move with a single

bulk velocity.

Neglect of Suprathermal Species

Neutral hydrogen atoms are produced by the photodissociation of water, and

other reactions. Due to their low mass, hydrogen atoms created by chemical re-

actions will receive most of the excess energy (cf. Combi et al., 2004). They can

thus trigger chemical reactions that have high activation energies, that cannot

otherwise occur under the temperature conditions of the coma. These reactions

are H-abstraction reactions, and have effects that are chemically similar to pho-

todissociation i.e., the destruction of parent molecules and the creation of reactive

radicals. However, Rodgers & Charnley (2005) showed that this effect is weak

since the reactions proceed at a much slower rate as compared to photodissoci-

ation, and the non-inclusion of suprathermal species does not significantly alter

the coma chemistry.

Approximations for Dust

Cometary volatiles may sublimate from dust grains present in the coma, lead-

ing to volatile production from distributed or extended sources (for example,

DiSanti et al., 2001, 2003). The detection of a number of complex organics is as-

sociated with dust activity in the coma, which suggests that they originate from

dust grains (for example, Altwegg et al., 2020; Hänni et al., 2022). Volatiles

released from dust grains should initially follow a directed outward flow, and

if they are released closer to the nucleus where the collision rates are higher,

their flow becomes nearly isotropic. In this model, it is assumed that the dis-

tributed sources lie near the surface of the nucleus, and volatile production from

distributed sources is approximated as the sublimation of that volatile from the

nucleus. In addition, previous models have shown that the presence of dust does

not significantly affect the temperature and velocity of the outflowing gas (for

example, Marconi & Mendis, 1982a). Weiler (2006) showed for 67P/C-G that a
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dust-to-gas mass ratio as high as 8.5 has negligible influence on the coma gas flow,

and in situ measurements estimate a lower dust-to-gas mass ratio for 67P/C-G

(Choukroun et al., 2020).

Approximations for Magnetic Fields

The solar wind interacts with the cometary plasma outside the diamagnetic cav-

ity, the size of which is affected by the gas production rate of the nucleus (see

Section 1.2.5). For weakly and intermediately active comets, the contact surface

lies close to the nucleus (Benna & Mahaffy, 2006; Koenders et al., 2016) and

the solar wind interacts with the coma gas even at low cometocentric distances.

Charge exchange and electron impact ionization reactions are included in the

chemical network to account for this interaction. For comets with higher activ-

ity, the contact surface and plasma interaction regions lie further away from the

nucleus, at distances & 104 km. In this case, ionization effects due to the solar

wind do not necessarily increase the accuracy of the modeling of the inner regions.

A more detailed treatment of the magnetic field effects on the cometary plasma

flow requires a three-dimensional magnetohydrodynamic treatement. This would

be computationally expensive in the present model that employs a large chemical

network and beyond the scope of the current work.

3.3 Initial Conditions

The initial gas velocity at the nuclear surface is assumed to be equal to the local

sonic speed (Weiler, 2006) given by:

v0 =
√
γRgT0, (3.21)

where γ is the adiabatic exponent, Rg is the specific gas constant and T0 is the

initial temperature of the coma gas. This temperature can be calculated from the

surface ice temperature Ts. A Maxwellian velocity distribution of the outflowing

gas is reached only after several molecular collisions, after which T0 and Ts are
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related as:

T0 =
Ts

1 + 1
2
(γ − 1)

. (3.22)

The initial temperature of all the three fluids is set in this manner. In order to

find the surface temperature, the energy balance equation is solved, and for a

pure icy surface, this equation can be written as:

F�(1− Av)
r2
h

〈cos θ cosφ〉 = εIRσBT
4
s +HZ(T ), (3.23)

where F� is the incident solar flux, which is scaled by the heliocentric distance

rh, Av is the visual albedo, θ and φ are the local hour angle and the latitude, εIR

is the infrared emissivity, σB is the Stefan-Boltzmann constant, H is the latent

heat of sublimation of the ice, and Z(T ) is the surface sublimation rate. If Q0,pri

is the production rate of a parent volatile from the nucleus and r0 is the nuclear

radius, then the number density of that volatile near the surface is

n0,pri =
Q0,pri

4πr2
0v0

. (3.24)

3.4 Source Terms

3.4.1 Number Density Source Term

The number density source term Nj for a species j is calculated by adding or

subtracting together the rate coefficients of the reactions that contribute to the

creation or destruction of that species.

Nj =
∑
j′

νj′Rj′. (3.25)

ν is the number of molecules of the species created in a particular reaction, R

is the reaction rate in cm−3 s−1, and the summation index j′ runs over all those

reactions in which the species j is a product or a reactant. Since the different

fluids considered in this model have separate temperatures, the temperature

dependent collisional reaction rates are calculated at an effective temperature
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Teff (Flower et al., 1985), such that

Teff =
mkTl +mlTk
ml +mk

. (3.26)

Tl and Tk are the fluid temperatures to which the reacting species having masses

ml and mk belong. For reactions involving collisions with electrons, Teff ≈ Te,

since the mass of the electron is much less than the mass of the other reacting

species.

The reaction rate per unit volume Rij (cm−3 s−1) of the j-th chemical

reaction forming the i-th species is calculated by multiplying the rate coefficient

of the process obtained from the relevant rate equation (Equations 2.26, 2.27, 2.32

or 2.33), by the number densities of the reacting species. The reaction rate thus

depends upon the abundance of the reacting species, the fluid temperature, and

the cometocentric distance (for photolytic processes). The net coma formation

rate per unit volume Pi for the i-th species is obtained by summing the reaction

rates per unit volume of all the chemical processes contributing to the formation

of that species, such that

Pi =
∑
j

Rij. (3.27)

The relative reaction rate for each chemical process can be calculated as Rij/Pi.

The relative reaction rate is a measure of the fractional contribution of each

chemical process towards the net creation rate per unit volume of a species in

the coma. The loss rate per unit volume Li for the i-th species can be calculated

in a similar manner.

The total mass and momentum source terms are conserved, that is

∑
k

Mk = 0, (3.28)

∑
k

Fk = 0. (3.29)

Since these terms appear only as summations in Equation 3.16, they need not

be calculated individually for each fluid. The thermal energy source terms Gk

for each fluid are a sum of different components, which are discussed in the next
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section.

3.4.2 Thermal Energy Source Terms

The thermal energy source terms for the neutral, ion and electron fluids, respec-

tively are defined as:

Gn = Gchem
n +Gelas

i,n +Gelas
e,n +Ginel

e,n −Grad
n , (3.30)

Gi = Gchem
i −Gelas

i,n −Gelas
e,i , (3.31)

Ge = Gchem
e +Gelas

e,i −Gelas
e,n −Ginel

e,n . (3.32)

These components arise due to chemical reactions, exchange of energy due to

elastic and inelastic scattering processes, and radiative losses.

3.4.2.1 Chemical Reactions

The components Gchem
n , Gchem

i and Gchem
e denote the contribution to the thermal

energy source terms of the neutral, ion and electron fluids, respectively, arising

due to chemical reactions. Production or loss of a chemical species results in the

addition or removal of the kinetic energy of that species from the fluid that it

belongs to. If a species j is created (or destroyed) by the reaction α, then its

rate of increase (or decrease) of energy per unit volume is (Draine, 1986):

Gj,α = Rj,α

(
1
2
mj |~vj − ~wj,α|2 + 1

2
mjζ

2
j,α

)
. (3.33)

Here, Rj,α is the creation or destruction rate of species j by the reaction α, mj is

the mass and ~vj is the mean velocity of species j, ~wj,α is the mean velocity of the

particles of species j emerging from or being used up by the reaction α and ζj,α is

the random velocity of the particles of species j involved in the reaction α. Since

the bulk velocity is assumed to be the same for all the species, ~vj− ~wj,α = ~0, and

only the internal energy 1
2
mjζ

2
j,α is required to compute Gj,α. Chemical reactions

also increase or decrease the energy of the system, depending on whether they

are exothermic or endothermic, and this is the excess energy ∆E. The fraction of
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the excess energy received by the products is computed from energy-momentum

conservation in the reference frame of the center of momentum of the reactants.

Electrons that are created as products receive all of the excess energy since their

mass is negligible in comparison with that of the other species.

The thermal energy source terms for the different reaction types were

computed by Draine (1986) and extended by Rodgers & Charnley (2002) and

Weiler (2006). Table 3.1 lists the source terms Ĝk, k = n, i, e for the species

belonging respectively to the neutral, ion and electron fluids, for the 15 generic

types of reactions that are included in the current network. Ĝk, when multiplied

by the appropriate reaction rate R and summed over all the chemical reactions

in the network, gives the net component Gchem
k , k = n, i, e.

3.4.2.2 Elastic Scattering

Elastic scattering occurs between each of the fluids, resulting in three types of

scattering processes, namely ion-neutral, electron-neutral and electron-ion, for

which the rates of exchange of energy per unit volume are Gelas
i,n , Gelas

e,n and Gelas
e,i

respectively.

The ion-neutral elastic scattering is a special case of the ion-neutral re-

action A + B+ → C + D+ given in Table 3.1, with mA = mC, mB = mD

and ∆E = 0. The most abundant neutral species in the coma are the parent

molecules H2O, CO and CO2, and the most abundant ions with which these

do not undergo chemical reactions are H3O
+, NH +

4 , CH3OH+, CH3OH +
2 and

HCNH+. Thus, ion-neutral elastic collisions can be modeled as ‘pseudo-reactions’

of the kind

A + B+→ A + B+, (3.34)

where there is only exchange of energy and no change in the number densities

of A and B+. The rates for these reactions are calculated using Equation 2.27,

with the Arrhenius coefficients αj ≈ 10−10 cm3 s−1, βj = 0.5 and γj = 0. The

net change in energy for each collision is:

Ĝelas
i,n =

2mnmi

(mn +mi)2
(Θi −Θn) , (3.35)
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where mn and mi are the respective masses of the neutral and ionic species

participating in the scattering process. Gelas
i,n is found by multiplying the energy

change given by Equation 3.35 with the collision rate per unit volume, and

summing over all ion-neutral elastic collision reactions.

Similar to the case of ion-neutral scattering, the elastic scattering be-

tween electrons and neutrals is dominated by scattering from H2O, CO and CO2

molecules, such that

Gelas
e,n ≈ Gelas,H2O

e,n +Gelas,CO
e,n +Gelas,CO2

e,n , (3.36)

where Gelas,H2O
e,n , Gelas,CO

e,n and Gelas,CO2
e,n are the rates of exchange of energy per unit

volume due to elastic scattering of electrons from H2O, CO and CO2 molecules,

respectively. The momentum transfer collision cross sections of electrons in these

neutral gases has been compiled by Itikawa (2002; 2015) and Itikawa & Mason

(2005), over a wide range of electron energies. To find the collision rate per

unit volume of electrons with a neutral species, the relevant cross sections are

averaged over a Maxwellian velocity distribution, and then multiplied by the

number densities of electrons and the colliding neutral species. The average

change in energy per collision Ĝelas
e,n can be found from Equation 3.35, by replacing

the mass of the ion by the electron mass, and Θi by Θe. G
elas
e,n is then calculated

by multiplying Ĝelas
e,n with the corresponding collision rate, and then summing

over the three neutral species.

Elastic scattering between ions and electrons due to Coulomb interactions

results in the following rate of energy change per unit volume (Draine, 1980):

Gelas
e,i = 1.37× 10−42n

2
i

µi
T−1.5
e (Ti − Te) ln

(
1.24× 104

√
T 3
e

ni

)
(erg cm−3 s−1),

(3.37)

where ni is the total number density of all ions and µi is the mean ionic molecular

mass.
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3.4.2.3 Inelastic Scattering

For inelastic electron-neutral scattering, H2O and CO are the only neutral species

that are considered. The per unit volume rate of cooling of the electron fluid due

to these types of collisions is thus given by

Ginel
e,n ≈ Ginel,H2O

e,n +Ginel,CO
e,n . (3.38)

Inelastic collisions of H2O molecules with electrons results in rotational and vi-

brational excitation of the molecules. The net cooling rate per unit volume of

electrons due to inelastic scattering with H2O is:

Ginel,H2O
e,n = Grot,H2O +Gν1,H2O +Gν2,H2O. (3.39)

The first term on the right is the cooling due to rotational excitation of H2O and

the second and third terms are due to vibrational excitations. The analytical

expressions for these were derived by Cravens & Korosmezey (1986) and are

given below.

Grot,H2O =

[
a+ b ln

(
Te
Tn

)]
(Te − Tn)T−5/4

e nH2One (eV cm−3 s−1). (3.40)

Gνj,H2O = 8.37× 1013WjT
−3/2
e

[
1− exp

{
Wj/kB(T−1

e − T−1
n )
}]

×IjTenH2One (eV cm−3 s−1).
(3.41)

nH2O and ne are the number densities of water molecules and electrons, j = 1

corresponds to the vibrational transition (000)→ (010) and j = 2 stands for the

sum of the transitions (000)→ (100) and (000)→ (001). The values of a, b, Wj

and Ij in the above expressions are given by Cravens & Korosmezey (1986).

Vibrational and electronic transitions of CO due to inelastic collisions

with electrons are considered to calculate the term Ginel,CO
e,n . The rotational ex-

citation of CO is ignored, because the cross sections for these transitions due to

inelastic collisions with electrons is less than that of H2O by up to four orders of
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magnitude. The vibrational cooling rate per unit volume for 0 → j vibrational

excitation of CO can be calculated in the manner given by Waite & Cravens

(1981) for molecular hydrogen:

Gνj,CO = nCOne

∫ ∞
0

L(E, Tn)vfe(E, Te)dE (eV cm−3 s−1). (3.42)

Here, nCO and ne are the CO and electron number densities, L(E, Tn) is the

loss function for vibrational excitation and de-excitation, v = (2E/me)
1/2 is the

electron thermal velocity and fe(E, Te) is the normalized Maxwellian electron

energy distribution function. The loss function for the transition 0→ j is

Lνj(E, Tn) = Wj{σj(E)− exp(−Wj/kTn)

(
E +Wj

E

)
σj(E +Wj)}, (3.43)

where Wj is the threshold for transition j and Tn is the neutral temperature.

σj(E) is the energy-dependent cross section for transition j, taken from Itikawa

(2015). The transitions j = 1, 2, 3 are considered; higher transitions are ignored

because of reduced cross sections.

The reactions for the electronic excitation of CO by electron impact and

its subsequent de-excitation are shown in Table 3.2. These reactions are included

in the network, and the energy change Ĝk is calculated as described in Section

3.4.2.1.

Neutral molecules with a permanent dipole moment can be excited to

higher rotational states due to self-collisions. Energy can be lost from the neutral

fluid (mainly H2O) due to infrared rotational emission, resulting in the cooling

of the neutral fluid, such that

Grad
n ≈ Grad,H2O

n . (3.44)

An empirical formula for the energy loss due to H2O-H2O collisions was given by
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Reaction α β γ ∆E (eV)

Electron impact excitation

CO + e– → CO(1Π) + e– 4.46(-9) 2.03(-1) 9.494(+4) -8.09

CO + e– → CO(3Π) + e– 1.63(-7) -4.18(-1) 8.384(+4) -6.00

CO + e– → CO(3Σ) + e– 2.89(-9) 1.07(-1) 9.100(+4) -6.90

CO + e– → CO(3∆) + e– 8.22(-10) -4.00(-2) 9.985(+4) -7.70

Radiative de-excitation

CO(1Π) → CO + hν 9.70(7) 0 0 0

CO(3Π) → CO + hν 1.26(2) 0 0 0

CO(3Σ) → CO + hν 1.00(5) 0 0 0

CO(3Σ) → CO(3Π) + hν 1.00(5) 0 0 0

CO(3∆) → CO + hν 1.00(-5) 0 0 0

CO(3∆) → CO(3Π) + hν 2.37(5) 0 0 0

Table 3.2: Reactions showing the excitation and de-excitation of the electronic
states of CO, resulting in the cooling of the electron fluid (Schmidt et al., 1988).

Shimizu (1976):

Grad,H2O
n =

8.5× 10−19T 2
nn

2
H2O

nH2O + 2.7× 107Tn
(erg cm−3 s−1). (3.45)

Since optical depth effects cause radiation trapping in the inner regions of the

coma, the radiation cooling rates are scaled by exp(−τIR) (Schmidt et al., 1988),

where

τIR(r) ≈ 0.4× n(r0)r2
0

σIR

r
. (3.46)

r0 is the nuclear radius, n is the number density of H2O and σIR = 4×10−15 cm2

is the average infrared absorption cross section per molecule.

3.5 Photochemistry

Solar UV radiation causes photodissociation, photoionization and photodisso-

ciative ionization of the gaseous cometary species. The absorption of the UV

radiation in the coma causes attenuation of the UV flux, resulting in optical

depth effects. In Chapter 2, a general description of the photolytic rate calcula-

tion while accounting for the optical depth is given. A more specific description
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for the cometary case is given here.

If φi,∞ is the unattenuated flux corresponding to the wavelength λi, then

the UV flux at a cometocentric distance r is given by

φi(r) = φi,∞e
−τi(r), (3.47)

where τi is the optical depth at wavelength λi, and can be calculated from the

wavelength dependent photochemical reaction cross sections and species number

densities. For a cometary species denoted by j, if nj is its number density and

σij,tot is its total photolytic cross section in λi, then the contribution of this

species to the optical depth is:

τij(r) =

∫ ∞
r

σij,totnj(r)dr (3.48)

The total optical depth at distance r can be obtained by summing over j, such

that τi(r) =
∑

j τij(r). Once the fluxes are known, the photolytic rate coefficient

in the wavelength interval λi and λi + ∆λi, and at a distance r can be found out

using the relation

ki(r) =

∫ λi+∆λi

λi

σ(λ)φ(λ, r)dλ. (3.49)

This can be approximated as ki(r) = σiΦi(r), where σi is the wavelength-

averaged photo cross section in the i-th bin that has a width of ∆λi, and Φi(r)

is the attenuated spectral photon flux integrated over the same wavelength bin.

The total rate coeffiecient for any photolytic process can then be written as :

k(r) =
∑
i

ki(r). (3.50)

The excess photon energy above the dissociation or ionization threshold

is converted into kinetic energy of the photo-products. The mean excess energy

of the photolytic products at a distance r is given by:
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E(r) =

∫ λth
0

hc
(

1
λ
− 1

λth

)
σ(λ)φ(λ, r)dλ∫ λth

0
σ(λ)φ(λ, r)dλ

, (λ ≤ λth)

≈
∑
i

hc

[
λi + ∆λi/2

λi(λi + ∆λi)
− 1

λth

]
ki(r)

k(r)
,

(3.51)

where the summation is done over all wavelength bins and λth is the threshold

wavelength. In case of photoionization, the excess energy is almost entirely

converted to kinetic energy of the photoelectrons, giving the photoelectron energy

spectrum.

3.5.1 Photo Cross Section and UV Flux Data

The cross sections that are required for calculating the photolytic rates are

taken from the PHIDRATES database. The Photo Ionization/Dissociation Rates

(PHIDRATES) database, available at https://phidrates.space.swri.edu/#,

contains wavelength dependent photolytic cross sections for atomic and molec-

ular species that have been identified or may exist in planetary and cometary

atmospheres. This database is based on the publications on solar photorates by

Huebner & Carpenter (1979), Huebner et al. (1992) and Huebner & Mukherjee

(2015).

The UV flux used to calculate the photolytic rate coefficients is derived

from the FISM2 model in the wavelength interval 0.1−190 nm, and the NRLSSI2

model for wavelengths > 190 nm. The datasets (explained below) are available

for a heliocentric distance of 1 AU. The scaling to some other heliocentric distance

rh is done by using the multiplicative factor r−2
h .

The LASP Interactive Solar Irradiance Data Center (LISIRD; https://

lasp.colorado.edu/lisird/) is a comprehensive set of solar datasets, including

the solar spectral irradiance, total solar irradiance, sunspots, and so on. These

datasets are compiled in the wavelength range from soft X-ray to near infrared,

obtained from models and measurements by various missions, instruments and

laboratories.

The Flare Irradiance Spectral Model (FISM) is an empirical model to

https://phidrates.space.swri.edu/#
https://lasp.colorado.edu/lisird/
https://lasp.colorado.edu/lisird/
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estimate variations in the solar ultraviolet irradiance due to solar rotation, so-

lar flares and the solar cycle (Chamberlin et al., 2007, 2008). This model is

used to fill the spectral and temporal gaps in measurements of the solar UV

radiation, in the wavelength interval 0.1 − 190 nm. Since the release of FISM,

several new and improved instruments have been launched for measuring so-

lar irradiance. These include the Solar Stellar Irradiance Comparison Experi-

ment (SOLSTICE; McClintock et al., 2005) and the XUV Photometer System

(XPS; Woods et al., 2005) aboard the Solar Radiation and Climate Experiment

(SORCE; Rottman, 2005), and the Extreme ultraviolet Variability Experiment

(EVE; Woods et al., 2012) onboard the Solar Dynamics Observatory (SDO; Pes-

nell et al., 2012). Thus, version 2 of FISM, or FISM2 is the updated version of

this model that incorporates the new measurements having greater accuracy and

higher cadence (Chamberlin et al., 2020). The wavelength ranges of the new base

datasets are 0.1− 6 nm (SORCE/XPS), 6− 105 nm (SDO/EVE) and 115− 190

nm (SORCE/SOLSTICE).

NRLSSI2 is the daily climate record of the solar spectral irradiance (SSI)

from 1882 to the present day, constructed using the solar variability model de-

veloped jointly by the Laboratory for Atmospheric and Space Physics (LASP)

and the Naval Research Laboratory (NRL) (Coddington et al., 2016). This

data record is a part of the National Oceanic and Atmospheric Administration’s

(NOAA) Climate Data Record (CDR) program. NRLSSI2 uses the irradiance

observations from SORCE to compute the solar spectral irradiance.

3.6 Interaction with the Solar Wind

The solar wind can penetrate upto low cometocentric distances in weakly and

intermediately active comets, where the contact surface lies close to the nucleus.

Ionization of cometary neutrals initiates the solar wind cometary interaction

process. Though photoionization is the main source of creation of ions, previous

modeling studies have suggested that charge exchange with solar wind protons

and electron impact processes also create ions in the cometary environment (for

example, Cravens et al., 1987; Benna & Mahaffy, 2007; Rubin et al., 2014; Koen-
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ders et al., 2015). Hence, the relevant reactions and their rates are included in

the reaction network for weakly and intermediately active comets.

3.6.1 Charge Exchange

One of the processes in the collisional interaction between the cometary environ-

ment and the solar wind is charge exchange. H+ ions in the solar wind undergo

charge exchange reactions with neutral target molecules M (such as H2O, CO,

OH and so on) in the coma resulting in the ionization of the neutral molecules

and the creation of a neutral hydrogen atom:

H+ + M→ H + M+. (3.52)

In order to save large computational time and for the sake of simplicity, Koenders

et al. (2015) assumed a velocity independent collision rate of the solar wind

protons with the cometary neutral gas. A constant collision rate of 10−8 cm3 s−1

is used, according to Kriegel et al. (2014).

3.6.2 Electron Impact

Collisional impact of neutral species with solar wind electrons results in the

occurence of ionization reactions, as described in Section 2.1.2 of Chapter 2, when

the energy of the incident electron exceeds the ionization potential of the neutral

species. Assuming a Maxwellian distribution function f(v) (normalized to unity)

for solar wind electrons having number density ne, the ionization frequency Rsk

for a species s attaining an ionized state k can be calculated as

Rsk = ne

∫ ∞
vsk

vσsk(v)f(v)4πv2dv, (3.53)

where vsk is the velocity corresponding to the ionization potential Isk and σsk

is the cross section. Rsk can be multiplied with the neutral species number

density ns to get the ionization rate R∗sk. The Maxwellian distribution function
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for electrons at a temperature Te is

f(v) = [me/2πkBTe]
3/2 exp {−mev

2/2kBTe}, (3.54)

where me is the electron mass and kB is the Boltzmann constant. The ionization

frequencies Rsk for major neutral species found in the cometary atmosphere

have been calculated by Cravens et al. (1987) at a number of discrete points for

electron temperatures between 104 − 107 K. A polynomial fit is obtained to this

discrete data set so that the ionization rate at any temperature can be estimated.

3.7 Numerical Approach

The chemical reaction network contains rate coefficients that vary over many or-

ders of magnitude. As a result, the system of differential equations used to model

the coma are stiff, and numerical solutions require an implicit/semi-implicit in-

tegration method. A set of ordinary differential equations of the first order are

given as

y′(x) = f(x, y(x)), x ε [x0, xn]. (3.55)

The condition for the initial value is prescribed as

y0 = y(x0). (3.56)

The system is said to be autonomous if there is no explicit dependence of f on

x, and is non-autonomous otherwise. These equations may be solved by using

iterative implicit methods, though this may result in a problem of convergence

due to nonlinear implicit equations. Rosenbrock (1963) presented a class of

methods, whereby stable formulae were derived by involving the Jacobian matrix.

The exact solution of the system of Equations given by 3.55 is denoted by y(t),

x0 ≤ t ≤ xn. The non-autonomous form of Equation 3.55 can be converted to

the autonomous form by adding y′(x) = 1. For an autonomous system and an



3.7. Numerical Approach 77

exact Jacobian, an s-stage Rosenbrock method is defined as:

(I − hγiiJ)ki = hf

(
yn +

i−1∑
j=1

αijkj

)
+ hJ

i−1∑
j=1

γijkj, i = 1, ..., s (3.57)

yn+1 = yn +
s∑
j=1

bjkj, (3.58)

where h > 0 is the stepsize for the integration, αij, γij and bj are the determining

coefficients and γii = γ. I is the identity matrix, J = ∂f(x, y)/∂y is the Jacobian

matrix and yn is an approximation to y(tn) with tn = x0 + nh. Each ki is

an approximation to some information about the exact solution given by y(t).

Comparing Equations 3.15 and 3.55, x ≡ r, y ≡ nj, and

∂fj′

∂nj
=

1

v

∂Nj′

∂nj
− δj′j

v

dv

dr
− 2δj′j

r
, (3.59)

where j′ and j run over all the species, and δj′j is the Kronecker delta. The

Jacobian matrix is written as:

J =
∂(f1, · · · , fm)

∂(n1, · · · , nm)
=


∂f1
∂n1

∂f1
∂n2

· · · ∂f1
∂nm

...
...

. . .
...

∂fm
∂n1

∂fm
∂n2

· · · ∂fm
∂nm

 (3.60)

where the subscript m denotes the total number of species in the network.

The fourth-order Rosenbrock method is used to arrive at a solution for

the number densities, the differential equations for which are the set of Equations

given by 3.15. The first practical application of Rosenbrock methods was done

by Kaps & Rentrop (1979), so they are also known as Kaps-Rentrop methods.

The Fortran stiff integrator based on the Kaps-Rentrop algorithm is adopted

as the numerical scheme (Press et al., 1992).





Chapter 4

Study of the Interstellar Comet

2I/Borisov

The modeling studies of the first interstellar comet 2I/Borisov, done as part

of this thesis work, is discussed in this chapter. The large CO abundance of

2I/Borisov can potentially alter the physical and chemical properties of the coma,

as compared to a typical water dominated Solar System comet. The modeling re-

sults of 2I/Borisov are presented, along with a comparison of the coma properties

with a Solar System comet of the Halley-type composition.

Comet 2I/Borisov was discovered by G. Borisov on 30 August 2019 UT, when

it was at a heliocentric distance of about 3 AU. This was the second interstellar

object to have been discovered in the Solar System, after 1I/’Oumuamua. It

exhibited comet-like activity and outgassing at the time of its discovery, and

was observable for many months. This was quite different from 1I/’Oumuamua,

which was a considerably fainter object and observable only for a few weeks,

without showing any detectable quantities of gas and dust (’Oumuamua ISSI

Team et al., 2019). Initial physical characterization of 2I/Borisov revealed it

to have a very high hyperbolic excess velocity of −33.8+0.6
−0.5 km s−1, which was

calculated by de León et al. (2019) using the prescription given by de la Fuente

Marcos & de la Fuente Marcos (2019). A high orbital eccentricity of 3.38± 0.02,

and an orbital inclination of 44.00 ± 0.04◦ was also calculated for 2I/Borisov

(Guzik et al., 2020). Since this comet was traveling at a large angle from the

79
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ecliptic plane, gravitational perturbations from the giant planets could not ac-

count for the strongly hyperbolic orbit, and the only likely explanation was its

arrival from outside the Solar System. It crossed perihelion on 8 December 2019

UT at a heliocentric distance of 2.006 AU (Jewitt et al., 2020).
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Figure 4.1: Volatile production rates for the interstellar comet 2I/Borisov. The
uncertainties in measurements are shown by the vertical error bars, while the
downward pointing arrows indicate upper limits on the measurements. Reference:
Fitzsimmons et al., 2019 (CN, C2); Opitom et al., 2019 (H2O, CN, C2, C3);
Bannister et al., 2020 (CN, C2, NH2); Bodewits et al., 2020 (H2O, CO); Cordiner
et al., 2020 (CO, HCN, CH3OH, CS); de León et al., 2020 (CN, C2); Lin et al.,
2020 (CN, C2, C3); Kareta et al., 2020 (CN, C2); McKay et al., 2020 (H2O); Xing
et al., 2020 (H2O); Aravind et al., 2021 (CN, C2, C3); Opitom et al., 2021 (H2O).
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4.1 Observations of 2I/Borisov

Figure 4.1 shows the volatile production rates of comet 2I/Borisov, obtained

from measurements by various remote observation facilities. Based on OH mea-

surements, water production rates are reported by Opitom et al. (2019) from

observations obtained using the 4.2 m William Herschel Telescope (WHT), by

Xing et al. (2020) from observations acquired from the UltraViolet/Optical Tele-

scope (UVOT) on the Neil Gehrels Swift Observatory, and by Opitom et al.

(2021) from observations made by the Ultraviolet-Visual Echelle Spectrograph

(UVES) mounted on the ESO 8.2 m Very Large Telescope (VLT). In addition,

McKay et al. (2020) report on the water production rates derived from measur-

ing the [O I] 6300 Å line observed by the ARCES instrument at Apache Point

Observatory. The peak value of the water production rate (QH2O) of 2I/Borisov

is 10.7 ± 1.2 × 1026 mol s−1. Xing et al. (2020) compared the temporal evolution

of the water production rate of 2I/Borisov and found that before perihelion, the

rate of increase of QH2O with heliocentric distance is greater than that in the

dynamically new comets reported by Combi et al. (2018). Post perihelion, the

decrease is faster than all the previously detected comets reported by Combi

et al. (2018). An empirical relation for the water production rate (in mol s−1)

was derived by Bodewits et al. (2020), which is given by Equations 4.1 and 4.2,

for pre-perihelion and post-perihelion periods respectively.

QH2O = 1.77× 1023 ×∆T 2 + 2.01× 1025 ×∆T + 1.2× 1027, (4.1)

QH2O = exp(62.42184− 0.0964962×∆T ), (4.2)

where ∆T is the number of days from perihelion, which is negative for pre-

perihelion and positive for post-perihelion.

CO abundances of 2I/Borisov are reported by Bodewits et al. (2020),

measured using the Cosmic Origins Spectrograph (COS) on the Hubble Space

Telescope (HST), and by Cordiner et al. (2020) from observations obtained by

the Atacama Large Millimeter/submillimeter Array (ALMA). From these mea-

surements, the CO production rate is found to be between 4.4 ± 0.7 × 1026 mol
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s−1 and 10.7 ± 6.4 × 1026 mol s−1. The measured CO/H2O ratio lies in the range

35 − 105% (Cordiner et al., 2020), but can also be as high as 173% (Bodewits

et al., 2020). The relative abundance of CO with respect to water in Solar Sys-

tem comets is found to lie in the range ∼ 0.2− 23% (Bockelée-Morvan & Biver,

2017), while the average abundance is ∼ 5% (Dello Russo et al., 2016a). Thus

2I/Borisov is significantly rich in CO, with an unusually high CO abundance

than has been measured in any Solar System comet that reached a heliocentric

distance < 2.5 AU.

Besides H2O and CO, the abundances of HCN, CN, C2, and NH2 are also

measured conclusively. The relative abundance of HCN with respect to water

is in the range of 0.06 − 0.16% (Cordiner et al., 2020), which is similar to an

average abundance of 0.12% observed in typical Solar System comets (Bockelée-

Morvan & Biver, 2017). The CN production rate from various observations lies

in between 1.6 ± 0.5 × 1024 mol s−1 to 9.5 ± 0.2 × 1024 mol s−1 (Fitzsimmons

et al., 2019; Opitom et al., 2019; de León et al., 2020; Kareta et al., 2020; Aravind

et al., 2021). The C2 production rate (QC2
) was reported to be 1.1 × 1024 mol

s−1 by Bannister et al. (2020), while Lin et al. (2020) reported a value of 5.5 ±

0.4 × 1023 mol s−1, and a number of other authors provide an upper limit for QC2

(Fitzsimmons et al., 2019; Opitom et al., 2019; de León et al., 2020; Kareta et al.,

2020). A power-law variation of QC2
as a function of the heliocentric distance rh

was fitted by Lin et al. (2020), such that its slope is given by

γ =
logQ(rh1)− logQ(rh0)

log rh1 − log rh0
. (4.3)

The slope γ is found to be steeper than that of other Solar System comets,

suggesting that the production of C2 may be comparatively more sensitive to

changes in the heliocentric distance. In addition it is found that in terms of

the C2 abundance, 2I/Borisov is carbon-chain depleted (Bannister et al., 2020),

according to the definition given by A’Hearn et al. (1995). NH2 was measured

by Bannister et al. (2020) with a production rate of 4.8 × 1024 mol s−1, and

2I/Borisov was found to be enriched in NH2 as compared to the bulk of Solar

System comets. Upper limits for the C3 production rate are estimated by Opitom



4.2. Model Inputs 83

et al. (2019) and Lin et al. (2020). Cordiner et al. (2020) report on the upper

limits for the production of CH3OH and CS, which are consistent with previously

reported abundances of these volatiles in Solar System comets (Bockelée-Morvan

& Biver, 2017).

4.2 Model Inputs

The coma of 2I/Borisov is modeled at a heliocentric distance of 2.01 AU post-

perihelion, that was achieved on 15−16 December 2019 UT. Cordiner et al. (2020)

report on the production rates of several volatiles derived from observations made

on these dates. There are several other volatiles whose production rates are not

available for these dates. In these cases, either the production rates derived from

observations made on other dates are used, or the production rate is estimated

from some fitted relation. Additional model runs are also obtained for a typical

Solar System comet, namely comet 1P/Halley, for comparing the properties of

the coma of the interstellar comet as opposed to the Solar System comet. The

input conditions for the model runs are described in this section.

4.2.1 Input Volatile Production Rate of 2I/Borisov

The molecular production rates for the different volatiles that are used as the

initial inputs in the gas phase coma model for 2I/Borisov are given in Table 4.1.

The CO production rate (QCO) is derived by Cordiner et al. (2020) as QCO =

(4.4 ± 0.7) × 1026 mol s−1 from the interferometric spectra and QCO = (5.0 ±

0.5) × 1026 mol s−1 using the autocorrelation (total power) spectra. Bodewits

et al. (2020) report QCO = (6.4± 1.4)× 1026 mol s−1 for the observational epoch

19− 22 December 2019 UT. A conservative value of QCO = 5.0× 1026 mol s−1 is

used, and this is within the measured error limits. The empirical fitting derived

by Bodewits et al. (2020) for QH2O post-perihelion (Equation 4.2) is used to

estimate the water production rate around 15 December 2019.

The production rate of HCN and the upper limit on the production rates

of CS as obtained by Cordiner et al. (2020) are used as the initial values for
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these species. The initial abundance of CH3OH is taken to be 2% of H2O. This

is a conservative value, which is roughly the average abundance of CH3OH with

respect to H2O in Solar System comets (Dello Russo et al., 2016a). Using the

relation for the power law variation of QC2
(Equation 4.3), and QC2

= (5.5 ±

0.4)× 1023 mol s−1 at 2.145 AU (Lin et al., 2020), QC2
is calculated at 2.01 AU

for the model run. The production rate of NH2 was estimated by Bannister et al.

(2020) from observations made in late November 2020 at a distance of 2.03 AU

pre-perihelion, and the reported value is used as the model input for the initial

production rate of NH2.

CS, C2 and NH2 are product species that are formed in the coma directly

or indirectly by the photodissociation of parent species. The CS radical is most

likely to trace the parent molecule CS2 (Bockelée-Morvan et al., 2004). C2 may

be produced from several sources, though the photodissociation chain C2H2 →

C2H→ C2, producing C2 as a granddaughter species, is suggested to be the most

likely one (Jackson et al., 1996; Sorkhabi et al., 1997; Feldman et al., 2004). The

most probable candidate for the formation of NH2 in comets is the short lived

parent species NH3, and the abundance of NH2 is a direct measurement of the

NH3 abundance (Wyckoff et al., 1989). NH3 is also likely to be present in the

form of ammonium salts, though these salts sublimate only at low heliocentric

distances < 0.5 AU (Altwegg et al., 2020). The initial production rates of CS,

C2 and NH2 are converted into their respective parent species abundances, as

suggested by Fink & Disanti (1990), from the photodissociation branching ratios

given by Huebner & Mukherjee (2015).

4.2.2 Inputs: Volatile Abundance of H2O-Rich Comet

and Nucleus Size

The abundance percentage of volatiles with respect to H2O for comet 1P/Halley

near perihelion, as compiled by Bockelée-Morvan et al. (2004), is listed in Table

4.2. Using a net gas production rate of Q = 1029 mol s−1 from the nucleus, these

abundances are converted to production rates, and used as inputs to model the

Halley-type comet.
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Species Production rate (mol s−1)

H2O 5.4× 1026

CO 5.0× 1026

HCN 7.0× 1023

CS2
† 6.5× 1023

CH3OH 1.1× 1025

C2H2
† 3.0× 1023

NH3
† 5.0× 1024

Table 4.1: Input volatile production rates used as model inputs for 2I/Borisov at
2.01 AU. The production rates for CS2, C2H2 and NH3 are calculated from the
photodissociation branching ratios of their respective product species.

Species Relative Abundance (%)

CO 3.5

CO2 3

CH4 0.8

C2H2 0.3

C2H6 0.4

CH3OH 1.8

H2CO 4

NH3 1.5

HCN 0.1

H2S 0.4

CS2 0.2

Table 4.2: Relative abundance percentage with respect to water, for the Solar
System comet 1P/Halley (Bockelée-Morvan et al., 2004).

Several estimates on the size of the nucleus of 2I/Borisov are available

in literature. Lee et al. (2020) used infrared imaging to infer an upper limit

of 0.58 km for the radius rn of the nucleus of 2I/Borisov. Assuming an albedo

of 0.04, Jewitt et al. (2020) constrained the radius to be ≤ 0.5 km from the

surface brightness profile measurements, obtained from HST. Guzik et al. (2020)

estimated rn ∼ 1 km from the observed water production rate and an active

fraction of 30%. A value of 1 km is assumed as the radius of the nucleus of

2I/Borisov, in the present model. The model is also tested for few other sizes

of 2I/Borisov, in the range ∼ 0.5− 1 km, while keeping other input parameters
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constant, and no significant changes in the results are seen. The radius of the

nucleus of the Halley-type comet is assumed to be 2.5 km, since several modeling

studies on 1P/Halley have assumed this value (Marconi & Mendis, 1983, 1986).

In order to derive the photolytic rates, the daily average solar spectral

irradiance, as given by the FISM2 and NRLSSI2 flux models, are collected for

the entire month of December 2019, from the LISIRD database. These are used

to find the average spectral fluxes for December 2019, scaled to a heliocentric

distance of 2.01 AU. These scaled fluxes are used to derive the photorates as

described in Section 3.5.

4.3 Results

The model is run for two different comets: (a) comet 2I/Borisov, and (b) Halley-

type comet, with input parameters as described in the previous section. The

results of the model runs are shown in this section.

4.3.1 Temperature Profile

The temperature profiles, i.e. the variation of the temperature of the neutral,

electron, and ion fluids with cometocentric distance, for 2I/Borisov and Halley-

type comet are shown in Figure 4.2. The major heating and cooling rates per unit

volume for the neutral and electron fluid are shown in Figure 4.3. The neutral

temperature profiles shown in Figure 4.2(a) and Figure 4.2(b) are qualitatively

alike, with an initial dip and then a temperature inversion at a cometocentric

distance ∼ 200 km. However, the neutral fluid temperature near inversion for

2I/Borisov is ∼ 6 K, which is lower in comparison with an inversion temperature

∼ 18 K for the Halley-type comet. In fact, it is to be noted that the neutral

coma temperature of the Solar System comet is more than that of the interstellar

comet, for all cometocentric distances. This is because the heating rate per unit

volume of the neutral fluid due to chemical reactions is higher in the Halley-type

comet, as seen from Figure 4.3. Photodissociation is one of the primary chemical

reaction mechanisms which heat the neutral fluid. The main branch for the
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Figure 4.2: Temperature profiles for (a) comet 2I/Borisov and (b) Halley-type
comet. Tn, Te and Ti denote the temperatures of the neutral, electron and ion
fluids respectively.

photodissociation of H2O into OH and H generates 3.41 eV of energy, while the

photodissociation of CO to form C and O produces 2.56 eV of energy (Huebner

& Mukherjee, 2015). Additionally, the branching ratio for the production of

OH from H2O is nearly 85% while it is ∼ 50% for the production of C and O

from CO, and the dissociation rate of H2O is also higher. Thus, the net rate of

heat energy released per unit volume due to photodissociation is higher in the

Halley-type comet because of a greater relative abundance of H2O. Besides, the

higher production rate of the Halley-type comet results in higher coma density

and more number of molecules that undergo photodissociation. This causes the

net heating rate of the neutral fluid per unit volume from chemical reactions to

be larger.

It is seen that there exists an initial coupling between the electron and

neutral temperatures. This coupling is relatively weak for 2I/Borisov, and the

electron and neutral temperatures decouple at a shorter distance (∼ 20 km)

from the nucleus, as compared to the Halley-type comet. This coupling is due

to inelastic collisions between the electrons and the water molecules, leading to

rotational excitation of the water molecules. The energy exchange rate per unit

volume due to collisional scattering depends on the collision cross section as well
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Figure 4.3: Variation of the heating and cooling rates per unit volume for the
neutral and electron fluids for (a) comet 2I/Borisov and (b) Halley-type comet.
The labels ‘Chem-n’ and ‘Chem-e’ denote the net energy gained due to chemical
reactions by the neutral and electron fluids, respectively. The other labels denote
the energy lost by the electrons due to elastic scattering from H2O and CO
molecules (‘e-H2O elas’ and ‘e-CO elas’) and inelastic scattering from H2O and
CO molecules leading to the rotational and vibrational excitation of H2O and
the vibrational excitation of CO (‘e-H2O rot’, ‘e-H2O vib’ and ‘e-CO vib’).

as the number densities of the colliding species. The lower coma density for

2I/Borisov implies that the frequency of such collisions is reduced. In addition,

the dominant neutral species in the coma of the Halley-type comet is H2O, while

2I/Borisov has nearly equal abundances of both H2O and CO. This means that

the relative number of H2O molecules available for rotational excitation is lesser

in the interstellar comet. Therefore, the rate of energy exchange between the

neutral and electron fluids is reduced in the innermost coma regions of 2I/Borisov

when compared to that of the Halley-type comet, as can be seen from Figure

4.3. Hence, the electron fluid loses less of its energy to the neutral fluid in

2I/Borisov, and its temperature decouples closer to the nucleus. In the outer

part of the coma, the electron temperature is high and the dominant cooling

mechanism for electrons in this region is inelastic scattering with H2O and CO

molecules, resulting in their vibrational excitation. It is seen from Figure 4.3 that

while the cooling of electrons due to vibrational excitation of CO is comparable

to or even higher than water for 2I/Borisov, it is lesser in the Halley-type comet
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by atleast an order of magnitude. This is again due to the dependence of the

cooling rate on the collisional cross section and the abundances of the colliding

species. The vibrational excitation cross section of CO is generally higher than

that of H2O (Itikawa & Mason, 2005; Itikawa, 2015), while the abundance of H2O

and CO molecules is similar in 2I/Borisov. This results in a higher cooling rate

of the electrons due to vibrational excitation collisions with CO as compared to

H2O, in 2I/Borisov. On the other hand, the Halley-type comet has a dominant

H2O abundance, resulting in a higher electron cooling rate due to vibrational

excitation of H2O as compared to CO. Finally, it is also seen from Figure 4.3

that the energy loss rate per unit volume for electrons due to elastic scattering

from the neutral species is several orders of magnitude less than the loss due to

inelastic collisions, due to lower elastic scattering cross sections.

4.3.2 Coma Chemistry

2I/Borisov is unique in the sense that it contains H2O and CO in nearly equal

proportions. This has a considerable bearing on the coma composition and chem-

istry, including the abundances of ionic species.

4.3.2.1 Species Abundances

The variation of the flux of parent volatiles, electrons and assorted ions, as a

function of cometocentric distance in 2I/Borisov, is shown in Figure 4.4. The

flux is calculated as 4πr2vn, where r is the cometocentric distance, v is the

velocity and n is the species number density. Plotting the flux removes the r−2

dependence of the number density, and a rise or fall in the flux of any particular

species indicates its creation or destruction by chemical reactions.

H2O and CO together account for nearly 99% of the outgassing from the

nucleus. Most of the parent species survive up to 105 km, which is consistent

with an outflow velocity of ∼ 1 km s−1 and an average photolytic reaction rate

. 10−5 s−1, leading to nearly constant flux of the parent volatiles throughout

the modeled region of the coma. Exceptions to this are NH3 and CS2, which

are destroyed by photolytic processes at a higher rate. It is also to be noted



90 Chapter 4. Study of the Interstellar Comet 2I/Borisov

that since the number density is low, optical depth effects are nearly absent in

the coma. Thus, the rates for the photolytic processes remain nearly constant

throughout the entire region of the coma.

The ions H3O
+, HCO+, NH +

4 , HCNH+ and CH3OH +
2 that are formed by

the protonation of the parent species, show an initial sharp rise in their fluxes,

as they form rapidly. The curves gradually become flatter on moving outwards

in the coma, since the timescale for the formation of these species becomes more

than the dynamical timescale, as the density of the coma decreases at large

distances. The flux of ions formed by the photoionization or photodissociative
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Figure 4.4: Variation of the flux of (a) parent volatiles, and (b), (c), (d) electrons
and assorted ions, with cometocentric distance in 2I/Borisov.
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ionization of parent species keeps rising in the outer coma as well, since photolytic

processes continue to occur even in the outer regions.

4.3.2.2 CO+ and HCO+

The variation of the flux of the ions CO+ and HCO+ with cometocentric distance,

in 2I/Borisov is shown in Figure 4.4(b). The major gas phase formation and

destruction mechanisms of these two ions are shown in Figure 4.5. The most

important mechanism that creates CO+ in the coma is the photoionization of

CO. As can be seen from Figure 4.5(a), the relative rate of this process is ∼ 100%.

implying that nearly all of the CO+ is created by this process. CO+ is destroyed

in the coma either through charge exchange or bimolecular reactions with neutral

species. The destruction of CO+ by H2O takes place via two channels, and the

sum of these two channels accounts for up to 99% of the total loss rate of CO+ up

to ∼ 5000 km. Beyond this distance, destruction by dissociative recombination

increases on moving outwards, changing from ∼ 1% at 5000 km, to > 20% in the

outermost regions.

HCO+ forms when CO undergoes protonation, and also when H2O un-

dergoes bimolecular reactions with ions such as CO+ and C+. The relative con-

tribution to HCO+ formation by protonation reactions is slightly more than

bimolecular reactions up to 500 km; the trend reverses beyond this distance.

Photodissociative ionization of H2CO also creates HCO+ ions, and the rate for

this process rises sharply beyond ∼ 1000 km. In the region of the coma > 104 km,

the relative contribution to the creation of HCO+ from ion-neutral reactions falls,

and the photo-process contributes to most of the HCO+ ion formation. HCO+ is

destroyed in the coma by proton transfer reactions with the parent species H2O,

CH3OH and NH3, and by dissociative recombination. As in the case of CO+, the

relative dissociative recombination reaction rates become important in the outer

regions, accounting for up to 10% of the loss rate.

The presence of a large amount of CO in 2I/Borisov results in high abun-

dance of these two ions. A higher CO abundance implies that the density of CO+

ions will also be higher. HCO+ forms by the reactions that involve CO molecules

and CO+ ions as the reacting species, and its resultant abundance is also larger.
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Figure 4.5: Major formation (solid lines) and destruction (dashed/dotted lines)
pathways of (a) CO+ (b) HCO+, in 2I/Borisov.

4.3.2.3 H2O
+ and H3O

+

The variation of the flux of the ions H2O
+ and H3O

+ with cometocentric distance

is shown in Figure 4.4(b) and their major formation and destruction pathways
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are shown in Figure 4.6. H2O
+ is produced by the photoionization of H2O, and

by charge exchange reactions of H2O with ions present in the coma. CO+ is

the most abundant ion with which H2O undergoes charge exchange, and this

reaction accounts for 30 − 35% of the net production of H2O
+ within 100 km.

Other ions with which H2O undergoes charge exchange include OH+, H+ and

O+, and their combined relative contribution towards the formation of H2O
+ is

< 10% within 100 km, and reduces on moving further outwards, as indicated

by the line labeled ‘H2O + ion → neutral + H2O
+’ in Figure 4.6(a). H2O

+ is

mainly destroyed when it participates in proton transfer reactions with H2O and

CO, and also with OH beyond ∼ 500 km. As with CO+ and HCO+, dissociative

recombination reactions become steadily more important, and their contribution

to the loss of H2O
+ can rise up to 20− 25% in the outer regions.

H3O
+ is one of the more abundant ions in the coma, and it forms mostly

by the protonation of H2O by ions such as H2O
+, HCO+ and OH+. The ion-

neutral reaction of OH radicals with H2O
+ ions can form up to ∼ 10% of H3O

+

in the outer coma regions. Proton transfer reactions of H3O
+ with the parent

species CH3OH, NH3 and HCN account for most of the loss of H3O
+ within ∼ 103

km. The relative rate for the destruction of H3O
+ by dissociative recombination

is much more than that of other ions such as H2O
+, HCO+ and CO+. In the

outer regions beyond 104 km, proton transfer reactions lose importance, and

dissociative recombination is the most efficient loss mechanism for H3O
+.

4.3.2.4 N-bearing ions

The variation of flux as a function of cometocentric distance for major N-bearing

ionic species is shown in Figure 4.4(c) and the reaction pathways in Figure 4.7.

Most of the NH +
2 in the coma is formed by the photodissociative ionization of

NH3, and a very small amount ∼ 2% by charge exchange reactions between

NH2 and abundant ions such as H2O
+, CO+ and OH+. NH +

3 is formed by the

photoionization of NH3 and the charge exchange of NH3 with ions (mainly CO+

and H2O
+). Photoionization and charge exchange contribute nearly equally to

NH +
3 ion formation near the nucleus, but beyond 50 km, the charge exchange

reaction rates begin to fall. The destruction of both NH +
2 and NH +

3 is primarily
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Figure 4.6: Major formation (solid lines) and destruction (dashed/dotted lines)
pathways of (a) H2O

+ (b) H3O
+, in 2I/Borisov.

caused by H2O molecules. NH +
2 reacts with H2O via multiple branches, and the

most dominant of these branches is proton transfer, leading to the formation of

the protonated species H3O
+. NH +

2 also reacts with H2O at slower rates to form
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NH +
3 and NH +

4 ions. NH +
3 reacts with H2O, and also with NH3 and OH to form

NH +
4 . Similar to previously discussed ions, dissociative recombination rates of

NH +
2 and NH +

3 increase on moving outwards in the coma.

Since NH3 has a higher proton affinity, it undergoes proton transfer reac-

tion with many of the ions such as H3O
+, H2O

+ and HCO+, accepting H+ ions

to form NH +
4 . Apart from this, neutral species (mainly H2O and NH3) undergo

bimolecular reactions with NH +
3 , and form NH +

4 by breaking of the hydrogen

bond. NH +
4 is mainly destroyed by dissociative recombination, that proceeds via

three channels.

HCN+ forms by the photoionization of the parent molecule HCN and

is destroyed by proton transfer and charge exchange reactions with the parent

species CO and H2O. HCN undergoes protonation by ions such as H3O
+, H2O

+

and HCO+ to form HCNH+, and HCNH+ then successively causes protonation

of the neutral molecules H2O, NH3 and H2CO.

4.3.2.5 Complex ions

The flux of assorted bigger organic ions is shown in Figure 4.4(d). CH3OH+

and H2COH+ are mainly formed by the photoionization and photodissociative

ionization of CH3OH, and small quantities of these ions are also formed when

CH3OH respectively undergoes charge exchange and ion-neutral bimolecular re-

actions with the atomic ions H+, C+, O+ and N+. CH3OH +
2 is formed by the

protonation of CH3OH by the ions HCO+ and H3O
+. CH3OCH +

4 forms when a

methyl cation transfer takes place from CH3OH +
2 to CH3OH. H2CO+ is a prod-

uct of photoionization and photodissociative ionization undergone by H2CO and

CH3OH respectively.

The major loss mechanisms for CH3OH+, CH3OH +
2 and CH3OCH +

4 are

dissociative recombination reactions. The major loss mechanism for both H2CO+

and H2COH+ are proton transfer reactions with H2O, while dissociative recom-

bination reactions also destroy these two ions in the outer regions.
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4.4 Discussions

The focus of previous hydrodynamical and chemical models has been to study

cometary comae dominated by H2O outgassing from the nucleus, though there

have been few model studies for CO-dominated coma, for example, Ip & Mendis

(1977); Crifo et al. (1999); Raghuram et al. (2021). In this section, the differences

seen in the modeled coma of 2I/Borisov is discussed, as compared to water-

dominated Solar System comets.

4.4.1 Effect of CO Abundance on Energy Exchange Rates

The electrons that are created due to photoionization and photodissociative ion-

ization processes gain most of the excess energy released from the corresponding

photochemical reaction because of their lighter mass. A dominant heat loss

mechanism for electrons is inelastic scattering from neutral species, leading to

the excitation of the neutrals to higher rotational and vibrational energy levels.

H2O is a highly polar molecule and in a water dominated coma, inelastic scat-

tering from this molecule is the primary reason for cooling of the electron fluid.

Previous hydrodynamical models have only considered electron cooling due to

water molecules because of lesser abundance of other neutral species and high

e–−H2O collision cross section. In the case of the interstellar comet 2I/Borisov,

where the CO abundance can be as high as or even higher than the H2O abun-

dance, e– − CO inelastic collision cannot be ignored. It is shown in the present

work that in the high electron temperature and lower density region of the coma,

e–− CO vibrational collisions are an important cooling mechanism.

Electron-neutral temperature coupling exists up to some distance from

the nucleus because the energetic photoelectrons efficiently lose their energy to

the neutral fluid by rotationally exciting water molecules. This coupling that is

observed in a water-dominated coma is also seen in the interstellar comet, though

the coupling is weaker because of reduced density, resulting from lower produc-

tion rate. The presence of a large amount of CO also reduces the net relative

abundance of H2O, thereby reducing the cooling efficiency. If the CO abundance

is increased even more, e.g. in comet C/2016 R2 (Biver et al., 2018; Wierzchos &
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Womack, 2018; McKay et al., 2019), coupling may be lost altogether. However,

it should be kept in mind that only the vibrational excitation of CO (due to

e– − CO inelastic collisions) is considered, and the rotational excitation of CO

resulting from e–−CO inelastic collisions has not been considered in the present

model. Since the e–−CO collision cross section for rotational excitation is nearly

four orders of magnitude less than that of e– − H2O collision, the net effect of

including rotational excitation of CO may cause only a fractional change in the

temperature profile of 2I/Borisov.

4.4.2 Effect of CO Abundance on Reaction Rates

Many types of chemical reactions occur in the coma, but two particularly impor-

tant processes that drive ion chemistry in the coma in terms of creating new ions

are photolytic reactions and proton transfer reactions. The dominant ions in the

coma are the protonated parent species, and the products of photoionization and

photodissociative ionization of the parent molecules. The protonated molecules

are more abundant within ∼ 100 km, while the abundance of ions created as

photo products takes over in the outer regions. The abundant ions H3O
+ and

HCO+, formed by the protonation of H2O and CO, in turn cause protonation of

other parent species to produce other ions namely NH +
4 , HCNH+ and CH3OH +

2 .

Hence, an important feature of the coma chemistry is a protonation “chain”

whereby successive protonated species are created.

Ions in the coma undergo dissociative recombination reactions, which are

dependent on the temperature of the electrons. The rates for these reactions are

determined by Equation 2.27 (see Chapter 2), where T is the electron temper-

ature and typically, the parameters β ∼ −0.5 and γ = 0. Thus, these reaction

rates decrease with an increase in the electron temperature and vice versa. From

Figures 4.5 - 4.7, it is seen that all the dissociative recombination reaction rates

show an inversion at ∼ 30 km, and the relative loss of ions by these processes

slows down sharply. This happens because there is an electron temperature inver-

sion, followed by a sudden increase in the electron temperature at this distance.

The primary mechanism by which electrons lose heat in the coma is due to in-
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elastic collisions with the neutral species. The electron temperature decouples

from the neutral temperature once the frequency of such collisions is reduced

(Section 4.3.1). Subsequently, the heating rate of the electrons per unit volume

due to chemical reactions becomes more than the cooling rate, resulting in the

temperature inversion. On moving outward in the coma, the relative rates of

the dissociative recombination reactions again increase, due to the continuous

increase in the flux of photoelectrons. This inversion in the dissociative recom-

bination rate is also seen in the Halley-type comet, though it occurs further out

from the nucleus, at a distance ∼ 1300 km, due to the delay in the electron fluid

decoupling and temperature inversion. Besides, the relative reaction rates reduce

at most by a factor of 2 in the Halley-type comet, whereas they can reduce by up

to a factor of 4 in the interstellar comet. The reduction in the rate coefficients

is compensated by the enhanced electron flux, resulting in a lower net reduction

for the Halley-type comet. The rates at which the chemical reactions occur in

the coma depend on a host of factors such as the temperature dependence of

the reaction rates, the availability of the reacting species and the optical depth

effects (for photochemical reactions). In general, it is seen that the relative rates

for the reactions involved in forming or destroying a particular species do not

necessarily stay constant throughout. The dominant process by which a species

is created or destroyed gets altered in different regions of the coma.

4.4.3 Effect of CO Abundance on Ionic Composition

The production of H2O
+ ions generally occurs by the photoionization of H2O

in water dominated comets. However for 2I/Borisov, which has a large amount

of CO, the CO+ abundance is high and charge exchange of H2O with CO+ is

also an important formation mechanism of H2O
+. A large amount of HCO+ is

also present in the modeled coma of 2I/Borisov because of high CO and CO+

abundance. Such high quantities of HCO+ would not be seen in water dominated

comets because of lesser amount of CO. HCO+ is an important ion that causes

protonation of neutral species. The approximate contribution of HCO+ to the

formation rate of H3O
+, NH +

4 and CH3OH +
2 is up to 30-40%, ∼ 5% and up to
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20% respectively.

The flux profiles of H2O
+ and CO+ ions for comet 2I/Borisov are nearly

alike and this can be explained as follows. These two ions are primarily produced

by photoionization at similar rates. In terms of loss processes, H2O
+ is destroyed

mainly by proton transfer reactions with H2O and CO while CO+ is destroyed

by charge exchange and ion-neutral reactions with H2O. The Arrhenius rate

coefficients (Equation 2.27) for the loss processes of H2O
+ and CO+ are similar.

The production and loss rates also depend on the number densities of H2O and

CO, which again, are almost alike.

4.4.4 Effect of CO Abundance on Organic Composition

CH3OH is not conclusively detected in 2I/Borisov, and an upper limit of 4.4×1026

mol s−1 is reported on its production rate (Cordiner et al., 2020). Laboratory

studies on low temperature ices have demonstrated that the successive hydro-

genation of CO can lead to the formation CH3OH in CO-rich ices, while H2CO

forms as an intermediate product (Hiraoka et al., 1994; Watanabe & Kouchi,

2002; Fuchs et al., 2009). Thus, CH3OH is quite likely to be present in the CO-

rich icy nucleus of 2I/Borisov, though it was not conclusively detected possibly

due to lower activity. Since 2I/Borisov shows similarities to other Solar System

comets in terms of the composition of some of the volatiles, the initial CH3OH

abundance with respect to H2O in the coma model of 2I/Borisov is taken to

be 2% (Table 4.1), which is the average value estimated by Dello Russo et al.

(2016a) for Solar System comets.

To investigate the effect of large CO outgassing from the nucleus, as in the

case of 2I/Borisov, on the abundances of different species created in the coma, two

additional models are run for a 2I-type comet composition. In the first model, the

input volatile production rates given in Table 4.1 is multiplied by a factor of 102,

so that the net gas production rate from the nucleus is ∼ 1029 mol s−1. This aids

in comparing the abundances to the Halley-type comet that also has a similar

production rate, but the outgassing is dominated by H2O. The hydrogenation

of CO ices may form some amount of H2CO as an intermediate product. Thus,
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Figure 4.8: Flux of large organic ions and neutrals for 2I-type (solid lines) and
Halley-type abundances (dashed lines). The species show (a) higher abundance
for the 2I-type composition (b) nearly equal abundances, and (c) higher abun-
dance for the Halley-type composition, while (d) shows the abundances of species
when H2CO is added to the 2I-type comet composition.

in the second model of the 2I-type composition, the volatile abundances have

a higher production rate (i.e., net outgassing ∼ 1029 mol s−1), and H2CO is

added as a parent volatile. The relative abundance of H2CO with respect to

H2O is taken to be 4% for this model, which is also the H2CO abundance in the

Halley-type comet composition.

Figure 4.8 shows the flux variation of some of the larger organic ions and

neutrals for the 2I-type and Halley-type cometary compositions. The species

shown in Figure 4.8(a) exhibit higher abundance in the coma for the 2I-type
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comet as compared to the Halley-type comet, by nearly one order of magni-

tude. This can be understood from the reaction pathways discussed previously.

CH3OH +
2 forms when H3O

+ and HCO+ ions cause protonation of CH3OH. There

is considerably higher abundance of HCO+ ions in the coma of the 2I-type comet

as opposed to the Halley-type comet, which increases the net protonation reac-

tion rate of CH3OH and results in a higher CH3OH +
2 abundance. An increased

density of CH3OH +
2 will result in a higher abundance of CH3OCH +

4 (formed by

methyl cation transfer from CH3OH +
2 to CH3OH). Dissociative recombination of

CH3OCH +
4 then leads to the formation of CH3OCH3. The radiative association

of H2O and HCO+ leads to the formation of HCOOH +
2 , and this ion then un-

dergoes dissociative recombination to form HCOOH. Thus, it is seen that a high

HCO+ abundance (resulting from high CO abundance) is key to the increased

abundance of these species in a 2I-type comet composition. Therefore, the pres-

ence of large quantities of CO accelerates the formation of some of the organic

ions and neutrals in the gas-phase.

CH3OH undergoes photoionization to form CH3OH+ and neutral-neutral

collision reactions to form CH2OH and CH3O. Since there is a nearly equal abun-

dance of CH3OH in the 2I-type and Halley-type comet compositions, these prod-

uct species also show near similar abundances, as seen in Figure 4.8(b). CH3O

and CH2OH show a sharp fall in the outermost region as they are destroyed by

H2O in this region. The energy barrier for the destruction reactions is high, and

this barrier is crossed in the high temperatures that are achieved in the outer

coma.

Figures 4.8(c) and 4.8(d) show the abundance of assorted species, with

and without H2CO added to the 2I-type comet composition, respectively. H2CO+

forms by the photoionization of H2CO, the photodissociative ionization of

CH3OH, and charge-exchange reactions of H2CO with ions such as H2O
+ and

CO+. H2COH+ forms by the protonation of H2CO, and also from CH3OH un-

dergoing photodissociative ionization or ion-neutral reactions. HCOOCH +
4 forms

when H2CO undergoes an ion-neutral reaction with CH3OH +
2 , and the dissocia-

tive recombination of HCOOCH +
4 successively forms HCOOCH3. Thus, the pres-

ence of H2CO as a parent increases the formation rate of the ions shown in Figure
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4.8(c), and they are seen in larger quantities in the Halley-type comet. When

H2CO is not present as a parent species in the 2I-type composition, some amount

of H2CO forms in the coma by the photodissociation of CH3OH. However, this

is not sufficient to match the abundances of H2CO+, H2COH+, HCOOCH +
4 and

HCOOCH3 seen in the Halley-type comet.

On the other hand, the abundance of these species increases in the coma

of a 2I-type composition when H2CO is added as a parent, and the abundance

is even greater than the Halley-type comet, as is evident from Figure 4.8(d).

This is because of higher availability of HCO+ and CH3OH +
2 ions in the 2I-type

comet composition. HCO+ causes protonation of H2CO to form H2COH+, and

CH3OH +
2 reacts with H2CO to form the successive species, as discussed. The

higher abundance of CO+ ions also leads to higher amounts of H2CO+ forming

due to charge-exchange of CO+ with H2CO. Thus, if any organic molecule is

present as a parent species in a comet, then the ions and neutrals produced from

this molecule will have high abundance in the coma. In addition, the abundance

of these product species will be more in a comet where there is enhanced CO

outgassing.

4.4.5 Effect of Solar Wind on Ionic Composition

From Table 4.1, it is seen that the net volatile production rate for the coma

model of 2I/Borisov is ∼ 1027 mol s−1. This falls under the category of an

intermediately active comet, as defined in Chapter 1. Thus, in order to assess

the effect of solar wind on the ionic composition of the coma, an additional model

was run. In this model, the production rates from Table 4.1 and the solar wind

parameters from Table 4.3 are used as inputs.

A comparison of the major ions whose abundances get altered with and

without the solar wind effects is shown in Figure 4.9. The solid lines in the

figure denote the variation with cometocentric distance of the ion number den-

sities when taking into consideration the impact ionization and charge exchange

reactions of the coma gas with the solar wind. The dashed lines show the ion

densities when solar wind is not considered in the model. It can be seen that the
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addition of processes due to the solar wind can increase the number density of

ions, though the percentage increase is variable for different ions.

The ionization of neutral CO and H2O molecules by the solar wind leads

to an increase in the density of CO+ and H2O
+ ions by ∼ 30−40%. The increase

in the density of OH+ ions is lower as compared to the increase in H2O
+, since the

cross section of its formation by dissociative electron impact ionization is lower.

From the formation processes discussed in Section 4.3.2, it can be seen that an

increase in the density of CO+ and H2O
+ ions results in higher abundance of

HCO+ and H3O
+ ions.

NH3, CH3OH and HCN have proton affinities that are higher than that

of H2O and CO. Thus, an increase in the abundance of HCO+ and H3O
+ will

result in an increase in the abundance of their respective protonated species

namely NH +
4 , CH3OH +

2 and HCNH+, due to successive proton transfer reactions.

Methyl cation transfer reaction of CH3OH +
2 with CH3OH creates CH3OCH +

4 ,

and an increase in the CH3OH +
2 abundance explains the increase in the density

of CH3OCH +
4 .

There are a number of factors that affect the impact ionization rates,

including the neutral outgassing rate, and the density and temperature of the

solar wind electrons. In the present case, the electron impact ionization rate of

H2O due to solar wind electrons is ∼ 14% of the photoionization rate, while this

value is ∼ 7% for CO. Cravens et al. (1987) estimated that under solar minimum

conditions at 1 AU, the ionization frequency of H2O is less than 20% of the pho-

toionization rate, for solar wind electrons having density 5 cm−3 and temperature

1.5 × 105 K. Heating of electrons behind the bow shock can cause the temper-

ature to reach 3 × 105 K, leading to an ionization frequency that is about 50%

Quantity Value

Solar wind number density nSW 2.5 cm−3

Solar wind mean molecular mass mSW 1 amu

Solar wind electron temperature Te,SW 105 K

Solar wind proton temperature Tp,SW 5× 104 K

Table 4.3: Solar wind parameters used at 2.01 AU, taken from Hansen et al.
(2007).
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Figure 4.9: The solid lines show the variation of the number density with come-
tocentric distance for major cometary ions in 2I/Borisov when ionization due to
solar wind is considered. The dashed lines show the number density of ions when
solar wind is not considered.

of the photoionization rate. The outgassing activity of 2I/Borisov is such that

well-defined plasma boundaries do not form (see Section 1.2.5). Thus, it is as-

sumed that the solar wind electrons remain unshocked, leading to a lower impact

ionization frequency. However, 67P/C-G does exhibit an infant bow shock at an

outgassing rate similar to 2I/Borisov (Gunell et al., 2018; Goetz et al., 2021). If

a similar feature exists in 2I/Borisov, then heating of solar wind electrons may

occur downstream of the shock, and calculating the impact ionization frequecy
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in this case would require a more detailed treatment, which is beyond the scope

of this work. Cravens et al. (1987) also report that charge exchange with solar

wind protons is approximately as important as photoionization, though in the

modeled coma of 2I/Borisov, the charge exchange frequency is lower than the

photoionization rate due to reduced solar wind proton number density at 2.01

AU.

The interaction of 2I/Borisov with the solar wind can also be compared

with the ionization processes at comet 67P/C-G, which had similar outgassing

activity as 2I/Borisov for some part of the Rosetta mission. At heliocentric

distances > 3 AU, the solar wind has access to the nucleus, though it does

not cause any ionization processes (Fuselier et al., 2015; Galand et al., 2016).

Simon Wedlund et al. (2019) calculated the in situ ionization frequency due to

charge exchange and impact ionization by solar wind H+, He+ and He2+ ions at

67P/C-G for an H2O coma. They compared these with the photoionization and

electron impact ionization frequencies reported by Heritier et al. (2018). They

calculated the electron impact ionization rates from the electron flux densities

retrieved by the Ion and Electron Sensor of the Rosetta Plasma Consortium;

these electrons include photoelectrons and solar wind electrons (Madanian et al.,

2016). Simon Wedlund et al. (2019) find that on an average, for 67P/C-G, the

rate of solar wind charge exchange is a factor of 5 lower than the photoionization

rate during the early and late mission period, for cometocentric distances < 50

km and heliocentric distances > 2.8 AU. At higher outgassing rates, when the

heliocentric distance is < 2.4 AU, the efficiency of solar wind charge exchange

becomes lower than photoionization by 2 orders of magnitude.

4.4.6 Dissociative Recombination Rates

The dissociative recombination rates that are used for the water group ions H2O
+

and H3O
+ in the present chemical network are given by the KIDA database,

where the rates vary as T−0.5
e , Te being the electron temperature. Rubin et al.

(2014) use dissociative recombination rates given by Schunk & Nagy (2009), for

which the temperature dependence is T−0.74
e when Te is in the range of 800−4000
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Figure 4.10: Variation of the dissociative recombination rate in 2I/Borisov with
cometocentric distance for the temperature relations given by KIDA and Schunk
& Nagy (2009).

K and T−1.111
e for Te > 4000 K. The total dissociative recombination rate for

H3O
+ ions (including all branches) is the same as that of H2O

+. The variation of

the total recombination rate with cometocentric distance for the modeled coma

temperature of 2I/Borisov is given in Figure 4.10.

It is seen that in the high temperature region of electrons (cometocentric

distance > 50 km), the rates given by the different relations deviate, and the

recombination rate given by Schunk & Nagy (2009) is lower than that given by

KIDA by about a factor of 5. In 2I/Borisov, the relative reaction rate for the loss

of H2O
+ by dissociative recombination is . 1% at distances less than 5000 km

and about 3% at 104 km, and hence use of the rate prescribed by Schunk & Nagy

(2009) is not likely to affect the H2O
+ abundance within this distance. On the

other hand, the relative rate of the loss of H3O
+ by dissociative recombination is

about 10% at 1000 km, and it increases on moving further outwards. However,

the ion pileup region that was observed in 1P/Halley (due to the increase in

electron temperature that shuts off recombination) is not likely to be present in

the coma of 2I/Borisov. This is because the electron temperature attains a high

value at a low cometocentric distance, where loss of H3O
+ by proton transfer is
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more dominant.

4.5 Summary

A multifluid combined chemical-hydrodynamical model is used to study the coma

of the interstellar comet 2I/Borisov. This comet shows a CO/H2O ratio that is

higher than that observed in Solar System comets within 2.5 AU, which alters the

chemistry and dynamics of the gas-phase coma. The following is the summary

of the model results for 2I/Borisov:

• The coupling between the electron and neutral fluid temperatures in the

coma exists only up to a short distance ∼ 20 km from the nucleus. In the

higher temperature region of the electron fluid, an important mechanism

by which cooling of electrons occurs is due to inelastic collisions resulting

in the vibrational excitation of CO.

• Protonated ions formed by H+ ion transfer to parent species show a high

abundance up to ∼ 100 km. Beyond this distance, the fluxes of these ions

tend to flatten, and ions formed by the photolysis of parent species become

more abundant.

• CO+ and HCO+ abundances are high due to the presence of a large

amount of CO. Both these ions have a considerable effect on the forma-

tion/destruction rates of other ions such as H2O
+, H3O

+, N-bearing ions

and large organic ions. HCO+ plays a significant role in causing the pro-

tonation of neutral species.

• One of the loss processes for ions in the coma is dissociative recombination.

The relative rates of these reactions are considerably influenced by the

electron temperature.

• High abundance of CO results in higher abundance of many large organic

ion and neutral species. CH3OH +
2 is formed due to the protonation of

CH3OH by H3O
+ and HCO+ ions. Due to the higher abundance of HCO+
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ions, more amount of CH3OH +
2 is formed, which is a precursor of other

organic ions and neutrals.

• The addition of charge exchange and impact ionization reactions with the

solar wind in the coma model of 2I/Borisov can increase the number den-

sities of CO+ and H2O
+ ions by ∼ 30 − 40%, which in turn increases the

abundance of other protonated species and major ions.





Chapter 5

Study of the Formation of

Organics in the Coma

The modeling studies on the formation of organic species in the gas phase

cometary atmosphere, done as part of this thesis work, is discussed in this chap-

ter.

A sample of four Oort cloud comets is selected, in order to study the for-

mation of organics in their gas-phase comae. These comets are, in chronological

order of their discovery, C/1996 B2 (Hyakutake), C/2012 F6 (Lemmon), C/2013

R1 (Lovejoy) and C/2014 Q2 (Lovejoy). All of these are bright comets, with

high production rates near perihelion (Combi et al., 2014, 2018, 2019), which

facilitated the remote detection of a large number of organic molecules, while

sensitive upper limits were obtained for others. The relative abundances of com-

plex organic molecules in most comets vary within one order of magnitude (Biver

& Bockelée-Morvan, 2019). The organic abundances in Jupiter family comets do

not differ significantly from Oort cloud comets (Biver & Bockelée-Morvan, 2019);

however there are lesser measurements of organics available for JFCs, because

they generally exhibit comparatively lower activity. The organic molecules are

generally assumed to originate from the icy nucleus, though this is still unproven.

Most of the ground-based observations lack the spatial information which can

constrain the nucleus versus coma origins of these organics. It is pertinent to

study the gas-phase formation pathways of organics and how successful these

111
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proposed formation pathways are in producing organics in a cometary coma.

Particularly, comets showing moderate to high activity can reach sufficient coma

densities for molecules to form by active gas-phase coma chemistry (Cordiner &

Charnley, 2021).

5.1 Importance of Cometary Organics

Some of the molecular species that have been detected in comets, and form in

the gas-phase in the coma, are of biological importance. HCN, one of the main

reservoirs of cometary volatile nitrogen, is a key precursor in the synthesis of

amino acids and is likely to play an integral role in the creation of biomolecules

(Oro et al., 1991). H2CO is a chemical precursor to sugars, and CH3OH is the

simplest alcohol that is the starting point from which more complex organics

form in the interstellar medium (Garrod et al., 2008; Herbst & van Dishoeck,

2009; Öberg et al., 2009). Glycolaldehyde is a two-carbon sugar precursor, and

is an important biomarker molecule since it is postulated to be a building block

for ribose, the backbone of RNA (Jalbout et al., 2007). Ethylene glycol is a

chemically reduced variant of glycoladehyde and is found in many of the same

locations as glycolaldehyde (Hollis et al., 2002; Li et al., 2017; Pagani et al.,

2017). Methyl formate is the structural isomer of glycolaldehyde and acetic acid,

and is an important complex organic molecules that leads to the synthesis of

bio-polymers. Formamide is a particularly promising organic molecule since it

has an amide functional group which is essential in forming amino acid chains. It

has been identified as a key precursor of prebiotic molecules, carboxylic acids and

sugars (Saladino et al., 2012; Saitta & Saija, 2014; Botta et al., 2018). Glycine

is the simplest amino acid and is a key building block for proteins and peptides

(Wincel et al., 2000).
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5.2 Comets Studied in this Work

5.2.1 C/1996 B2 (Hyakutake)

C/1996 B2 (Hyakutake) is a long period comet which was discovered on 30

January 1996, when its total visual magnitude was 11. This comet made a close

approach to Earth, reaching a geocentric distance of 0.102 AU on 25 March 1996,

and crossed perihelion on 1 May 1996 at a heliocentric distance of 0.25 AU. The

close-Earth approach and favourable viewing geometry of C/1996 B2 led to a sig-

nificant improvement in our knowledge of cometary compositions. A large obser-

vational campaign was organized for this cometary passage, which mobilized most

of the telescopes available at the time. Some of these observational campaigns

include those conducted by the James Clerk Maxwell Telescope (JCMT; Irvine

et al., 1996; Biver et al., 1999), the Hubble Space Telescope (HST; McPhate

et al., 1996), the NASA Infrared Telescope Facility (IRTF; Brooke et al., 1996;

Mumma et al., 1996; DiSanti et al., 2003), the Caltech Submillimeter Observa-

tory (CSO; Lis et al., 1997), and the Institut de Radioastronomie Millimétrique

(IRAM; Biver et al., 1999). These observations resulted in the first cometary

identifications of hydrogen isocyanide (HNC), isocyanic acid (HNCO) and ace-

tonitrile (CH3CN) at millimeter wavelengths (Dutrey et al., 1996; Irvine et al.,

1996; Lis et al., 1997), and the first IR detection of the hydrocarbons CH4, C2H6

and C2H2 (Brooke et al., 1996; Mumma et al., 1996).

5.2.2 C/2012 F6 (Lemmon)

C/2012 F6 (Lemmon) is a long-period comet that originated from the Oort cloud,

and was discovered on 23 March 2012, when it was at 5 AU from the sun. This

comet reached perihelion at a heliocentric distance of 0.73 AU on 24 March

2013. C/2012 F6 was a bright, naked-eye comet, reaching a visual magnitude of

4.5, exhibiting a high production rate (∼ 1030 mol s−1) near perihelion (Combi

et al., 2014). Paganini et al. (2014a) report on the observations of this comet,

from February to June 2013, using different facilities including the CRIRES

spectrograph of the Very Large Telescope (VLT), the Near Infrared Spectrometer
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(NIRSPEC) on the Keck-2 Telescope, and the CSHELL spectrograph on NASA

IRTF. Observations of C/2012 F6 during March-April 2013, made using the

IRAM 30 m telescope, are reported by Biver et al. (2014). Water production rates

along its entire apparition is reported by Combi et al. (2014), from observations

made using the Solar Wind Anisotropies (SWAN) camera on board the Solar

and Heliosphere Observatory (SOHO). Other reported observations of C/2012

F6 include its long-term monitoring by the TRAPPIST telescope at the La Silla

Observatory (Opitom et al., 2015a) and the spatially resolved distributions of

several volatiles from measurements made using ALMA (Cordiner et al., 2014).

5.2.3 C/2013 R1 (Lovejoy)

C/2013 R1 (Lovejoy) is a high-inclination dynamically old Oort cloud comet

that was discovered in September 2013, at a heliocentric distance of 1.94 AU.

It crossed perihelion on 22 December 2013 at 0.81 AU from the sun, reaching a

visual magnitude of 4.8 and a water production rate∼ 1029 mol s−1. Observations

of C/2013 R1 made during November-December 2013 at IRAM are reported by

Agúndez et al. (2014) and Biver et al. (2014). Photometry and imaging results

obtained by the TRAPPIST monitoring of this comet is reported by Opitom et al.

(2015b). Since the discovery of many new organics in comet C/1995 O1 (Hale-

Bopp), the large organics namely formamide, ethylene glycol, and acetaldehyde

were re-detected for the first time in the comets C/2012 F6 and C/2013 R1

(Biver et al., 2014). Sensitive upper limits for some other molecules such as

methyl formate and glycolaldehyde are reported for these two comets (Biver

et al., 2014).

5.2.4 C/2014 Q2 (Lovejoy)

C/2014 Q2 (Lovejoy) is a young long-period Oort cloud comet that reached a

perihelion distance of 1.29 AU on 30 January 2015. Biver et al. (2015) report

on the spectral survey of this comet, conducted between 13 − 16 and 23 − 26

January 2015. A total of 21 molecules were detected in this spectral survey, and

this included the first confirmed identification of C2H5OH and CH2OHCHO in
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a comet. The other organic molecules observed in C/2014 Q2, such as formic

acid (HCOOH), formamide (NH2CHO), acetaldehyde (CH3CHO), methyl for-

mate (HCOOCH3) and ethylene glycol [(CH2OH)2] were first detected in Hale-

Bopp. The molecular abundances calculated by Biver et al. (2015) show that the

production rates with respect to water for CH3OH and HCOOCH3 are similar to

that observed in comet Hale-Bopp. The production rates for most of the other

volatiles are lower by a factor of 2 − 3, with the exception of cyanoacetylene

(HC3N) and CO that show a depletion by a factor of 10 or more.

Dello Russo et al. (2022) obtained the IR spectroscopic observations of

C/2014 Q2 a few days after perihelion, on 2 and 3 February 2015. They report

on the abundances of a number of volatiles, including the aliphatic hydrocar-

bons CH4, C2H6, C2H4 and C2H2. C2H4 was detected in the coma of comet

67P/Churyumov-Gerasimenko by the ROSINA instrument of the Rosetta mis-

sion (Luspay-Kuti et al., 2015; Rubin et al., 2015; Altwegg et al., 2017), though

the production rate is not well-constrained. Dello Russo et al. (2022) present

evidence of the detection of C2H4 in a comet from a ground-based facility for the

first time, by the spectral analysis of the emission lines of C/2014 Q2.

5.3 Model Inputs

Coma model runs are obtained for the four comets, namely C/1996 B2, C/2012

F6, C/2013 R1 and C/2014 Q2. The water production rate and size of the

Comet QH2O (mol s−1) rh (AU) Radius (km)

C/1996 B2 (Hyakutake) 1.7× 1029 1.06 2.1

C/2012 F6 (Lemmon) 6.7× 1029 0.78 5

C/2013 R1 (Lovejoy) 9.13× 1028 0.92 1.3

C/2014 Q2 (Lovejoy) 4.07× 1029 1.3 4.3

Table 5.1: Parameters used as model inputs for the different comets. Refer-
ences for QH2O are Mumma et al. 1996 (C/1996 B2), Combi et al. 2014 (C/2012
F6), Combi et al. 2018 (C/2013 R1 and C/2014 Q2). References for the radius
are https://ssd.jpl.nasa.gov/ (C/1996 B2), Paradowski 2020 (C/2013 R1,
C/2014 Q2).

https://ssd.jpl.nasa.gov/
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Molecule C/1996 B2 C/2012 F6 C/2013 R1 C/2014 Q2

(Hyakutake) (Lemmon) (Lovejoy) (Lovejoy)

CO 19 4.0 7.2 1.8

CO2 4

CH4 0.8 0.67 0.91 0.75

C2H6 0.6 0.31 0.69 0.68

C2H2 0.5 0.08a 0.07a 0.11

C2H4 0.22

H2CO 1 0.7 0.7 0.3

CH3OH 2 1.6 2.6 2.4

HCOOH 0.07a 0.12 0.028

(CH2OH)2 0.24 0.35 0.07

HCOOCH3 0.16a 0.20a 0.08

CH3CHO 0.12a 0.07a 0.10 0.047

CH2OHCHO 0.08a 0.07a 0.016

C2H5OH 0.21a 0.12

H2O2 0.055a

HCN 0.2 0.14 0.26 0.09

HNC 0.01 0.004

NH3 0.5 0.58 0.1 0.64

HNCO 0.07 0.025 0.021 0.009

CH3CN 0.01 0.015

NH2CHO 0.1a 0.016 0.021 0.008

HC3N 0.08a 0.002

.

Table 5.2: Volatile species abundance percentages with respect to H2O, used as
model inputs. The superscript a against some of the volatiles abundances indi-
cates the reported upper limit for this species. The references for the abundances
are C/1996 B2: McPhate et al. (1996); Lis et al. (1997); Bockelée-Morvan et al.
(2004), C/2012 F6: Biver et al. (2014, 2016); Paganini et al. (2014b); Lippi et al.
(2020), C/2013 R1: Biver et al. (2014); Paganini et al. (2014a), C/2014 Q2:
Biver et al. (2015); Dello Russo et al. (2022).

cometary nucleus that are used as inputs for each of these comets are shown in

Table 5.1. The radius of the nucleus of C/2012 F6 is unavailable in literature, and

a value of 5 km is assumed for radius of the nucleus of this comet, which is about

the average cometary size for long period comets. The heliocentric distances at
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which the photolytic reaction rates are calculated for the different comets are

also given in Table 5.1.

The abundance percentages with respect to H2O for the parent volatiles

outgassing from the nucleus, as reported by different authors, are given in Table

5.2. The production rate for each species for a particular comet can be found by

multiplying these relative abundances with the respective water production rate

given in Table 5.1. These species production rates are then used as the initial

input composition for the model runs. In order to study the gas phase formation

of an organic species in the coma, production of that species from the nucleus is

taken to be zero, while the other species abundances are used as calculated from

Tables 5.1 and 5.2. This ensures that the modeled abundance of that species is

due to coma chemistry alone. Some of the species abundances are reported as

upper limits in literature, though this will not have any effect if that species is

being studied, since its initial abundance is taken to be zero.

5.4 Results

5.4.1 Temperature Profiles

The temperature profiles for the neutral, electron and ion fluids, for the comets

C/2012 F6 and C/2013 R1 (representing the highest and lowest values, respec-

tively of the water production rates) are shown in Figure 5.1. The profiles for the

other two comets are in the same range, and are therefore not shown. The profiles

are qualitatively similar to such profiles obtained previously by gas-phase coma

modeling. As shown by earlier models, there is a coupling between the electron

and neutral temperatures up to some distance from the nucleus. The energetic

electrons that are created due to photochemical reactions lose their energy to the

neutral fluid (specifically H2O and CO; see Chapter 3) due to inelastic collisions,

resulting in the rotational and vibrational excitation of the neutral molecules.

On moving outwards in the coma, the coupling is lost and the electron temper-

ature rises rapidly. On increasing the production rate, the electron temperature

decouples from the neutral temperature at a larger distance because of higher
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Figure 5.1: Temperature profile of the coma, showing the variation of the fluid
temperatures with cometocentric distance. Tn, Te, and Ti denote the tempera-
tures of the neutral, electron, and ion fluids, respectively. The line styles indicate
different cometary compositions (solid: C/2012 F6, dotted: C/2013 R1).

coma density, and the rise in the electron temperature is also comparatively less

steep.

5.4.2 Species Formation in the Coma

The most abundant molecular species in the coma are the parent molecules that

sublimate directly from the nucleus. These molecules undergo photolytic pro-

cesses to create ions, electrons and neutral radicals in the coma, which drive the

coma chemistry. Figures 5.2-5.8, 5.10-5.12, 5.14, and 5.15 are the formation rate

plots of assorted radicals, ions and neutral organic species for different cometary

compositions, while Figures 5.9, 5.13 and 5.16 show the resulting variation of

the flux of these species. In the formation rate plots, the black lines (scale: left

y-axis) show the variation of the net coma formation rate Pi with cometocentric

distance, for the species. The colored lines (scale: right y-axis) show the vari-

ation of the relative reaction rates (%) of the major coma formation pathways.

The labels on the colored lines indicate the reactants that produce the species for
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which the plot is shown. Other product(s) that form are not mentioned, though

a full list of these reactions can be found in the Appendix. The line styles (black

or colored) used in the formation rate plots indicate different cometary compo-

sitions (dotted-dashed: C/1996 B2, solid: C/2012 F6, dotted: C/2013 R1 and

dashed: C/2014 Q2). Changes in the temperature and species number densities

in different regions of the coma result in changes in the relative reaction rate.

Thus, the dominant processes leading to the creation of a species get altered in

the different regions of the coma.

5.4.2.1 CHO-bearing organics

The organic molecules HCOOCH3, HCOOH, CH3CHO, C2H5OH, (CH2OH)2 and

CH2OHCHO originate as parent molecules but can also be synthesized in the

coma by gas-phase reactions. Figures 5.2-5.8 show the formation rate plots of

these CHO-bearing organic neutrals and their corresponding protonated species,

and radicals of organic origin created in the coma.

Figure 5.2 shows the variation of the production rates per unit volume

and the formation pathways of HCOOCH3 and HCOOCH +
4 with cometocen-

tric distance. The dominant formation mechanism of HCOOCH3 in the coma is

by the dissociative recombination of HCOOCH +
4 . The neutral-neutral reaction

of CH3OCH2 with atomic O does not contribute much to HCOOCH3 formation.

This is because the Arrhenius coefficient α of this neutral-neutral bimolecular re-

action is nearly three orders of magnitude smaller than that of the recombination

reaction, and the abundance of CH3OCH2 is also low. Most of the HCOOCH +
4 in

the coma forms by the ion-neutral reaction of CH3OH +
2 with H2CO. The rela-

tive rate of the ion-neutral reaction of CH3OH +
2 with HCOOH is . 0.1% up to

a distance ∼ 1000 km, and reduces further as the distance increases. This is

because the rate coefficient of the reaction of CH3OH +
2 with H2CO is nearly two

orders of magnitude higher than that of CH3OH +
2 with HCOOH. In addition,

the outgassing rate of H2CO is a factor of 5 − 10 times more that of HCOOH

(see Table 5.2), resulting in higher H2CO abundance in the coma. Beyond ∼ 100

km, protonated methyl formate also forms when HCOOCH3 gets cycled back

into HCOOCH +
4 by accepting H+ cations from H3O

+ ions. HCOOCH3 also gets
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Figure 5.2: Coma formation rates for the species (a) HCOOCH3 and (b)
HCOOCH +
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different cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6,
dotted: C/2013 R1 and dashed: C/2014 Q2).
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cycled back into HCOOCH +
4 by undergoing proton transfer with HCO+, though

the relative rate of this reaction is . 1% beyond 104 km. H +
3 abundance is low

in the coma, and hence it does not contribute much to the cyclic conversion of

HCOOCH3 into HCOOCH +
4 by proton transfer.

Ethanol undergoes H-abstraction with the atomic and molecular radi-

cals O, H and OH, resulting in the formation of the radicals CH2CH2OH and

CH3CHOH. These two radicals further react with atomic oxygen to generate

other organic species such as formic acid, acetaldehyde and glycolaldehyde. Fig-

ure 5.3 shows the variation of the formation rates per unit volume of CH2CH2OH

and CH3CHOH, and also the relative strengths of the different H-abstraction re-

actions. The net rates of formation per unit volume, and the number densities

of CH2CH2OH and CH3CHOH depend upon the availaibility of ethanol in the

coma. In the coma models of C/1996 B2 and C/2014 Q2, the net formation

rates are high as indicated by the black lines in Figure 5.3, because C2H5OH

is present as a parent molecule. C2H5OH is also produced in small quantities

by gas-phase reactions in the coma (discussed later in this section), from which

CH2CH2OH and CH3CHOH form in the comae of C/2012 F6 and C/2013 R1, al-

though the formation rate is many orders smaller than in the case where ethanol

is a parent species. In the region of the coma within ∼ 2000 km, H-abstraction

occurs mainly by the reaction of OH with ethanol. Beyond this region, atomic

O and H become more dominant as radicals with which C2H5OH undergoes the

H-abstraction reaction. The rates of the reaction of C2H5OH with the atomic

radicals O and H depend on the temperature of the neutral species, which keeps

increasing on moving outwards in the coma (Section 5.4.1), thereby increasing

the reaction rates. Ethanol also undergoes H-abstraction with the CH3 radical,

though the contribution of this process is < 0.1% in the region of the coma be-

yond 104 km, because of lower CH3 abundance as compared to O and H in the

outer regions. In addition, the H-abstraction reaction of ethanol with CH3 is

again strongly dependent on temperature, similar to the reaction with O and H.

Thus it does not contribute much to the formation of CH2CH2OH and CH3CHOH

in the inner regions where the temperature is lower.

Figure 5.4 shows the variation of the production rates per unit volume and
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Figure 5.3: Coma formation rates for the species (a) CH2CH2OH and (b)
CH3CHOH. The black lines (scale: left y-axis) show the net coma formation
rate Pi of the species, and the colored lines (scale: right y-axis) show the relative
rates of the major formation reactions. The line styles (black or colored) indicate
different cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6,
dotted: C/2013 R1 and dashed: C/2014 Q2).
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Figure 5.4: Coma formation rates for the species (a) HCOOH and (b) HCOOH +
2 .

The black lines (scale: left y-axis) show the net coma formation rate Pi of the
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the formation pathways of HCOOH and HCOOH +
2 in the coma. The formation

rates of HCOOH in C/1996 B2 and C/2014 Q2 are several orders of magnitude

higher than in C/2012 F6 and C/2013 R1. The neutral-neutral bimolecular

reaction of the CH3CHOH radical with atomic oxygen is an efficient way of

forming HCOOH in the coma. Nearly all of the coma-produced HCOOH forms

by this process in the comae of C/1996 B2 and C/2014 Q2, because of the

higher formation rate leading to a higher abundance of CH3CHOH in these two

comets (Figure 5.3). When CH3CHOH abundance is low, HCOOH forms by

the dissociative recombination of HCOOH +
2 , and proton transfer reactions of

HCOOH +
2 with methanol, ammonia, acetaldehyde and water. This is true for the

case of C/2012 F6 and C/2013 R1, where the proton transfer reactions dominate

within a few hundred km from the nucleus, but on moving further outward in the

coma, the dissociative recombination reaction gains importance. Of the proton

transfer reactions forming HCOOH, the reaction of HCOOH +
2 with methanol

has the highest relative rate. NH3 has a higher proton affinity than methanol,

but the relative rate of the HCOOH +
2 proton transfer reaction with NH3 is lesser

because of lower abundance of ammonia as compared to methanol. In addition,

the relative abundance of NH3 in C/2013 R1 is nearly 6 times lower than the NH3

abundance in C/2012 F6, resulting in the relative reaction rate of HCOOH +
2 with

NH3 being lower in C/2013 R1 by almost an order of magnitude. In C/1996 B2

and C/2014 Q2, the proton transfer and dissociative recombination reactions

of HCOOH +
2 have a net contribution . 0.5% towards the HCOOH formation

rate, in different regions of the coma. CH3CN also reacts with HCOOH +
2 but the

relative strength of this reaction is quite low. This is because of low abundance of

CH3CN as compared to the other neutral species participating in proton transfer

reactions in C/2012 F6 and C/2013 R1, and because the bimolecular reaction of O

with CH3CHOH completely dominates over proton transfer reactions in C/1996

B2 and C/2014 Q2. The coma-produced HCOOH +
2 originates mainly by the

radiative association of water with HCO+ ions. Since HCOOH production in the

comae of C/1996 B2 and C/2014 Q2 is high, it participates in proton transfer

reactions with the ions HCO+, CH3OH +
2 and H2COH+ to get converted into

HCOOH +
2 . The sum of the relative rates of these reactions is shown by the lines
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labeled ‘HCOOH+ion’ in Figure 5.4(b). The proton transfer reaction rates vary

inversely with the square-root of the temperature and their relative contribution

falls off beyond ∼ 1000 km. The relative production of HCOOH +
2 by the ion-

neutral reaction of CH4 and O +
2 also shows variation with temperature and its

contribution can go up to ∼ 1− 2% in some regions of the coma.

Figure 5.5 shows the variation of the production rates per unit volume

and the formation pathways of CH3CHO and CH3CHOH+ in the coma. Most of

the CH3CHO molecules are created in the coma by the neutral-neutral reactions

of CH with CH3OH, and of O with C2H5. While the reaction of CH with CH3OH

is dominant at distances . 1000 km, the reaction of O with C2H5 becomes domi-

nant beyond that. At distances < 100 km, the relative rate of the reaction of CH

with CH3OH reduces, and the proton transfer reaction of CH3CHOH+ with NH3

has a significant contribution to the CH3CHO formation rate. In the innermost

regions, the relative rate of the proton transfer reaction can even exceed that

of the neutral-neutral reaction, as in the case of C/2012 F6. The relative rate

of the neutral-neutral reaction of O with CH3CHOH varies between 1− 10% in

C/1996 B2 and C/2014 Q2, and is negligible in C/2012 F6 and C/2013 R1 due to

low CH3CHOH density. Dissociative recombination of CH3CHOH+, C2H5OH+

and C2H5OH +
2 also produces CH3CHO in the coma. The sum of the relative

reaction rates of all three of these dissociative recombination reactions, denoted

by the lines labeled ‘diss. recom.’ in Figure 5.5(a), is ∼ 1−2% in C/2012 F6 and

C/2013 R1 and up to ∼ 40% in C/1996 B2 and C/2014 Q2. Since C2H5OH is not

present as a parent species in C/2012 F6 and C/2013 R1, the abundance of the

photo-produced ion C2H5OH+ and the protonated molecule C2H5OH +
2 is lesser

in the comae of these two comets, resulting in lesser relative rate of the sum to-

tal of the dissociative recombination reactions. Other neutral-neutral reactions,

such as the reaction of CH3CO with parent molecules like CH4, C2H6, CH3OH

and H2CO do not contribute much towards the gas-phase formation of CH3CHO,

because of low abundance of the CH3CO radical. The relative rates of the forma-

tion reactions of CH3CHO show significant variation in the different regions of

the coma. Nearly all of these formation reactions have non-zero values of the Ar-

rhenius coefficients β and γ, which determine the temperature dependence, and
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Figure 5.5: Coma formation rates for the species (a) CH3CHO and (b)
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the values of these parameters are also quite dissimilar for the different reactions.

Thus, while the rates of the dissociative recombination reactions vary inversely

as the square-root of the temperature, the bimolecular reaction rate of CH with

CH3OH varies roughly as the inverse square of the temperature. Protonated ac-

etaldehyde or CH3CHOH+ forms mainly by the methyl cation transfer reaction

of H2CO and CH3OH +
2 in the region of the coma . 500 km from the nucleus.

On moving further outward, proton transfer reactions of CH3CHO with H3O
+,

HCO+ and HCOOH +
2 ions gain prominence, and the sum of the relative rates

of these reactions is shown by the lines labeled ‘CH3CHO+ion’ in Figure 5.5(b).

The relative contribution of the ion-neutral reaction of CH4 and H2CO+ to the

formation of CH3CHOH+ varies for the different cometary compositions due to

varying abundances of the reacting species. Ion-neutral reactions of the neutral

species C2H5OH, CH2CH2OH and CH3CHOH with C+ or H+ ions contribute

significantly towards forming CH3CHOH+ in the outer regions of the comae of

C/1996 B2 and C/2014 Q2. However, the contribution of these reactions is very

little in C/2012 F6 and C/2013 R1, due to reduced abundances of the reacting

neutrals. The total contribution of these ion-neutral reactions is shown by the

lines labeled ‘neutral+ion’ in Figure 5.5(b).

Figure 5.6 shows the variation of the production rates per unit volume and

the formation pathways of C2H5OH and C2H5OH +
2 in the coma. NH3 has a higher

proton affinity than C2H5OH, and H+ cation transfer takes place from protonated

ethanol to ammonia, resulting in the formation of C2H5OH. This reaction is the

dominant mechanism for ethanol formation close to the nucleus, at distances

. 100 km, while its contribution begins to decrease on moving further outward,

and the relative rate of the dissociative recombination reaction undergone by

C2H5OH +
2 increases. Beyond∼ 2000 km, nearly all of the coma-produced ethanol

is created by the dissociative recombination reaction. C2H5OH +
2 forms mainly

by two radiative association reactions, namely C2H4 with H3O
+, and C2H

+
5 with

water. Out of these two reactions, the association of C2H4 and H3O
+ is faster,

and its Arrhenius coefficient α is two orders of magnitude higher than that of the

reaction of C2H
+

5 with H2O. In addition, C2H4 is present as a parent molecule

in C/2014 Q2 and thus it has a high coma abundance. This results in a high
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Figure 5.6: Coma formation rates for the species (a) C2H5OH and (b) C2H5OH +
2 .

The black lines (scale: left y-axis) show the net coma formation rate Pi of the
species, and the colored lines (scale: right y-axis) show the relative rates of the
major formation reactions. The line styles (black or colored) indicate different
cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6, dotted:
C/2013 R1 and dashed: C/2014 Q2).
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rate of formation of C2H5OH +
2 in C/2014 Q2, as compared to the other comets,

and almost all of the coma produced C2H5OH +
2 in this comet forms by the

radiative association of C2H4 and H3O
+. In the other comets, the radiative

association of H2O and C2H
+

5 is the dominant formation mechanism close to the

nucleus, and its contribution begins to fall off beyond 100 km, when the radiative

association of C2H4 and H3O
+ takes over. Similar to the cyclic conversion of

methyl formate into protonated methyl formate, a small quantity of C2H5OH

(formed from protonated ethanol) gets cycled back into C2H5OH +
2 by undergoing

proton transfer reactions with H +
3 , H3O

+ and HCO+ ions, beyond ∼ 100 km.

The net contribution of the proton transfer reactions (shown in Figure 5.6(b) as

the lines labeled ‘C2H5OH+ions’) to the overall C2H5OH +
2 production is 1−3% in

the outer regions of the coma of C/2014 Q2, and even lesser in the other comets.

Thus, the relative rate of the cyclic formation of the protonoted species from the

neutral species in ethanol is less as compared to the same process undergone by

methyl formate, by one order of magnitude or more.

Figure 5.7 shows the variation of the production rates per unit volume

and the formation pathways of (CH2OH)2 and (CH2OH)2H
+ in the coma. At

distances < 5000 km, (CH2OH)2 forms primarily by the combination of two

CH2OH radicals. In the outer region of the coma, the relative rate of this reaction

falls off sharply, leading to a sharp reduction in the (CH2OH)2 formation rate.

The steep reduction can be explained by a sudden decrease in the abundance of

CH2OH, which is destroyed rapidly by water in the outer region of the coma.

The rate of this destruction reaction is highly dependent on the neutral fluid

temperature, and when the temperature increases in the outer coma region, there

is an exponential increase in the destruction rate of CH2OH. In C/2012 F6, the

temperature of the neutral fluid at any distance is relatively higher (Figure 5.1),

and the reduction in the CH2OH abundance and the (CH2OH)2 formation rate

occurs at a lower cometocentric distance as compared to the other comets. In

the outer coma region, the dissociative recombination of (CH2OH)2H
+ takes over

as the major formation pathway of ethylene glycol. (CH2OH)2H
+ forms in the

coma by the proton transfer reaction of (CH2OH)2 with H3O
+ and HCO+ ions.

The relative rate of the reaction with HCO+ is low, but rises gradually and can
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Figure 5.7: Coma formation rates for the species (a) (CH2OH)2 and (b)
(CH2OH)2H

+. The black lines (scale: left y-axis) show the net coma formation
rate Pi of the species, and the colored lines (scale: right y-axis) show the relative
rates of the major formation reactions. The line styles (black or colored) indicate
different cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6,
dotted: C/2013 R1 and dashed: C/2014 Q2).
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contribute ∼ 1−10% towards the formation of (CH2OH)2H
+ in the outer regions,

depending upon the cometary composition. The relative reaction rate of ethylene

glycol with H +
3 ions is negligible due to low H +

3 abundance.

Figure 5.8 shows the variation of the production rates per unit volume

and the formation pathways of CH2OHCHO and CH2OHCHOH+ in the coma.

Glycolaldehyde forms by the neutral-neutral reaction of atomic oxygen with the

CH2CH2OH radical. The high abundance of CH2CH2OH in the comae of C/1996

B2 and C/2014 Q2 results in higher rates of glycolaldehyde formation by many

orders of magnitude as compared to C/2012 F6 and C/2013 R1. The disso-

ciative recombination of protonated glycolaldehyde or CH2OHCHOH+ does not

contribute much to the formation of glycolaldehyde. This is because the net

coma formation rate of CH2OHCHOH+ is comparatively lower than the forma-

tion rate of CH2CH2OH, as seen in Figures 5.3(a) and 5.8(b), leading to lower

abundance of the protonated molecule. CH2OHCHOH+ forms when glycolalde-

hyde undergoes proton transfer reactions with H3O
+ and HCO+ ions. Similar

to the formation of (CH2OH)2H
+, the contribution of the proton transfer reac-

tion of CH2OHCHO with HCO+ is less but increases on moving outward in the

coma. In addition, the proton transfer reaction of CH2OHCHO with H +
3 hardly

contributes to the formation of CH2OHCHOH+, as in the case of (CH2OH)2H
+.

Figure 5.9 shows the variation of the flux of the CHO-bearing neutral and

protonated organic species, in the comets C/1996 B2, C/2012 F6, C/2013 R1

and C/2014 Q2. The solid lines indicate the flux of the neutral species, while the

dashed lines show the flux of the corresponding protonated species. As already

described in Chapter 4, the flux is calculated by multiplying the species number

density with the factor 4πr2v, where r is the cometocentric distance and v is the

gas velocity. This removes the r−2 dependence of the number density, and the

stretching or compression effects due to acceleration or deceleration of the coma

gas.

As seen from the coma formation rate plots, some of the species have low

rates of formation by gas-phase coma chemistry, and do not form as efficiently

as compared to others. This results in lower flux of some of the molecules, as

compared to others. HCOOCH3 and C2H5OH are both created from their corre-
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Figure 5.8: Coma formation rates for the species (a) CH2OHCHO and (b)
CH2OHCHOH+. The black lines (scale: left y-axis) show the net coma for-
mation rate Pi of the species, and the colored lines (scale: right y-axis) show
the relative rates of the major formation reactions. The line styles (black or
colored) indicate different cometary compositions (dotted-dashed: C/1996 B2,
solid: C/2012 F6, dotted: C/2013 R1 and dashed: C/2014 Q2).
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sponding protonated molecules. However, the formation rate per unit volume of

protonated methyl formate is higher than that of protonated ethanol, by several

orders of magnitude, resulting in higher molecular fluxes of methyl formate, as

compared to ethanol. The gas-phase formation of CH2OHCHO requires the pres-

ence of ethanol in the coma. In C/2012 F6 and C/2013 R1, where C2H5OH is not

outgassing from the nucleus but produced in the coma, the flux of CH2OHCHO

produced in the coma is low, of the order . 1012 molecules s−1 (not shown in the

figure). Similarly, the flux of HCOOH in C/1996 B2 and C/2014 Q2 is higher

than in C/2012 F6 and C/2013 R1 due to the presence of C2H5OH as a parent

species. Thus, more amount of HCOOH and CH2OHCHO form by gas-phase

chemistry if there is ethanol outgassing from the nucleus.

The flux of the protonated species are generally correlated to their corre-

sponding neutral forms, meaning that if a neutral species has high flux, then its

protonated version will also show higher abundance. This is because the neutral

and protonated species are interlinked via proton transfer and dissociative recom-

bination reactions. The ions HCOOH +
2 and CH3CHOH+ are exceptions to this

general trend. HCOOH +
2 mainly forms by the radiative association of H2O and

HCO+. Neutral-neutral reactions are dominant mechanisms for the formation

of HCOOH, for some cometary compositions. In these cases, the abundances of

HCOOH and HCOOH +
2 become independent of each other. The same is true

for the case of CH3CHOH+, which forms mainly by the methyl cation trans-

fer reaction of CH3OH +
2 with H2CO, and other ion-neutral reactions involving

ethanol and H-abstracted ethanol. On the other hand, CH3CHO forms by a

set of neutral-neutral reactions. However, proton-transfer and dissociative re-

combination reactions do play a limited role in interconnecting the abundances

of CH3CHOH+ and CH3CHO, and correlations are seen in some parts of the

coma. Some of the protonated species such as (CH2OH)2H
+ and CH2OHCHO

are only created in the coma by the protonation of their respective neutrals, and

do not have alternate routes of formation in the coma by ion-neutral or radiative-

association reactions. In these cases, the protonated species abundance is always

less than that of the neutral molecules.
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5.4.2.2 N-bearing organics

The gas-phase coma formation mechanisms of the N-bearing organic molecules

CH3CN, NH2CHO and HC3N are discussed in this section. Figures 5.10-5.12

show the formation rate plots of these organic neutrals and their corresponding

protonated molecules.

Figure 5.10 shows the variation of the production rates per unit volume

and the formation pathways of CH3CN and CH3CNH+ in the coma. CH3CN is

produced in the coma primarily by the dissociative recombination of the proto-

nated species CH3CNH+. Other bimolecular reactions that form CH3CN have

significant contributions at distances . 50 km and & 104 km. The relative rate of

the ion-neutral reaction of CNC+ with C2H6 can go up to ∼ 30% at about ∼ 10

km, though it reduces with increasing distance and reaches a value . 0.1% in the

outer regions. The relative rate of the reaction of C2H4 with metastable nitrogen,

N(2D) can go up to ∼ 10%, and this rate is comparatively higher in C/2014 Q2

because C2H4 has a higher abundance in this comet. In the other comets, this

neutral-neutral reaction contributes up to ∼ 5% to the CH3CN formation rate,

beyond 1000 km. The neutral-neutral reactions of CN with the hydrocarbons

CH4 and C3H6 also contribute to the formation of CH3CN. In the coma region

. 50 km and beyond ∼ 1000 km, the relative rate of the reaction of CN with

CH4 contributes up to ∼ 50% towards the CH3CN formation rate. However, the

contribution from the reaction of CN with C3H6 is . 0.5%, and this reaction

forms CH3CN only in the region of the coma between ∼ 100 − 1000 km. The

protonated species CH3CNH+ mainly forms by the methyl cation transfer reac-

tion between CH +
4 ions and neutral HCN molecules, and this is the dominant

formation mechanism at distances & 100 km. The contribution of the radiative

association of CH +
3 ions with HNC or HCN molecules towards CH3CNH+ for-

mation is high only in the innermost regions (. 100 km), and falls off on moving

outward. This fall is sharper in the case of the reaction with HCN because the

temperature dependence is stronger (β = −3.0), as compared to the reaction

with HNC (β = −0.5). Protonation of CH3CN by ions such as H3O
+, HCO+,

HC3NH+, etc. contributes only a very small fraction (< 1%) to the formation
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Figure 5.10: Coma formation rates for the species (a) CH3CN and (b) CH3CNH+.
The black lines (scale: left y-axis) show the net coma formation rate Pi of the
species, and the colored lines (scale: right y-axis) show the relative rates of the
major formation reactions. The line styles (black or colored) indicate different
cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6, dotted:
C/2013 R1 and dashed: C/2014 Q2).
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of CH3CN at distances > 100 km. The sum total of the relative reaction rates

of the proton transfer reactios is plotted with the label ‘CH3CN+ion’ in Figure

5.10(b).

Figure 5.11 shows the variation of the production rates per unit volume

and the formation pathways of NH2CHO and NH2CHOH+ in the coma. NH2CHO

is mainly created by the neutral-neutral reaction of the NH2 radical with H2CO.

The photodissociation scale length of H2CO is ∼ 104 km, and the H2CO flux

begins to reduce beyond this cometocentric distance. This causes a reduction in

the neutral-neutral relative reaction rate, and the relative rate of the dissociative

recombination of NH2CHOH+ increases. This decrease is stronger in C/2012 F6,

since the coma of this comet is modeled at the least heliocentric distance of the

four comets, resulting in a higher photodissociation rate due to increased solar

UV radiation flux. This reduces the scale length and the abundance of H2CO in

the outer region of the coma the most in this comet. Similar to the formation

of protonated ethylene glycol and protonated glycolaldehyde, NH2CHOH+ forms

by the protonation of NH2CHO by H3O
+ and HCO+ ions, with the contribution

of the HCO+ ion towards NH2CHOH+ formation increasing on moving outwards

in the coma.

Figure 5.12 shows the variation of the production rates per unit volume

and the formation pathways of HC3N and HC3NH+ in the coma. HC3N mainly

forms by the neutral-neutral reaction of CN with C2H2, and the relative rate of

this reaction remains constant in most regions of the coma. In the innermost

and outermost regions of the coma, i.e. . 30 km and & 104 km, the relative

contribution of this reaction reduces. The neutral-neutral bimolecular reactions

of C2H with HCN and HNC contribute to the formation of HC3N in the outer

coma region beyond ∼ 1000 km. In the coma models of C/1996 B2 and C/2014

Q2, the reaction of C2H with HNC forms HC3N even in the inner regions, since

HNC is a parent and has high abundance in these two comets. The neutral-

neutral reactions of C3N with the hydrocarbons C2H2 and C2H6 form HC3N in

the inner regions of the coma, though the sum total of the contribution of these

reactions falls off beyond ∼ 100 km, as shown by the lines labeled ‘C3N+neutral’

in Figure 5.12(a). The relative reaction rate of the dissociative recombination of
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Figure 5.11: Coma formation rates for the species (a) NH2CHO and (b)
NH2CHOH+. The black lines (scale: left y-axis) show the net coma formation
rate Pi of the species, and the colored lines (scale: right y-axis) show the relative
rates of the major formation reactions. The line styles (black or colored) indicate
different cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6,
dotted: C/2013 R1 and dashed: C/2014 Q2).
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Figure 5.12: Coma formation rates for the species (a) HC3N and (b) HC3NH+.
The black lines (scale: left y-axis) show the net coma formation rate Pi of the
species, and the colored lines (scale: right y-axis) show the relative rates of the
major formation reactions. The line styles (black or colored) indicate different
cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6, dotted:
C/2013 R1 and dashed: C/2014 Q2).
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HC3NH+, forming HC3N, increases beyond ∼ 100 km, and can reach up to ∼ 25%

in the outer coma regions. HC3NH+ forms by a number of ion-neutral reactions,

including proton transfer reactions, and the relative rates of these reactions vary

in different regions of the coma. The relative rate of the ion-neutral reaction

of C2H2 with HCN+ is a few percent, though it rises up to ∼ 40% in the coma

region beyond 104 km. The relative rate of the ion-neutral reaction of HCN with

C2H
+

2 is ∼ 60 − 80% up to ∼ 50 km, but reduces beyond this distance. HC3N

undergoes proton transfer reactions with a large number of ions, some of which

are H3O
+, HCO+ and HCNH+. The sum total of the relative rates of these

reactions is indicated by the lines labeled ‘HC3N+ion’ in Figure 5.12(b). Their

net contribution remains constant in the region of the coma between ∼ 100−104

km, but falls off outside this region. HC3N
+ undergoes ion-neutral reactions

with the parent species H2O, CH4 and C2H4 to form HC3NH+, and the net

contribution of these reactions is ∼ 10 − 20%, as indicated by the lines labeled

‘HC3N
++neutral’ in Figure 5.12(b).

Figures 5.13 shows the variation of the flux of the N-bearing neutral and

protonated organic species, in the comets C/1996 B2, C/2012 F6, C/2013 R1

and C/2014 Q2. The solid lines indicate the flux of the neutral species, while

the dashed lines show the flux of the corresponding protonated species. The flux

of NH2CHO molecules is quite high, since they are created from the abundant

neutrals H2CO (present as a parent species) and NH2 (created rapidly by the

photodissociation of NH3). Since NH2CHOH+ is only created by the protona-

tion of NH2CHO, and does not have other formation routes, its abundance is

less than that of NH2CHO. Similarly, the dominant mechanism for the forma-

tion of HC3NH+ in most regions of the coma is the protonation of HC3N, and

thus HC3NH+ shows lower abundance than HC3N. On the other hand, CH3CN

is created almost entirely by the dissociative recombination of CH3CNH+, and

therefore the abundance of the protonated species is slightly higher than the

neutral molecule.
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Figure 5.13: Variation of the flux of the N-bearing neutral organic species and
their corresponding protonated forms (a) CH3CN and CH3CNH+, (b) NH2CHO
and NH2CHOH+, and (c) HC3N and HC3NH+, for different cometary composi-
tions. The solid lines indicate the neutral species abundances and the dashed
lines indicate the protonated species abundances.

5.4.2.3 Other Organics: CH3OCH3, CH3COOH and HC5N

Organic molecules can be present in the coma in the form of isomers, for

example, ethanol (C2H5OH) and dimethyl ether (CH3OCH3) are the isomeric

forms of C2H6O, while C2H4O2 has methyl formate (HCOOCH3), glycolaldehyde

(CH2OHCHO) and acetic acid (CH3COOH) as its isomers. In addition, carbon

chain species having more than three carbon atoms may also be present.

Figure 5.14(a) is the coma formation rate plot of CH3OCH3 and the pro-



142 Chapter 5. Study of the Formation of Organics in the Coma

10 10

10 8

10 6

10 4

10 2

100

102
Fo

rm
at

io
n 

ra
te

 (c
m

3  s
1 )

(a)

Pi of CH3OCH +
4

Pi of CH3OCH3

101 102 103 104 105

Cometocentric distance (km)
10 14

10 11

10 8

10 5

10 2

101

Fo
rm

at
io

n 
ra

te
 (c

m
3  s

1 )

(b)
C/1996 B2
C/2012 F6
C/2013 R1
C/2014 Q2

10 1

100

101

102

Re
la

tiv
e 

re
ac

tio
n 

ra
te

 (%
)

CH3OH+CH +
3

CH3OH+CH3OH +
2

CH3OCH3+ion

10 1

100

101

102

Re
la

tiv
e 

re
ac

tio
n 

ra
te

 (%
)

O+CH3CHOH

Figure 5.14: Coma formation rates for the species (a) CH3OCH +
4 and CH3OCH3

(b) CH3COOH. In (a), the black and red lines (scale: left y-axis) show the net
coma formation rate Pi of CH3OCH +

4 and CH3OCH3 respectively, and the other
colored lines (scale: right y-axis) show the relative rates of the major formation
reactions for CH3OCH +

4 . In (b), the black and colored lines show the net coma
formation rate Pi, and the relative reaction rate respectively, for CH3COOH.
The line styles in (a) and (b) indicate different cometary compositions (dotted-
dashed: C/1996 B2, solid: C/2012 F6, dotted: C/2013 R1 and dashed: C/2014
Q2).
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tonated species CH3OCH +
4 . CH3OCH3 forms by the dissociative recombination

of CH3OCH +
4 , and the rate of formation (Pi) for the four different cometary

compositions is shown by the red lines in the figure. CH3OCH +
4 primarily forms

by the methyl cation transfer reaction between CH3OH and CH3OH +
2 , while a

small contribution comes from the radiative association of CH3OH and CH +
3 .

The cycling of CH3OCH3 back into CH3OCH +
4 , due to proton transfer reactions

of CH3OCH3 with H3O
+ and HCO+ ions (with relative rates denoted in Fig-

ure 5.14(a) by the lines labeled ‘CH3OCH3+ion’), takes place in the regions of

the coma at distances > 1000 km. This is similar to the cyclic conversion of

HCOOCH3 and C2H5OH to their protonated forms.

Figure 5.14(b) shows the variation of the production rates per unit volume

for the formation of CH3COOH in the coma. CH3CHOH radicals (created by

H-abstraction of C2H5OH) react with neutral O atoms, via three channels, and

one of these channels produces CH3COOH. As already discussed, the abundance

of CH3CHOH radicals is high in the coma of C/1996 B2 and C/2014 Q2, since

ethanol is present as a parent species in these two comets. Thus, the formation

rate of CH3COOH in these two comets is also high. In C/2012 F6 and C/2013

R1, the formation rate of CH3COOH is lower by many orders of magnitude due

to insufficient amount of ethanol forming in the coma. This is similar to the case

of the coma formation of glycolaldehyde, where low ethanol abundance results

in a lower glycolaldehyde formation rate in C/2012 F6 and C/2013 R1.

Figure 5.15 shows the variation of the production rates per unit volume

and the formation pathways of HC5N and HC5NH+ in the coma. The dominant

HC5N formation mechanism in C/1996 B2 and C/2014 Q2 is the neutral-neutral

reaction of C2H with HC3N, while in C/2012 F6 and C/2013 R1, HC5N mainly

forms by the reaction of C2H2 with the neutral radicals C3N and C5N (indicated

in Figure 5.15(a), by the lines labeled ‘C2H2+neutral’). The reaction of CN with

C4H2 varies inversely with temperature, and contributes up to ∼ 10% towards

the formation of HC5N in certain regions of the coma. The combined relative

reaction rate of the dissociative recombination of C5H4N
+ and HC5NH+ is shown

by the lines labeled ‘diss. recom.’ in Figure 5.15(a). In C/1996 B2 and C/2014

Q2, this varies between ∼ 20− 30% in the region of the coma from 50 km to 104
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Figure 5.15: Coma formation rates for the species (a) HC5N and (b) HC5NH+.
The black lines (scale: left y-axis) show the net coma formation rate Pi of the
species, and the colored lines (scale: right y-axis) show the relative rates of the
major formation reactions. The line styles (black or colored) indicate different
cometary compositions (dotted-dashed: C/1996 B2, solid: C/2012 F6, dotted:
C/2013 R1 and dashed: C/2014 Q2).
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km. In C/2012 F6 and C/2013 R1, the relative dissociative recombination rates

are low, though they increase and contribute up to ∼ 10% towards the formation

of HC5N at 104 km. Beyond 104 km, the relative contribution of the neutral-

neutral reactions decrease, while the dissociative recombination reaction rates

show an increase. HC5NH+ forms in the coma by the ion-neutral reactions of

CH4 with C4N
+, and C2H4 with HC5N

+, and the proton transfer reaction of HC5N

with HCO+. In the modelled coma of C/2014 Q2, C2H4 has a high abundance

due to its presence as a parent molecule, and the reaction of C2H4 with HC5N
+ is

the dominant formation mechanism at cometocentric distances < 100 km, while

the proton transfer reaction becomes increasingly dominant on moving further

outward. In C/1996 B2, C/2012 F6 and C/2013 R1, C2H4 has a low abundance,

resulting in proton transfer being the predominant formation mechanism, while

the contribution of the reaction of C2H4 with HC5N
+ is . 0.1%. The relative

rate of the reaction of CH4 with C4N
+ is . 1 − 2% at distances > 1000 km,

though it can have a high contribution close to the nucleus in C/1996 B2.

Figures 5.13 shows the variation of the flux of CH3OCH3, CH3COOH

and HC5N, and their corresponding protonated forms, in the comets C/1996

B2, C/2012 F6, C/2013 R1 and C/2014 Q2. Gas-phase formation mechanisms

produce higher quantities of CH3OCH3 than its isomer C2H5OH, even though

both are created by chemical reactions undergone by their protonated forms.

This is because protonated dimethyl ether has a higher formation rate than

protonated ethanol. This is similar to the case of higher abundance of methyl

formate as compared to ethanol. Similar to higher abundances of glycoladehyde

in C/1996 B2 and C/2014 Q2, its isomer CH3COOH has a higher abundance in

these two comets, due to the presence of ethanol as a parent, while the flux of

CH3COOH in C/2012 F6 and C/2013 R1 is < 1013 molecules s−1. It is to be

noted that the coma produced abundance of CH3COOH is higher than that of

CH2OHCHO. This is because acetic acid forms when oxygen atoms react with

CH3CHOH, which has a higher coma formation rate than the other H-abstracted

ethanol radical namely CH2CH2OH (from which CH2OHCHO forms).
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Figure 5.16: Variation of the flux of neutral organic species and their corre-
sponding protonated forms: (a) CH3OCH3 and CH3OCH +

4 , (b) CH3COOH and
CH3COOH +

2 , and (c) HC5N and HC5NH+, for different cometary compositions.
The solid lines indicate the neutral species abundances and the dashed lines
indicate the protonated species abundances.

5.4.3 Upper Limits on Formation Rates

In Table 5.2, the abundance of some of the molecules are given as upper limits.

Two classes of models have been run. In one, the species whose gas phase

formation is under study has its initial abundance set to zero, and upper limits

are not a cause for concern in that situation. However, in the second class of

model runs in which the upper limits are considered, the formation rate of a

species may be affected by other molecules whose abundances are given as upper
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limits. Thus, if these molecules contribute to the formation of another organic

species, then the corresponding formation rates are to be taken as upper limits,

while the actual formation rate is likely to be lower. The coma formation rate

plots can be used to constrain the formation rate in such cases.

As an example, consider the formation of organic molecules from ethanol.

Figure 5.6 shows the coma formation rate of ethanol, while Figure 5.9(d) shows

the resulting abundance of ethanol when it is not outgassing from the nucleus and

is formed by gas phase chemistry only. Taking these two plots in conjunction,

it can be said that gas phase formation of ethanol is slow, leading to a low

abundance of ethanol in the coma. Now consider the formation of other molecules

from ethanol, when its outgassing from the nucleus is considered. In C/1996

B2, an upper limit on ethanol detection is reported. Thus, in Figure 5.3, the

formation rates of CH2CH2OH and CH3CHOH from ethanol in C/1996 B2 will

be lower when its outgassing is not considered. The same can be said for the

formation of HCOOH, CH2OHCHO and CH3COOH in C/1996 B2, as described

in Section 5.4.2.

5.4.4 Formation of Glycine

Glycine (NH2CH2COOH) is among the most abundant amino acids that is found

in CI and CM type carbonaceous chondrites. Crovisier et al. (2004) calculated

an upper limit of 0.15% relative to water for glycine in the comet C/1995 O1

(Hale-Bopp). Elsila et al. (2009) report on the detection of glycine, along with its

possible precursor molecules methylamine (CH3NH2) and ethylamine (C2H5NH2),

in the dust samples of comet 81P/Wild 2 brought back by the Stardust mission,

although there was suspected terrestrial contamination. Altwegg et al. (2016)

report the confirmed presence of glycine, along with CH3NH2 and C2H5NH2,

in the coma of 67P/C-G, measured by the ROSINA spectrometer aboard the

Rosetta spacecraft. The relative abundance of glycine with respect to water was

found to lie in the range 0− 0.0025, while those of methylamine and ethylamine

with respect to glycine are 1.0 ± 0.5 and 0.3 ± 0.2, respectively. The presence

of glycine in comets can be explained by its formation due to chemistry oc-
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curring in interstellar icy dust mantles or by the irradiation of ice by UV, and

the subsequent preservation in cometary ices (Meierhenrich et al., 2005; Bossa

et al., 2010; Garrod, 2013). A possible gas-phase formation route of glycine is

acetic acid (CH3COOH) and protonated hydroxylamine (NH3OH+) reacting to

form protonated glycine, which in turn undergoes recombination with electrons

to form glycine, as proposed by Garrod (2013). However, the present model

found this to be an insignificant mechanism of producing glycine in the coma,

due to the presence of insufficient amounts of NH3OH+. Garrod (2013) find

that glycine can form within and upon dust-grain ice mantles by radical-radical

addition mechanisms at temperatures ∼ 40− 120 K.

5.5 Summary

In this work, the chemical-hydrodynamical simulations of the coma of four Oort

cloud comets is obtained, that were bright with high water production rates,

so that a number of organics were detected in their comae. The coma forma-

tion pathways and rates of the CHO-bearing molecules HCOOCH3, HCOOH,

CH3CHO, C2H5OH, (CH2OH)2 and CH2OHCHO, and the N-bearing molecules

CH3CN, NH2CHO and HC3N are studied. The formation of CH3OCH3 and

CH3COOH, which are the isomeric forms of parent species, and the carbon chain

species HC5N is also studied. The highlights of the results are as follows:

1. CH3OH +
2 undergoes ion-neutral reaction with H2CO to create HCOOCH +

4 ,

which in turn undergoes dissociative recombination to form HCOOCH3.

Protonation of HCOOCH3 by H3O
+ and HCO+ ions results in its cyclic

conversion to HCOOCH +
4 in the outer regions of the coma.

2. HCOOH forms in the coma when its protonated form HCOOH +
2 undergoes

proton transfer reactions with neutral molecules such as CH3OH, NH3 and

H2O, and dissociative recombination with electrons. HCOOH +
2 itself forms

by the radiative association of H2O and HCO+. In comets where C2H5OH

is present as a parent, most of the HCOOH forms in the coma by the

reaction of CH3CHOH with atomic oxygen.
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3. CH3CHO mainly forms by neutral-neutral reactions, while dissociative re-

combination of the ions CH3CHOH+, C2H5OH+ and C2H5OH +
2 contribute

up to 40% to the CH3CHO formation rate in some regions of the coma.

CH3CHOH+ forms by a set of ion-neutral reactions, including methyl cation

and proton transfer reactions.

4. C2H5OH forms in the coma when its protonated form C2H5OH +
2 under-

goes proton transfer with NH3 in the inner coma regions, and dissociative

recombination with electrons in the outer region. C2H5OH +
2 forms by the

radiative association of C2H4 with H3O
+, and H2O with C2H

+
5 . Similar to

methyl formate, C2H5OH also undergoes protonation reactions to get cy-

cled and create C2H5OH +
2 , though the relative rate of this process towards

the formation of C2H5OH +
2 is low.

5. (CH2OH)2 forms by the combination of two CH2OH radicals at distances

< 5000 km, and by dissociative recombination of (CH2OH)2H
+ in the outer

coma regions. There is a sharp reduction in the (CH2OH)2 formation rate

in the outer high temperature region of the coma, where CH2OH radicals

are rapidly destroyed by water. (CH2OH)2H
+ is created when (CH2OH)2

undergoes protonation reactions with H3O
+ and HCO+ ions.

6. CH2OHCHO forms in the coma by the reaction of CH2CH2OH radicals

with oxygen atoms. The coma-formation rate of CH2OHCHO is high in

comets where ethanol is present as a parent. Similar to the creation of

protonated ethylene glycol, CH2OHCHOH+ is created when CH2OHCHO

undergoes protonation reactions with H3O
+ and HCO+ ions.

7. CH3CN is primarily produced in the coma by the dissociative recombina-

tion of CH3CNH+. Other neutral-neutral and ion-neutral reactions con-

tribute to the formation of CH3CN at distances > 104 km and < 50 km.

CH3CNH+ forms in the coma by the methyl cation transfer reaction of

CH +
4 with HCN, with some contribution coming from the radiative asso-

ciation reactions of HCN and HNC with CH +
3 ions.

8. NH2CHO forms mainly by the neutral-neutral reaction of NH2 with H2CO.
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In the outer region of the coma, the abundance of H2CO reduces due to

its destruction by photodissociation. In this region, there is an increase in

the relative contribution of the dissociative recombination of NH2CHOH+

towards the NH2CHO formation rate. The protonation of NH2CHO by

H3O
+ and HCO+ forms NH2CHOH+ in the coma.

9. HC3N forms in the coma by the bimolecular reactions of carbon chain

molecules C2H and C2H2 with the N-bearing neutrals CN, HCN and HNC.

The reactions of the carbon chain radical C3N with the hydrocarbons C2H2

and C2H6, and the dissociative recombination of HC3NH+ also create HC3N

in some regions of the coma. HC3NH+ is created in the coma by a number of

ion-neutral reactions, including protonation reactions undergone by HC3N.

10. Methyl cation transfer reaction from CH3OH +
2 to CH3OH cre-

ates CH3OCH +
4 , which undergoes dissociative recombination to form

CH3OCH3. The reaction of atomic oxygen with CH3CHOH radicals pro-

duces CH3COOH, and the coma formation rate is high when ethanol is

present as a parent.

11. HC5N forms by a number of neutral-neutral reactions involving carbon

chain species, with dissociative recombination reactions contributing up to

∼ 30%. HC5NH+ mainly forms by the protonation of HC5N, while other

ion-neutral reactions contribute at lower cometocentric distances.



Chapter 6

Cometary Organics: Efficiency of

Coma Chemistry

The origin of organics in comets can be traced to the interstellar medium (ISM) at

least partially, if not completely. Over 250 molecular species have been observed

in the ISM, and many of these species are complex organic molecules or COMs

(Herbst & Garrod, 2022). As discussed in Chapter 1, the number of volatile

parent species (namely those present in the ices in the interior of the cometary

nucleus), that are currently known, is 72, out of which 37 are complex organic

molecules. This includes those species that have been only tentatively detected.

It is pertinent to ask if all the known cometary volatiles form exclusively via ice

chemistry, or if a fraction of them is formed via gas-phase coma chemistry. The

four comets C/1996 B2 (Hyakutake), C/2012 F6 (Lemmon), C/2013 R1 (Love-

joy) and C/2014 Q2 (Lovejoy), whose gas-phase organic formation mechanisms

are discussed in Chapter 5, are revisited in this chapter. The contribution of

coma chemistry, and the importance of the various type of gas-phase reactions

towards the formation of cometary organics in these comets, is explored.

6.1 Clues from the Interstellar Medium

The origin of the material incorporated in comets is still a subject of debate.

Abundance measurements and isotopic composition of the molecules detected in

151



152 Chapter 6. Cometary Organics: Efficiency of Coma Chemistry

67P/C-G indicate that a part of the cometary ices have prestellar origins (Hoppe

et al., 2018). It is suggested that micron sized grains in prestellar cores trans-

form into millimeter sized dust particles seen in protoplanetary disks (Pagani

et al., 2010; Miotello et al., 2014), which subsequently assemble into meter sized

planetesimals that form comets. Drozdovskaya et al. (2016) find that dynamic

infall and the chemistry en route to the midplanes of protoplanetray disks may

alter some of the prestellar abundances. This includes an increase in the CO2

abundance by grain-surface reactions and the conversion of CH3OH into complex

organic ices. Once the planetesimals assemble to form kilometer sized cometary

bodies, they are unlikely to undergo significant thermal processing. Thus, bulk

cometary ices are likely to resemble the molecules found in disks and prestellar

cores (Pontoppidan et al., 2014).

It is well-known that in the interstellar medium, organic molecules can

form efficiently on the surface of dust grains. These surface reactions proceed via

the addition of species such as hydrogen at low temperatures (∼ 10 K), and the

subsequent addition of other atoms and radicals as the grain temperature rises

(Herbst & van Dishoeck, 2009; Öberg et al., 2009; Öberg, 2016; Herbst & Garrod,

2022). A similar prescription can be used to explain the formation cometary

organics in low temperature ices. For example, organic molecules such as CH3OH,

C2H5OH, CH3CHO, HCOOH and NH2CHO that are found in comets, share a

common pathway of formation, starting from CO ice. The addition of hydrogen

atoms to CO molecules frozen on cold dust grains results in the production of

the formyl radical (HCO). Subsequently, the addition of heavy atoms and/or

further addition of hydrogen atoms results in the synthesis of heavier organics

(Charnley & Rodgers, 2008; Herbst & van Dishoeck, 2009). Thus, the formation

of CH3OH, HCOOH, NH2CHO, CH3CHO and C2H5OH can proceed as CO
H−→

HCO
H−→ H2CO

H−→ CH2OH
H−→ CH3OH, HCO

O−→ HCOO
H−→ HCOOH, HCO

N−→

HNCO
2H−−→ NH2CHO, and HCO

C−→ HCCO
H−→ CH2CO

2H−−→ CH3CHO
2H−→

C2H5OH. An intermediate that is created in the hydrogenation of H2CO to

CH3OH is the hydroxymethyl radical (CH2OH). Radical-radical recombination

reactions undergone by HCO and CH2OH results in the formation ethylene glycol

and glycolaldehyde at low temperatures (Butscher et al., 2015). Many of these
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formation reactions have been experimentally verified (for example, Linnartz

et al., 2015).

In addition to the formation of organics from CO ice, surface chemistry

can also lead to the formation of hydrocarbons. CH4 is most likely to form

by hydrogen addition reactions with atomic carbon on the surface of dust grains

(Qasim et al., 2020), while C2H2 can form when atomic carbon reacts with molec-

ular hydrogen (Mart́ınez et al., 2020). The addition of hydrogen atoms to simple

hydrocarbons such as C2H2 by grain-surface reactions (Tielens, 1992; Mumma

et al., 1996; Kobayashi et al., 2017) or the irradiation of CH4 ices (Gerakines

et al., 1996; Mumma et al., 1996; Bennett et al., 2006) can form C2H6 in comets.

More complex hydrocarbons can in turn form by the irradiation of C2H6 (de

Barros et al., 2016) and C2H2 (Frenklach & Feigelson, 1989; Cernicharo, 2004).

The relative abundance with respect to water of cometary CO varies over

a wide range. de Val-Borro et al. (2018) compared the mixing ratios of organic

species in comets with their CO abundance for several comets, to investigate

the likelihood that they may have originated in cold interstellar dust grains (for

example, Disanti & Mumma, 2008). The mixing ratio of CH3OH is independent

of the CO abundance, and de Val-Borro et al. (2018) suggest that this is because

the efficiency of the formation of CH3OH is high, and its probability of formation

is limited only by the surface availability of hydrogen atoms. Laboratory studies

too have confirmed high efficiencies of the conversion of CO to CH3OH. de Val-

Borro et al. (2018) do not observe any definite relation in the abundances of

CH3CHO and C2H5OH with the CO abundance, and propose that there may be

alternative formation pathways for them, other than the hydrogenation of CO ice.

One of these alternative mechanisms might be a sequence of hydrogenation and

oxidation reactions starting from C2H2 (for example, Charnley, 2004), though

this is unsupported by the trend of mixing ratios compared to C2H2.

The importance of gas-phase reactions in the production of organics

in the interstellar medium cannot be discounted. The detection of acetalde-

hyde (CH3CHO), dimethyl ether (CH3OCH3), methyl formate (HCOOCH3), and

ketene (CH2CO) in the cold prestellar core L1689B at temperatures of around

10 K (Bacmann et al., 2012) suggests that gas-phase formation may be im-
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portant, since grain-surface chemistry requires temperatures of around 30 K.

Similarly, the discovery of complex organic molecules in the cold and dense core

B1-b (Cernicharo et al., 2012), the solar-type protostar IRAS 16293-2422 (Jaber

et al., 2014) and the prestellar core L1544 (Jiménez-Serra et al., 2016) are dif-

ficult to explain if the hypothesis that the COMs are exclusively formed on the

dust-grain surface is correct. All of these sources require some involvement of

gas-phase mechanisms for the creation of COMs.

A similar scenario can exist for cometary organics as well. Cordiner &

Charnley (2021) found that HC3N and NH2CHO can be efficiently produced via

two-body neutral-neutral gas-phase reactions, involving abundant coma species.

These reactions have been discussed in Chapter 5. Cordiner & Charnley (2021)

propose that the presence of extended sources in the coma can synthesize suf-

ficient quantities of HC3N and NH2CHO, that can match previously reported

abundances of these species. Thus it is evident that cometary organics formed

by gas-phase coma chemistry may have some contribution to the observed organic

abundances.

6.2 Coma Abundances due to Gas-Phase

Chemistry

Figures 6.1 and 6.2 show the variation of the flux of assorted neutral organic

molecules, in the comets C/1996 B2, C/2012 F6, C/2013 R1 and C/2014 Q2.

The formation rates and mechanisms of these organics in the gas-phase coma are

discussed in Chapter 5. Two sets of species abundances are shown in Figures 6.1

and 6.2. The first are the species abundances shown by the solid lines, that are

the result of gas-phase chemistry creating the respective organic species in the

coma. The second set of abundances are the ones shown by the dashed lines,

which indicate the species flux due outgassing from the nucleus, i.e. the parent

species abundance. Not all the species shown in Figures 6.1 and 6.2 are present

as parent species in each of the four comets, as can be seen from Table 5.2.

The dashed lines show that in most cases, parent species have nearly con-
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Figure 6.1: Variation of the flux of the CHO-bearing organic species (a)
HCOOCH3, (b) HCOOH, (c) CH3CHO, (d) C2H5OH, (e) (CH2OH)2, and (f)
CH2OHCHO, for different cometary compositions. The solid lines indicate the
species abundances due to their formation in the coma by gas-phase chemistry.
The dashed lines indicate the species abundances in the coma due to outgassing
from the nucleus.
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Figure 6.2: Variation of the flux of the N-bearing organic species (a) CH3CN, (b)
NH2CHO, and (c) HC3N, for different cometary compositions. The solid lines
indicate the species abundances due to their formation in the coma by gas-phase
chemistry. The dashed lines indicate the species abundances in the coma due to
outgassing from the nucleus.

stant flux throughout the modeled region of the coma and survive up to 105

km. This is consistent with photochemical reactions proceeding at a dissocia-

tion/ionization rate . 10−5 s−1, and a gas outflow velocity of the order of ∼ 1

km s−1. The species CH3CHO, CH3CN and HC3N begin to show a decay in their

‘parent-molecule flux’ beyond 104 km, due to higher photolytic decomposition

rates. HCOOH is also an exception, since it photodissociates at a particularly

high rate, of the order ∼ 10−3 s−1, resulting in a scale-length of a few thousand

kilometers.
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The solid lines, which represent the flux profiles of the molecules forming in

the coma, show an initial rise. At low cometocentric distances, the density of the

coma is high, and molecules quickly form due to active gas-phase coma chemistry.

Thereafter, on moving further outward, the timescales for these species to form

by gas-phase reactions become more than the dynamic timescale, and the flux

profiles tend to flatten. At distances greater than 104 km, the flux profiles of

CH3CHO, CH3CN and HC3N show a dip, due to photolytic effects. This is similar

to the case when they are present as parent molecules, and this effect is again

stronger in HCOOH. Ignoring photolytic effects, the flux of the parent species are

within 1−2 orders of magnitude of each other. This is consistent with a variation

of 1 − 2 orders of magnitude in the mixing ratios of these organics, as seen in

Table 5.2. On the other hand, the flux of the coma produced molecules show a

wide variation over many orders of magnitude. Gas-phase chemical reactions do

not form all the molecules with the same degree of efficiency, and some molecules

have higher formation rates as compared to others. A comparative description

of the species abundances resulting from gas phase chemistry as opposed to

the abundances of the selfsame species outgassing from the nucleus as parent

molecules is as follows.

1. The parent molecular flux of HCOOCH3 lies in the range 1.8 × 1026 −

1.1× 1027 molecules s−1 for the different comets. The coma produced flux

of HCOOCH3 acquires a constant value beyond ∼ 1000 km, ranging from

8.6×1023−1.2×1025 molecules s−1. For the comets C/2012 F6 and C/2013

R1, the flux of HCOOCH3 as shown by the dashed lines are upper limits

given by observation, and the actual outgassing rate from the nucleus may

be lower. The fluxes due to coma chemistry, as shown by the solid lines,

constrain the lower abundance limit of HCOOCH3 in the coma.

2. The production rate of HCOOH from the nucleus varies between (1.1 −

4.7)× 1026 molecules s−1 for the different cometary compositions. Beyond

∼ 3000 km, this flux drops sharply due to rapid photodissociation. The

flux of HCOOH molecules created in the coma peaks around 1000 − 3000

km, acquiring a value ranging from 1020 − 1023 molecules s−1. Most of the
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HCOOH molecules originating from the nucleus are destroyed in the outer

region of the coma, yet they continue to form due to gas phase chemistry.

Thus, in a spatially resolved coma, the HCOOH molecules in the outer

coma are primarily those originating from gas-phase chemistry.

3. The flux of CH3CHO due to outgassing from the nucleus lies in the range

of 9.2× 1025− 4.7× 1026 molecules s−1 for the different comets. The coma

production rate of CH3CHO acquires a maximum value in the region of the

coma from 103− 104 km, and the values lie between 3.6× 1023− 4.1× 1024

molecules s−1. Here again, the CH3CHO abundances in C/1996 B2 and

C/2012 F6 are observational upper limits, which can be constrained by the

coma-produced fluxes shown by the solid lines.

4. C2H5OH is present as a parent molecule only in two comets, namely C/1996

B2 and C/2014 Q2, with production rates of 3.5 × 1026 and 5.0 × 1026

molecules s−1 respectively. The production rate of C2H5OH due to coma

chemistry acquires a constant value in the outer region of the coma, lying

in the range 7.1 × 1015 − 5.0 × 1018 molecules s−1. This is lower than the

nucleus outgassing rate, by many orders of magnitude. Thus, gas-phase

chemistry is not efficient in producing C2H5OH in the coma.

5. The parent molecular flux of (CH2OH)2 lies in the range of 2.0 × 1026 −

1.6 × 1027 molecules s−1 for the different comets. The production rate of

(CH2OH)2 due to chemical reactions in the coma acquires a peak value

lying in the range of 3.6× 1017− 4.7× 1019 molecules s−1. In this case too,

gas-phase chemistry does not seem to be efficient.

6. The parent molecular flux of CH2OHCHO lies in the range 6.5 × 1025 −

6.5 × 1026 molecules s−1 for the different comets. The peak value of the

production rate of CH2OHCHO forming in the gas-phase coma of C/1996

B2 and C/2014 Q2 is ∼ 1022 molecules s−1. In C/2012 F6 and C/2013

R1, the flux of CH2OHCHO due to coma chemistry is even lower, of the

order . 1012 molecules s−1 (not shown in Figure 6.1). Though gas-phase

chemistry may produce some quantities of CH2OHCHO in C/1996 B2 and
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C/2014 Q2, it is ineffective in producing observable levels of CH2OHCHO

in C/2012 F6 and C/2013 R1.

7. CH3CN is present as a parent molecule in C/1996 B2 and C/2014 Q2, with

production rates of 1.7 × 1025 and 6.1 × 1025 molecules s−1 respectively.

The production rate of CH3CN due to chemical reactions in the coma lies

in the range from 9.2× 1020 − 1.2× 1022 molecules s−1.

8. The parent molecular flux of NH2CHO lies in the range 1.9×1025−2.0×1026

molecules s−1 for the different comets. The flux of NH2CHO forming in

the coma acquires a constant value beyond ∼ 1000 km, lying in the range

∼ 5.0×1023−9.7×1025 molecules s−1. NH2CHO has a high coma formation

rate, and the abundance of the coma-produced NH2CHO in C/2012 F6 is

only slightly less than its production from the nucleus. Besides, the amount

of NH2CHO produced in the coma of comets C/2012 F6 and C/2014 Q2,

that exhibit higher activity, is nearly equal to or even exceeds the amount of

NH2CHO outgassing from the nucleus of the lower activity comet, namely

C/2013 R1.

9. The flux of HC3N outgassing from the nucleus of C/1996 B2 is 1.4 × 1026

molecules s−1, while it is 8.1×1024 molecules s−1 in the case of C/2014 Q2.

The production rate of HC3N acquires a peak value around ∼ 3000− 5000

km, lying in the range ∼ 3.5× 1022 − 5.2× 1023 molecules s−1 for different

cometary compositions. The outgassing rate of HC3N from the nucleus

of C/1996 B2 is an upper limit, which can be constrained by the coma-

produced value, as in the case of other molecules discussed previously.

6.3 Role of Gas Phase Chemistry

6.3.1 Chemical Reactions Forming Organic Species

The gas-phase reactions that lead to the formation of organic molecules and their

protonated forms can be broadly divided into four categories: (1) neutral-neutral

bimolecular reactions, (2) ion-neutral bimolecular reactions, (3) dissociative re-
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combination reactions, and (4) radiative association reactions. As seen in Section

5.4.2, the relative contribution of each of these chemical processes towards the

species formation rates generally varies with distance from the nucleus. This

is because the reaction rates are dependent on the abundances of the reacting

species, and their temperature, which vary in different regions of the coma.

6.3.1.1 Neutral-Neutral Bimolecular Reactions

A new reaction scheme for the formation of organics by the chemical activation of

ethanol was added to our gas-phase network (Skouteris et al., 2018), as discussed

in Chapter 2. The H-abstraction of ethanol can occur at three different sites,

leading to the formation of the radicals CH2CH2OH, CH3CHOH and CH3CH2O,

though CH3CH2O has not been experimentally detected (Caravan et al., 2015).

The branching ratio for the formation of CH2CH2OH and CH3CHOH due to

the H-abstraction reaction with OH shows some variation with temperature,

and a value of 0.1:0.9 is chosen. Subsequently, an O atom can get added to

these radicals, resulting in the formation of an intermediate, which can finally

result in the cleavage of the C C bond, or the elimination of an H atom or

OH radical. Glycolaldehyde forms as a result of the H-atom elimination of the

intermediate formed from CH2CH2OH, while acetic acid forms from a similar

process undergone by the intermediate resulting from CH3CHOH. The C C

bond cleavage of the CH3CHOH and O intermediate results in the creation of

formic acid, while OH-radical elimination forms acetaldehyde. Our model results

show that if ethanol is sublimating from the nucleus, i.e. it is a parent molecule,

then this reaction scheme is an efficient way of forming organic molecules in

the coma. However, it is to be noted that the input abundance of ethanol in

C/1996 B2 is the observational upper limit derived for this comet, and the actual

production rate of ethanol from the nucleus can be lower than the limit given

in Table 5.2. Hence the abundances obtained for the organics forming directly

(CH2CH2OH and CH3CHOH) or indirectly (e.g. HCOOH, CH2OHCHO) from

ethanol in C/1996 B2 are also upper limits. A similar H-abstraction reaction

undergone by methanol results in the creation of CH2OH radicals, which form

ethylene glycol in the coma. Figure 6.3 shows the number densities of the radicals
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Figure 6.3: Cometocentric distance variation of the number densities of the H-
abstracted radicals CH2CH2OH, CH3CHOH and CH2OH, and the species from
which they form namely C2H5OH and CH3OH, for the comets (a) C/1996 B2,
(b) C/2012 F6, (c) C/2013 R1, and (d) C/2014 Q2.

created due to H-abstraction reactions, and the species from which they form,

namely ethanol and methanol. The relative abundance of ethanol with respect to
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water in C/1996 B2 is nearly double that of C/2014 Q2, yet the water production

rate in C/2014 Q2 is more than double of that in C/1996 B2. This implies that

the outgassing rate of ethanol from the nucleus is higher in the case of C/2014

Q2, resulting in the coma formation rate of CH2CH2OH and CH3CHOH being

slightly more. Similarly, the relative abundance of methanol with respect to water

in C/2012 F6 is the lowest, yet it has higher activity, and thus the abundance of

CH2OH is also higher in this comet.
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Figure 6.4: Cometocentric distance variation of the number densities of neutral
radicals bearing carbon atoms, for the comets (a) C/1996 B2, (b) C/2012 F6,
(c) C/2013 R1, and (d) C/2014 Q2.

Neutral-neutral reactions also play an important role in the creation of

carbon-chain bearing organic molecules such as CH3CHO, HC3N and HC5N. The
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saturated and unsaturated hydrocarbons namely CH4, C2H6, C2H2 and C2H4 are

present as parent molecules at abundances varying roughly between 0.1 − 1%

of H2O. They photodissociate to create carbon-bearing radicals such as CH, C2,

C2H and C2H5. These radicals react with one another and with other neutral

species to create carbon-chain radicals such as C4H2 (formed from C2H reacting

with C2H2) and C3N (formed from C2 reacting with HCN and HNC), to name a

few. All of these radicals contribute to the formation of carbon-chain organics,

and the number densities of these carbon-bearing radicals are shown in Figure

6.4. The number densities of the radicals bearing two or more carbon atoms are

higher in C/1996 B2, since the relative abundance of C2H2 (from which they are

created) is higher in C/1996 B2 than that in the other comets, by atleast a factor

of five.

6.3.1.2 Ion-Neutral, Proton Transfer and Radiative Association Re-

actions

Ion-neutral reactions lead to the formation of both neutral organic molecules

and their protonated forms. Proton transfer reactions are a special class of

ion-neutral reactions, between an H+-bearing cation (protonated species) and a

neutral molecule. The protonated organic species themselves form by (1) radia-

tive association reactions of ion and neutral species, (2) proton transfer reactions

between H+-bearing cations and neutral molecules having higher proton affinity,

and (3) methyl cation transfer reactions.

In general, the ion that participates in a radiative association reaction

is itself formed by the protonation of a neutral molecule, and thus carries an

extra H+ cation. For example, in the case of the formation of HCOOH +
2 by the

association of H2O and HCO+, the HCO+ ions are formed by the protonation

of CO. Thus, an H+-bearing species or protonated species combines radiatively

with a neutral molecule, and the result is the formation of a heavier H+-bearing

ion. In the formation of HCOOH +
2 and C2H5OH +

2 ions, radiative association

is the predominant formation pathway, with minor contributions from proton

transfer reactions. The Arrhenius coefficients α for the proton transfer reactions

are generally higher than those of radiative association reaction. However, the
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neutral molecules that participate in radiative association are generally parent

species, namely H2O and C2H4, and thus they have high abundance.

If a protonated species forms by a methyl cation transfer reaction, then

this mechanism will have a larger contribution than radiative association, in

most regions of the coma. This can be seen in the formation of CH3CNH+ and

CH3OCH +
4 . Similar to the case of the proton transfer reactions, the Arrhenius

coefficients α are also higher for methyl cation transfer as compared to radiative

association. In addition, the neutral molecules that participate in the methyl

cation transfer reactions, namely HCN and CH3OH are also parent species. This

establishes that not only the rate coefficients, but also the availability of reacting

species play a key role in determining the relative contribution of a reaction

towards species formation.

6.3.1.3 Dissociative Recombination Reactions

The dissociative recombination of protonated organic species result in the for-

mation of the corresponding neutral molecules. These reactions are generally

dependent on temperature and may proceed via multiple branches, such as

C2H5OH +
2 dissociating to form both C2H5OH and CH3CHO. A neutral organic

molecule can form due to dissociative recombination of other ions as well, apart

from its protonated form. For example, CH3CHO forms by the dissociative re-

combination of its protonated form CH3CHOH+, as well as by similar reactions

undergone by C2H5OH+ and C2H5OH +
2 ions. In some cases, dissociative recom-

bination is the only mechanism by which organic molecules are created in the

coma. This may be either due to low abundance of other reacting species, as

in the case of the formation of HCOOCH3, or the absence of other formation

pathways, similar to the case of CH3OCH3 formation. The contribution of dis-

sociative recombination reactions towards organic formation is less in the inner

regions of the coma, but increases on moving outwards, due to increasing flux of

photoelectrons.
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6.3.2 Effect of Temperature on Reaction Rates

The parameters α, β and γ are required to calculate the rate coefficients of

the temperature-dependent reactions. In the Arrhenius formula for calculating

rate coefficients, the values of α for the dissociative recombination reactions are

generally larger than those for the proton transfer reactions by 2 to 4 orders of

magnitude, while β ∼ −0.5 and γ = 0 in general. As previously discussed, the

different fluids considered in the coma model have separate temperatures, and

in any region of the coma, the temperature-dependent collisional reactions occur

at an effective temperature Teff (Flower et al., 1985), such that

Teff =
mkTl +mlTk
ml +mk

. (6.1)

In the above equation, Tl and Tk are the respective fluid temperatures to which

the reacting species having masses ml and mk belong. The reactions having elec-

trons as one of the reactants have Teff ≈ Te, since the mass of the electron is much

less than the mass of the other reacting species. The temperature dependence of

the reactions can cause a change in the reaction rate coefficients by 1 to 2 orders

of magnitude in the different regions of the coma.

In general, the dissociative recombination reactions would proceed at a

faster rate as compared to the proton transfer reactions, under the temperature

conditions of the coma. However, it is seen that if both these types of reactions

contribute to the formation of a neutral species, then the higher contribution in

the inner regions of the coma is from the proton transfer reactions, while the

recombination reactions become relatively more dominant on moving outwards.

This is because the percentage contribution of each reaction towards the forma-

tion of a molecule depends on the rate constants and temperature, and also on

the availaibility of the reacting species. The flux of photoelectrons required for

ions to undergo recombination is low in the inner regions of the coma, within a

few hundred kilometers from the nucleus, and this results in lower relative rates

of these reactions. As the distance from the nucleus increases, the increasing

electron flux results in an increase in the relative reaction rate of the dissociative

recombination reactions.
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6.4 Summary

A comparison is made of the abundances of organic species forming in the coma of

the comets C/1996 B2 (Hyakutake), C/2012 F6 (Lemmon), C/2013 R1 (Lovejoy)

and C/2014 Q2 (Lovejoy). The highlights are as follows:

1. It is found that HCOOH, HCOOCH3, CH3CHO, CH3CN, HC3N, and

NH2CHO can have increased production rates due to incorporation of new

pathways which can account atleast partially towards their total production

rate. However, C2H5OH, (CH2OH)2, CH2OHCHO and glycine formation is

inefficient, and may be exclusively dependent on the surface chemistry.

2. Neutral-neutral synthesis of organic molecules from the radicals

CH2CH2OH and CH3CHOH, created due to H-abstraction of ethanol, is an

efficient gas-phase formation mechanism of organic molecules, if ethanol is

present as a parent molecule.

3. Proton transfer and dissociative recombination reactions undergone by the

protonated organics are important mechanisms for the formation of neu-

tral organic molecules. Some neutral-neutral reactions involving radicals

created due to photodissociation of parent species also have a significant

contribution, particularly in the formation of carbon-chain organics.

4. The protonated species themselves form by radiative association of an ion

and a neutral species, methyl cation transfer reaction of CH3OH +
2 with a

neutral molecule, or by other ion-neutral bimolecular reactions. In some

cases, an organic molecule forming from its protonated version, undergoes

proton transfer with ions such as H3O
+ and HCO+ to get cycled back into

its protonated form.

5. The net rates of formation of organic molecules, and their abundances

are dependent on a host of factors. This includes the temperature of the

reacting species, the relative abundances of the reactants, and also the

initial cometary composition.



Chapter 7

Conclusions, Implications and

Future Work

7.1 Conclusions

One of the fundamental questions of planetary sciences is to understand the pri-

mordial composition and the evolution of planetary systems like ours. In various

phases of the evolution of planetary systems, starting from the gravitational col-

lapse of interstellar material, simple through complex molecules are created in

abundance. Thus, an increase in molecular complexity is a part of this grand

journey that results in an evolved system like our Solar System. Comets are made

up of the leftover volatile material that are the relics of the protoplanetary disk

that formed the Solar System. The frozen volatile ices in the cometary interiors

can represent the oldest and largely unprocessed material in the Solar System.

This make comets the best candidates to study the early formation history of the

Solar System. Although measurements of the D/H ratio indicate that comets

contributed to a relatively small fraction of the terrestrial water, yet they prob-

ably delivered organics and prebiotic material to the planet by impact processes

(Chyba et al., 1990; Ehrenfreund et al., 2002; Rubin et al., 2019). Organics are

the seeds for creating molecules of biological interest, and investigations of their

formation in comets provide clues in understanding the prebiotic chemistry.

Most of our knowledge about comets comes indirectly by studying the

167
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cometary atmosphere, the coma. An understanding of the physical and chemical

properties of the coma can be achieved with the help of modeling studies. In

this thesis, a combined chemical and hydrodynamical model for the gas phase

cometary atmosphere has been built, which is employed for modeling studies

of the comae of the interstellar comet 2I/Borisov, a Halley-type comet, C/1996

B2 (Hyakutake), C/2012 F6 (Lemmon), C/2013 R1 (Lovejoy) and C/2014 Q2

(Lovejoy).

The modeling results of Chapter 4 show that in the coma of 2I/Borisov,

the electron temperature decouples from the neutral fluid temperature at a

smaller cometocentric distance as compared to a typical Solar System comet of

the Halley-type composition. The presence of a large amount of CO reduces the

overall efficiency of inelastic collisions of electrons with the neutral fluid, which

is what causes the decoupling of the electron temperature sooner in 2I/Borisov.

At large cometocentric distances, the rate of cooling of the electron fluid due to

electron-CO inelastic collisions is equal to, or even higher than the electron-H2O

inelastic collisions. The high CO abundance results in larger abundances of CO+

and HCO+ ions in the coma. The presence of these two ions in large quantities

affect the formation and destruction rates of H2O
+, H3O

+, N-bearing ions and or-

ganic ions. It is predicted that many of the organic species abundances is higher

in a 2I-type comet as opposed to a Halley-type comet. This is because a high

abundance of HCO+ ions (due to high CO abundance) results in the creation

of larger quantities of CH3OH +
2 , which is the starting point for creating other

organic ions and neutral species. Thus it can be concluded that the high CO

abundance in 2I/Borisov has significant bearing in affecting both the physical

and the chemical properties of the coma.

From the modeling results on the gas phase formation of organics in the

comets C/1996 B2, C/2012 F6, C/2013 R1 and C/2014 Q2, as discussed in

Chapter 5, it is predicted that proton transfer reactions lead to the formation

of neutral organic species such as HCOOH, CH3CHO and C2H5OH. Neutral

organics are also created by the dissociative recombination of their protonated

forms, though these reactions are generally important at large cometocentric

distances, where the electron temperatures and flux of photoelectrons is higher.
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CH2CH2OH and CH3CHOH radicals created by the H-abstraction of ethanol have

high abundance when ethanol is present as a parent molecule, and reactions of

these two radicals with atomic oxygen are efficient mechanisms for the formation

of neutral organics. Neutral-neutral reactions involving carbon chain radicals

also form organics in the coma.

The comparative study of the organic abundances due to gas-phase chem-

istry, as opposed to their abundances due to outgassing from the nucleus is done

in Chapter 6. It is seen from the neutral organic abundances in the coma of

the comets C/1996 B2, C/2012 F6, C/2013 R1 and C/2014 Q2 that some of the

organic molecules that originate from the nucleus, can also form efficiently in

the coma. These molecules are HCOOH, HCOOCH3, CH3CHO, CH3CN, HC3N

and NH2CHO, and their formation in the gas phase can partially account for the

total cometary production rate. Other molecules such as C2H5OH, (CH2OH)2,

CH2OHCHO and glycine do not form efficiently, due to lack of sufficient gas

phase formation pathways. The observational upper limits on the abundances of

some of the organic species can be constrained by the gas phase chemistry.

7.2 Implications

Numerical simulations by Levison et al. (2010) imply that a considerable fraction

of Oort cloud comets are from the protoplanetary disks of other stars. The

properties of such objects that would set them apart from Solar System comets

are unclear. The orbit of comet 2I/Borisov causes it to be conclusively identified

as originating from outside the Solar System. 2I/Borisov exhibits properties that

are similar to Solar System comets such as similar abundances of HCN and the

depletion of carbon-chain radicals, though the two major characteristics that set

it apart are the high CO/H2O ratio and the high elemental abundance of carbon

with respect to oxygen (Bodewits et al., 2020). The study of this comet paves

the way for the identification and investigation of Oort cloud comets that may

have had origins outside the Solar System.

The volatile composition of 2I/Borisov also provides some insight into the

prevailing conditions of its host system. The host system may have been chemi-
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cally different from the Solar System in order for the comet to have such a large

CO abundance relative to H2O. Besides, the comet must have formed outside

the CO snowline in order to preserve the large CO/H2O ratio. The detection

of HCN and CO indicates that simple C, N, and O bearing molecular ices were

in abundance in the formation environment of comet 2I/Borisov. Studies are

already underway to correlate the compositions of Solar System comets to pro-

toplanetary disks (Drozdovskaya et al., 2019; Eistrup et al., 2019), which will aid

in discerning the primordial disk composition. The volatile composition of comet

2I/Borisov and its high CO/H2O ratio as compared to Solar System comets pro-

vides insights into the prevailing conditions of its host system. 2I/Borisov was

faint and not many volatiles could be detected, though a comparative study of

the interstellar comet with Solar System comets will aid in making a chemical

inventory of 2I/Borisov’s natal disk, including possible organics that could be

present.

The elemental budget of organic molecules consists mostly of carbon, hy-

drogen, oxygen and nitrogen, with small quantities of heavy elements like phos-

phorus and sulfur. These elements are found in abundance in astrochemical

regions in general, and cometary environments in particular. This raises the

question of how organic chemistry works in these environments and what are

the molecular abundances we can expect to find. Answering these questions will

prove vital in understanding the evolutionary history of the Solar System, and

the exogenous delivery of organics to terrestrial planets.

Many of the organic molecules that have been detected in comets have also

been found in the interstellar medium, particularly in hot cores close to massive

young stars. A comparison of the range of abundances of organic molecules in

comets, with the abundances in low and high mass protostars, reveals similarities

(Biver et al., 2015; Biver & Bockelée-Morvan, 2019). Various reaction pathways

have been suggested to explain organic formation in the interstellar medium

(Herbst & Garrod, 2022). Most of these studies propose the formation of organics

on cold grain surfaces by the addition of hydrogen, and subsequent addition of

other atoms and radicals. However, there are an increasing number of studies

that demonstrate the importance of gas-phase chemical reactions towards the
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formation of organic molecules (Vasyunin & Herbst, 2013; Balucani et al., 2015;

Vasyunin et al., 2017; Skouteris et al., 2018). New experimental results show that

many reactions that were previously considered to be unimportant because of the

presence of energy barriers, are actually quite promising. The requirement of the

rate coefficients for more number of chemical reactions to explain the formation of

organics in cometary environments provides an incentive to undertake theoretical

and experimental studies to expand the gas-phase networks. Laboratory studies

and rate measurements of additional organic forming reactions will aid in further

understanding the chemistry of organic species, including molecules of increasing

complexity. Modeling studies of cometary organics can also be used to prepare

a template for future in situ measurements.

7.3 Future Work

The chemical-hydrodynamical model that has been built as part of this thesis

work can potentially be used to undertake further studies of the cometary at-

mosphere. Below are listed some of the projects that will be undertaken in the

imminent future.

1. A particularly unique comet is the Solar System comet C/2016 R2

(PanSTARRS) that is highly CO dominant, with a CO abundance that

is nearly four orders of magnitude higher than H2O (Wierzchos & Wom-

ack, 2018; McKay et al., 2019). The N2/CO ratio in this comet is also

one of the highest reported amongst cometary values (Cochran & McKay,

2018). These compositional peculiarities can have considerable bearing on

the physico-chemical properties of the coma, including organic abundances.

In the modeling studies for 2I/Borisov undertaken in this thesis, a higher

abundance of several organic ions and neutrals has been predicted when

the CO/H2O ratio is ∼ 1, as opposed to a water-dominated coma. The

effect on organic abundances when the CO enrichment is four orders of

magnitude higher than H2O will be investigated for C/2016 R2, alongwith

other coma properties such as energy exchange rates between fluids.
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2. The comet C/1995 O1 (Hale-Bopp) was an extremely bright comet, that

showed unprecedented levels of activity. A host of organic molecules were

detected in this comet, and upper limits were obtained on several others

(Bockelée-Morvan et al., 2000; Crovisier et al., 2004). The high activity

of this comet can enhance the coma formation rates of organic molecules,

which will be investigated through modeling studies. One of the limita-

tions of the model that has been constructed is that it does not consider

the spatial distribution of extended sources in the coma, which may lead

to an underestimation of species fluxes. However, this can be overcome

by modeling the extended sources, following Cordiner & Charnley (2021).

Another limitation is that extremely high production rates result in high

densities, which may pose computational challenges when using an exten-

sive chemical network like the one that is employed in this thesis.

3. It is seen that carbon chain radicals such as C2, C2H, C2H5, C4H2 and

C3N have the capability to increase the molecular complexity of the coma

by forming organic molecules such as CH3CN, HC3N and HC5N. CxHx

species and other carbon chain radicals have been detected by the mass

spectrometers onboard Rosetta (Altwegg et al., 2017; Schuhmann et al.,

2019). The coma model will be used to make an in-depth study of the

formation and destruction mechanisms of these radicals.

4. Multiwavelength observations allow us to constrain the column densities

of molecules and lead to better constraints on the coma processes. In the

coma models, these coma processes are modeled numerically and species

column densities can be calculated, which can then be used to generate

synthetic spectra. A comparison of the synthetic spectra with observed

spectra will allow us to find the major processes present in the coma and

constrain the composition of the coma.



Appendix A

Major Organic Formation

Reactions

The major gas-phase chemical reactions for the formation of organic molecules,

that are used in the chemical network, are listed here. Formula 1 indicates that

the reaction rates need to be calculated using Equation 2.27. Formula 2 indicates

that Equations 2.32 or 2.33 need to be used, depending on the temperature.
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