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Abstract

The thesis “Carbon, oxygen, and hydrogen isotope fractionation in molecular clouds”
is submitted in 2013 to the University of Manchester, by Marion Mathelié-Guinlet
for the degree of master of science.

Comparison between observations and astrochemical models allows us to deter-
mine more precisely the physics and chemistry of an astronomical environment. One
needs chemical tools to predict different parameters among which, the age and the
underlying isotope ratios, to help observers focus on what should be the keys to
deeply study this environment.

This thesis tries to figure out these chemical tools on large scale. It presents the

upgrade of a chemical network, which includes the main isotopes of carbon (*2C,
13C), oxygen ('°0, 0O) and hydrogen (H, D).

The abundance ratios CS/SO and NH3/SO appear to be good chemical clocks for
early times (t < 10° years) whereas those of NH3/HCN (NH3/HNC) and NH3 /HCO™
work well for later ages, as their temporal variations are sudden and strong over a
defined period of time and for all densities between 10® and 107 cm~3. Once dating
the environment, other ratios are interesting to determine the carbon underlying
ratioo. HNC/HN3C, HCO'/H3CO™ and CHT/13CH™. These tools have been ap-
plied to study a particular interstellar cloud : the cyanopolyyne peak of the Taurus
Molecular Cloud TMC-1 is found to be around 2 x 10° years, has a density of 2 x
10* cm =3 and a carbon underlying ratio of 75.

Furthermore, the upgraded network is used to predict temporal and density
variations over time of the isotopologues of HNCO, which is thought to trace either
dense, far infrared or shocked regions. These strong temporal and density variations
are compared with some basic molecules containing the main elements, such as

HCO™.
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Chapter 1

Introduction

1.1 General introduction

Astrochemistry overlaps several disciplines, mainly astronomy and physical chem-
istry. It studies the molecular composition of interstellar medium, planetary atmo-
spheres and the evolution of matter in these environments. It has been an active
field of research since the discovery in 1940 of some interstellar lines like CH, CH™

and CN (]27]).

Observations of molecules enable us to constrain physical and chemical properties

of media where they are found. Observational analysis is made in two ways :

e Studying spectra of rotational transitions observed in emission by telescopes

sensitive to millimetre wavelengths,

e Studying spectra of vibrational transitions observed in absorption by tele-

scopes sensitive to infrared wavelengths.

In addition to allow detection and identification of molecules, these spectra en-

able us to infer molecular abundances, densities and temperatures of astronomical

18



CHAPTER 1. INTRODUCTION 19

objects where molecules are found.

Because of the lack of spatial resolution, it is necessary to model molecular abun-
dances in different astronomical objects. To do this, some astrochemical models are
released which give the chemical network (all chemical reactions occurring) involved
in a specific medium, and the rate of each chemical reaction. They allow astro-
physicists to predict molecular abundances over time according to different physical
parameters. The success of such a model is seen while comparing its results to the
observed ones. Nowadays, there is no chemical model that can predict accurately
all molecular abundances (only for some major elements). That is why, major chal-
lenges for astrochemistry are identifying sources of uncertainties in both observations

and calculations, and determining key reactions that could explain everything.

1.2 The Interstellar Medium (ISM)

The role of astrochemistry is to detect and identify molecules in galaxies, stars and
every other astronomical object. Between these objects the space is far from being
empty : an interstellar medium (ISM) exists which consists of gas and solid matter.
This diffuse medium plays a fundamental role in the evolution of matter. Stars are
born there and when they die, they eject there some of the heavy elements produced
by thermonuclear reactions. Thus, the ISM evolution is strongly related to stellar
evolution. In a galaxy like the Milky Way, typically, one per cent of the ISM mass is
formed by dust grains. This tiny part is responsible for lots of chemical and physical

processes and for the extinction of stellar radiation.
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1.2.1 Structure of the ISM

The ISM presents a wide range of physical conditions, originated from interactions
with stellar or cosmic ray radiations and collisions. Therefore, it can be divided into
sub-regions (|17]) according to the temperature T, molecular density n and state of

hydrogen (the most abundant element in ISM) :

e HII regions. These ionised regions are hot and present a wide range of
density. Traditional HII regions exhibit a temperature of about 10* K and can
be dense, from 107! to 10* em™3. The coronal gas is warmer, T = 10° K - 10°

K, and tenuous, n — 0.003 cm 3.

e HI regions. These neutral regions are much less dense than traditional HII
regions. According to temperature, there are divided in cool and warm sub-
regions. Cool clouds are quite cold (T = 80 K) whereas warm gas is hot (T =
6000 K) but they are both tenuous (respectively n = 1 cm™ and n = 0.05 - 2

cm ™).

e H, regions. These molecular regions are cold. They are distinguished ac-
cording to their density. Diffuse clouds (T = 40 - 80 K) are less dense (n =

100 em™3) than dense clouds (T = 10 - 50 K and n — 10* - 10° cm™3).

Nowadays, about 150 species have been identified and H, N, C, O are the most
abundant elements in these species. To understand how they are formed and de-

stroyed, the chemistry of ISM has to be investigated.
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1.2.2 The chemistry of the ISM

1.2.2.1 Rate of chemical reactions

Considering the low densities (compared with those on Earth), only two kind of

processes can occur in the ISM :

e unimolecular reactions : a molecule reacts with a photon or a cosmic ray

particle.

e bimolecular reactions : A + B L\Ye + D

The rate at which the abundance of species A changes is given by :

dn(A)
dt

— k x n(A) x n(B) = —d”;? (1.1)

r =

where k is the rate constant and n(X) is the abundance of molecule X.

This equation can be generalised to any process (unimolecular or bimolecular)
which involves formation and destruction of molecule A. The change in abundance

of species i is :

r= [Z kin(j) + Z kjen(j)n(k)] — n(i)[z ki + Z kijn (7)) (1.2)

where the first two sums correspond to the formation of species i and the second

ones to its destruction.

Generally speaking, the rate constant depends on the temperature, following the

Arrhenius equation :

k(T) = Aexp (%ﬁ) (1.3)
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where A is a constant, E, the activation energy, T the temperature and R the gas
constant.

However, in clouds, collisions between particles need to be added to the model,

changing this temperature dependence ([26]) to :

k(T) = a (%)Bexp (%) (1.4)

where o, # and ~ are fitted experimental parameters.

1.2.2.2 Chemical reactions in the ISM

When two molecules collide in the gas phase of the ISM new species are formed.
Depending on the nature of the reactants, chemical processes split in different cat-

egories. Table 1.1 sums up gas-phase reactions.

Type Rate constant k Example
Neutral - neutral Eq (1.4) A+B—-C+D
4 x 107" ¢m3 s7!
Ion - molecular Eq (1.4) AB + Ct — BCt + A
2 x 107 em® 71
Photoreactions k(T) = aexp(—vA,) |26] AB+hvr—-A+B
1079 571 A+hy— AT +e
Cosmic ray ionisation k(T) = « [26] A+cr—AT +e +er
Recombination Eq (1.4) AT + e - A+ hy
1077 em? 7! ABt +e" - A+ B
Charge transfer Eq (1.4) AB + CT - AB* + C
1079 ¢cm? s7!
Radiative association Eq (1.4) A+B— AB + hr
reaction specific

Table 1.1: Types of gas phase reactions ([17]).

However, gas-phase chemistry is not sufficient to explain observed abundances of
many species in the ISM. One of the most striking examples is molecular hydrogen.

It requires not only two atomic hydrogens but also a third body to be formed :
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H + H — H,. Dust grains provide a surface where many processes can occur even

if their probabilities are not completely known yet ([17]):

e Accretion : at temperature of a molecular cloud (=~ 10 K), the probability
for a species to remain bound to the surface is close to 1 except for atomic H

(the probability is lower and decreases when temperature gets higher).

e Desorption : when grains receive energy from thermal fluctuations (absorp-
tion of UV photons, heat of reactions ...), radiations or chemical reactions,

the release of a species can occur in the gas phase.

e Contact between two species. Either mobile species move across dust
surface to react with stationary species,or accreted species bond directly to
stationary ones. The first process is known as the Langmuir Hinshelwood

mechanism and the second as the Eley Rideal mechanism.

1.2.3 Molecular excitation and radiative transfer equation

1.2.3.1 Molecular excitation

Consider a system of two levels u and 1, with E, > E; and populated respectively

by n, and n;. The equilibrium state gives :

dn,,
dt

- nl(Bluj + Clu) - nu(Aul + Bul7 + Cul) =0 (15)

where :

e B, and B,; are Einstein coefficients : they represent the rate coefficients for

respectively stimulated absorption and stimulated emission,

e A, is another Einstein coefficient : it is the rate coefficient for spontaneous

decay,
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e ¢, and ¢y, are the rate coefficients for respectively collisional de-excitation and

excitation,

e J is the mean intensity of the radiation field, defined by

— 1
=1 / / 1,3, d0dv. (1.6)

where @, is the line profile and I, is the specific intensity :

dE

v = GiaAdvaa (1.7)

If the level populations are Boltzmann distributed, then an excitation tempera-

ture T,; can be defined :

Ty Ju hVul
— ==—exp| — 1.8
moq P ( kTul) (18)

where g, and g; are the level statistical weights, v, the frequency of the downward

transition and k the Boltzmann constant.

If collisional processes are dominant, then the excitation temperature is the ki-
netic temperature of the gas. Thus, it is equal for each transition. On the other
hand, if radiative processes are dominant, then the excitation temperature tends to

be the temperature of the blackbody radiation :

_ 2h(v)? 1
T ()1 ()

I, =B,

C

The critical density is defined as the Hy density at which collisional processes

equal radiative ones :

Aui
e 1.10
T, Cul ( )
where Cy; = =4 is the coefficient for downward collisions.

TLH2
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1.2.3.2 Radiative transfer

When radiation propagates through the interstellar medium, it can interact with
matter which can either absorb or emit radiation. Therefore, the intensity (defined
in equation 1.7) will change with distance. This is known as the radiative transfer

equation :
dl,
ds

= —r, 1, + 7,. (1.11)
where s is the distance, x, the absorption coefficient and j, the emission coefficient.

At this point, it is usual to introduce the optical depth 7,, defined as :

T, :/Huds. (1.12)

The absorption coefficient can be expressed in terms of the Einstein B coefficients,
previously defined (see equation 1.5). Thus, the optical depth of an upper lower

transition can be defined as :

2
T, = — AuN, (exp (h”“l) - 1) O(v). (1.13)

where N, = fnuds is the column density of the upper level. The temperature

is assumed not to depend on the distance s.

Then assuming a Boltzmann distribution of populations, the total column density

N of molecules, applying only in LTE conditions, is given by :

N=> N = No exp (%) Q(T). (1.14)

where the subscript 0 refers to the ground state. Q(T) is the partition function
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which depends only on the molecule constants and temperature :

Q(T) =) giexp (;—g) (1.15)

1.3 Astrochemical models

The purpose of astrochemical models is to reproduce the observed abundances for
all species detected in the ISM. The most simple models consider only gas-phase
chemistry, except for the formation of Hy which occurs on dust grains. Such models
require the knowledge of physical and chemical conditions. As a consequence, a
specific model assumes values for the gas temperature T, the gas density n, the
ionisation rate (, the visual extinction A, and the initial abundances of each and
every species. In addition, a model provides the chemical network along with the

rate constant of each reaction of this network.

It is obvious that all these parameters are not accurately known. Thus, to
run an astrochemical model, some assumptions are made, notably for reaction rate
and chemical network. Indeed, for some reactions the rate coefficient is only known
theoretically whereas for others, many experimental results are available. The choice
of Q has to be made on whether to take experimental or theoretical rates. Moreover,
in order to simplify the model, some reactions are neglected because it is thought

that they won’t participate much in the chemistry of a specific astronomical object.

When the model is run, it solves a system of Ordinary Differential Equations
(ODEs). We assume that the studied molecular cloud reaches a state of equilibrium,
implying that the abundance of each species does not vary much in time. This

approximation is known as the steady state approximation and equation 1.2 gives :

D (S kn(G) + 3 kanGn)] @S ks + Y k(=0 (116)
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For each species, i, such equations can be written. Considering the whole chem-
ical network, these ODEs are coupled in a way that only computer power can solve
the problem. Finally, when the program is run, it provides an output concerning
the time dependence of species abundances (it is implicit thereafter that the abun-
dance is relative to Hy). Then, these results are compared with observations. Some
parameters are experimentally fitted to match the latter and so on ... to obtain a
model that can predict observations with great accuracy. However, it is important
not to forget the grain chemistry as it might be the point explaining all failures until

now in running models.

1.4 Chemical fractionation

1.4.1 Deuterium fractionation

Since many deuterated species (HD, HoD™, DCN, N,D™ .. .) have now been observed
in the ISM, deuterium chemistry is widely discussed and attention has been paid to
its isotopic fractionation. The elemental D to H ratio is thought to be approximately
107° (]33], [30], [20]). One could say that the abundance ratio between deuterated
and normal species should reflect this underlying ratio. However, it is far from
being true. There are some discrepancies in the deuterium to hydrogen ratio itself,

implying that chemical and/or physical processes affect deuterium abundance :

Radiation pressure mechanisms;

Shielding of Hy from photodissociation;

Chemical fractionation;

Collisions with hydrogen or other species.
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Figure 1.1 shows the inhomogeneous distribution of the D to H ratio. In 1981,
only a small sample was available, of nearby stars and in front of more distant early
type stars ([2]). More recently, Linsky et al, based on spectra of the FUSE mission,
reported the same inhomogeneity in the D to H ratio for many lines of sight towards
the Milky Way and beyond. They stated that three different behaviour occur de-
pending on the total column density of neutral hydrogen. They also developped a
model where they correlated the (D/H) variations with the depletion of deuterium
onto dust grains which leads to lower ratios in the gas phase. Similarly, the low

values of (D/H),qs seem to correlate well with the depletion of iron and silicon.

4 number .
of lines of sight

[T

o nsT
A IMAPS
14 O FUsE
0 : i ; A
AL 18 19 20 21
0 3 x10-5 Log N(H I)

(a) Histogram of the D/H ratios ([2]). (b) Plot of the D/H ratios against the hy-
drogen column density ([20]).

Figure 1.1: The inhomogeneous distribution of the deuterium to hydrogen ratio.

Roberts et al even predicted that in dense and highly depleted regions, the
atomic ratio [D]/[H] could be greater than 0.3, due to the high deuterium fractiona-
tion occurring when species like HDJ and D3 are included in models. Though, they
predicted a limit on the deuterium enrichment : 0.25 - 0.4 for singly deuterated
moleculesm for highly depleted regions, which is not always confirmed by observa-

tions (|36]).

Deuterium enhancement depends significantly on temperature and ionization
rate. Basically, deuterium can be fractionated into different species via three ions,
H,D*, CH,D* and CoHD™. At low temperatures, the most prevalent deuterium

fractionation reaction is :
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Hi + HD % H,D* + H,

The reverse reaction has an energy barrier of 270 K. At small temperatures, HoD™
persists and drives the gas deuteration whereas at higher temperatures, the reverse
reaction occurs and destroys HoDt. However, deuteration still persists since other

reactions like

CHS + HD — CHyD' + Hy + AE = 370 K

CoHf + HD — CoHD* + Hy + AE = 550 K

produce enough CH,D™ and CoHD™ to maintain an enhancement in deuterated
species. As temperature increases, fractionation due to reaction involving HoD*
falls while that caused by CHyD" and CoHD™ rises ([29], [23]). This temperature

dependence partly explains the difference in observed deuterated species ratios.

Millar, Bennett and Herbst performed an extensive model including deuterium
(|29]). They emphasized another important aspect that the abundance of deuter-
ated species strongly depends on time. Most of the calculations use steady state
conditions (t = 10® years) whereas it has been proved that observations are best
fitted with early time conditions (t < 3.10° years). A striking example is that of the
ratio between DCO*' and HCO™ that is predicted to be one third of the one between
HoD' and H3 ([29]). This holds whatever the time is, at 10 K, but fails in early
times when the temperature increases(see figure 1.2). Actually, at early times, the
abundances of many complex molecules reach a maximum, then they decrease and
remain constant at steady state. The large ratio for DCO™ can be explained by the

following reaction involving an hydrocarbon which follows the previous criterion :

CH4D+ 4+ CO — DCO™ -+ CH4
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Figure 1.2: Time dependence of the ratio, R, between deuterated and normal
isotope species for HCO™ and H3 (|29]).

Deuterated and multi-deuterated species have been observed in a lot of different
environments and are quite well studied in astrochemical models. Table 1.2 presents

some of the most studied molecules with their ratio with respect to the hydrogen-

bearing species.

Object Temperature %Eggﬂ ggg ggg ggiﬁ
TMC 1 10 0.015 [11] 0.023 [55] 0.015 [11] 0.015 [45]
Orion 70 0.002 [34] 0.006 [55] 0.01 [1]

TW Hydrae 0.017 [32] 0.017 [32]

Table 1.2: Ratios of some deuterated species in different environments.

The chemical fractionation effects for isotopes of C and O are also significant
even though they are much smaller than for H. Besides, even though many 3C and
180 bearing molecules have been detected, much less attention has been paid for

their study.
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1.4.2 Carbon isotope fractionation

The 3C/'2C ratio is of great importance for the determination of nuclear processing
products in the ISM. Observations of many species involving carbon, mainly carbon
monoxide CO, has helped its study. It was found that this ratio is greater than the
terrestrial one, which is 1/90. Depending on where observations are made, it lies in
a quite wide range, between 1/90 and 1/40. Chemical fractionation might explain

this anomaly.

The most important fractionation reaction for carbon is an isotopic exchange

reaction (|51]) :

BC+ 4 1200 B 1800 + 20t - AE

where k = 2.107"° ¢cm® s™! and the energy barrier is 52 = 35 K.

This small energy difference makes the forward reaction more efficient at low
temperatures. Thus 3C shifts into 13CO, decreasing the abundance ratio of 12CO to
13CO, while the one of 2CT to 13C™T increases. The reverse reaction, more probable
at higher temperatures, has a rate coefficient of k, = k x exp(—35/T'). Few years
after Watson et al., Smith and Adams performed a more detailed study (between

80 and 500 K) on the strong temperature dependence of these two rate coefficients

(142]).

Langer et al were the first to perform numerical calculations with a time-dependent
chemistry model including isotopes ([19]). They were able to distinguish three groups
in the behaviour of carbon isotope ratios : CO, HCO™ and the “carbon isotope pool”
with the remaining carbon-bearing species (CS, H,CO, HCN ...). Ratios of such

species can be bracketed by :

1200 120y H%QCO 1209
< 1¢ < (ffseo) mos )
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The ratio concerning HCO™ is not correlated to the other ones since this molecule
can be produced both from CO and species from the “pool”. Thus, it is a mix between

the two other groups.

The enhancement in *CO/?CO varies with physical conditions. It strongly
depends on the position in the cloud. For instance, in outer parts of dark clouds,
13CO abundance is higher by a factor 3-7 than in central positions ([18]). Also, even
fractionation of CO occurs over a large range of densities and temperatures, it is
higher for low densities, low temperatures and high metal abundance (see figure 1.3).
Indeed, in these conditions, fractionation of CO is larger because the electron fraction

is larger, allowing fractionation to compete with usual CO production pathways

([19])-

Isotope fractionation for all the other species, through isotopic exchange, seems
unimportant since it produces chemically distinct species from reactants. In this case
the abundance of 12C is enhanced whatever conditions are. The only exception could
be HCO™. Indeed, as it could be produced both from CO and other carbon species,
both twelve and thirteen carbon abundances can be enhanced. With increasing
temperature, isotopic fractionation for these species decreases. Thus, the highest
isotopic carbon ratios are reached for the lowest temperatures and for quite low

densities (10 - 10* cm™3) ([19])(see figure 1.3).
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Figure 1.3: Tsotopic ratios as a function of temperature and density ([19]).
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In addition, all these isotopic ratios depend significantly on time. Up to t ~ 10°
years, ratios show strong variations (see figure 1.4) due to all the reactions involving
the key species of carbon isotope fractionation, such as C*™ and CO. After this time,

steady state is established and ratios remain barely constant (|19]).

12g+ 13+ ISOTOPE RATIOS

50 55 60 65 7.0 7.5 80
LOG TIME, YR

388888

ISOTOPE RATIO

Figure 1.4: Isotopic ratio *C* /13 CT as a function of metal abundance and time

([19])-

Table 1.3 presents some of the most studied carbon isotopic bearing molecules.

Object ig Ezgi:g} 1288 %igg} Eﬁggﬂ Reference
Terrestrial 90
Dark cloud 80-90  50-80 18]
Diffuse cloud 15-170 [21]
Protoplanetary disks | 45-110 25-77  60-100 [54]
Galactic centre 25 24.5 22.5 23.5 [19]
Galactic ring 100 81 62 [19]

Table 1.3: Ratios of some carbon isotopologues in different environments.
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1.4.3 Oxygen isotope fractionation

Oxygen isotope transfer ([19]) is accomplished by, for example,

HCY'O* + C¥0 — HC®OT + C%0 + AE

where -AE = 1.2 meV (14 K).

In opposition to carbon isotope fractionation, that of oxygen is not significant
at any physical conditions because only few reactions can produce efficiently atomic
isotope oxygen. Because of small rate coefficients and activation energy barriers,
those reactions are unlikely to lead to oxygen fractionation. The only exception is
HCO™ where 80 can be enhanced at very low temperatures. Thus, the oxygen
isotope ratios reflect more nuclear processing than chemical fractionation. Table 1.4

presents some of the most studied oxygen isotopic bearing molecules.

Object 1;8 1:8 Reference
Terrestrial 490
Dark cloud 2.6 250 [18]
Galactic centre 350 [19]
Galactic ring 700 [19]

Table 1.4: Ratios of some oxygen isotopologues in different environments.

1.5 Thesis overview

The major aim of this work is to find a general scheme that could help observers
to figure out the carbon underlying ratio in a specific environment. This ratio is
the initial value of 2C/!3C in the interstellar medium; abundances and isotopologic
ratios for other carbon-bearing species depend on this value. To a minor extent, the

physical conditions affecting formation and destruction of HNCO, which is thought
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to be a cold dense region tracer, are investigated. Some studies were performed for
particular molecules but they never included at the same time carbon, oxygen and
hydrogen isotopes. Consequently, the focus of the project is to upgrade a chemical
network with *C, O and D that could be used along with a previously developed
chemical model to investigate any molecule at any timescale, in various physical

conditions.

The basic knowledge of astrochemistry from its constituents both in gas and
grain phases to the role of the main isotopes of carbon, oxygen and hydrogen has
been now reviewed. The rest of this thesis is divided up into five chapters. Chapter
2 describes the chemical network and model developed in this work from the initial
elements required to how it was obtained. Chapter 3 focuses on the results obtained
for isocyanic acid and compare them with some other fundamental species. Density
and time dependences are there described for HNCO and its isotopologues. The
main result of this project is treated in Chapter 4 : the scheme developed to find
the age of the observed environment and subsequently the carbon underlying ratio
is discussed. Then, it is applied to the Taurus Molecular Cloud TMC-1 in chapter
5. Finally, chapter 6 concludes with a summary of the obtained results and possible

future works.



Chapter 2

The chemical model

The purpose of an astrochemical model is to describe the temporal variations of
various species in an astronomical environment. As discussed in section 1.3 running
a model requires the knowledge of several parameters, including a chemical network

which sets all the reactions for formation and destruction of each and every species.

Thereafter, if no superscript is indicated then the molecule contains the main
isotope (either '2C or '%0). In addition, when analysis is made, the temperature has

been fixed to 10 K if not otherwise indicated.

2.1 The reaction network

2.1.1 Structure

The reaction network contains essential information for calculations of rate coeffi-
cients which allow us to determine the abundance (relative to molecular hydrogen)
of species at every timescale, temperature and density. Basically, it includes the

following parameters :

36
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e Type of reaction : depending on the nature of reactants, reactions are sub-

divided into categories;
e Reactants (normally 2) and products (usually 2, but there can be 3 or 4);
e «, (3 and ~, constants which allow us to calculate the rate coefficients;

e Temperature ranges in which the rate coefficient is valid.

For instance, the Charge Exchange reaction between C* and CyHy is written :

148 : CE : CT: CoHy : CoHy : C:: 2 1: 1.70e-11: 0.00 : 0.0 : 10 : 41000 :

reference

148 is the number of the reaction which has an alpha constant of 1.7 x 10~
(here equals the rate coefficient as beta and gamma are equal to zero), valid between

10 K and 41000 K.

For more information on the structure of this reaction network, see the UMIST

database for astrochemistry (|26]).

2.1.2 Fractionation of the reaction network

A chemical reaction network has been constructed with carbon (12C, 3C), oxygen
(*%0, 80) and hydrogen (H, D) isotopes. It is based on the fifth release of the
UMIST Database for Astrochemistry which contains 6173 gas-phase reactions and
involves 467 species ([26]). A program has been developed to expand this “start
network”, including isotopes previously mentioned. It ended up with 97301 reactions
and 1955 species. In a first attempt gas-grain interactions are not considered, except
for the formation of Hy on grain surfaces. But it can be easily treated in the model

by adding an extra term of destruction on grain surfaces in the ODEs file.
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Firstly, we have deleted in the “start network” all species involving strictly more
than three carbons, phosphorus and chlorine because they do not make a big differ-

ence in temporal variations of abundances of most other species.

Secondly, based on this reduced network, isotopes are included in the following
order : carbon, oxygen and hydrogen. Normally, when only main isotopes are
considered, atoms are indistinguishable in a molecule : it is not possible to state
which atoms are linked together. However, including the different isotopes changes

this fact (hereafter, the subscript for the main isotope is omitted). For instance,

H_+C2_>CQH+6_

splits into

H- + CB3C — CBCH + e~

H- + CBC — BCCH + e~

where the two carbons are now distinguishable.

But if an isotope can be placed in different positions or if molecules are much
more complex, this procedure becomes complicated. In addition, with thousands of
reactions in the network, it is not possible to decide by hand whether isotopologic
reactions are allowed or forbidden. It is necessary to develop a program that can
implement automatically the reaction network by including isotopologues of each

species. This procedure is based on three steps, which will be described below.
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2.1.2.1 Inclusion of isotopologues

The hardest part in updating the reaction network lies in including *C species.
Indeed, as many carbon-bearing species are carbon-chains, it is difficult to account
both for the existence of different isotopomers and the veracity of an isotopologic
reaction. Different cases have been determined, depending on the nature of species
and reactions to end up, as much as possible, with the right isotopologic reactions.

Reactions involving :

only one carbon per reactant and product channels,

symmetrical species with only two carbons on both reactant and product sides,

a charge transfer or a mutual neutralization,

the same preservable carbon chain on both reactant and product sides

generate only one possibility of replacing the main isotope.

For instance,

CT+0—=CO+e”

splits into only one isotopic reaction :

BC=+0 —= BCO + e~

For other reactions, things are more complicated. As much as possible, functional

groups are preserved on both reactant and product sides.

Doing that, we do not consider multiple isotope species (only one 3C can replace
one 2C) but we distinguish between different isotopomers : mainly, in carbon-chains,
carbons are not equivalent so every position in which the isotope can be placed must

be considered. For oxygen and hydrogen, the procedure is simpler since chains and
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symmetry are not real concerns. Consequently, working out which reactions are

considered to be right is easier.

For deuteration, the only thing that matters is the number of H-group per species.
Firstly, the program tries to categorise the different reactions, depending on this
number but also on the nature of species and/or reaction itself. Is there only one
H-group in both reactants and products? Is the reaction a charge transfer? Is it a
proton transfer between a reactant and a product? Are there more than one H-group
per side (reactant/product)? In this case, is there a break or a binding between H-
groups? Is there specific group in the reaction, such as CHz or HNC/HCN? Once,
all reactions have been analysed, the program applies different rules according to
categories. If the reaction belongs to the first category, then a brute deuteration is
enough. If it is a charge transfer, one has to be careful to preserve the form : only
a plus or minus sign distinguishes reactants and products, so the same species con-
catenated with + /- are found in both side. Things become much more complicated
when several H-groups exist. If it is a proton/deuteron transfer, then the allowed
reactions are the ones which transfer the same number of atoms as in the original

reaction. For instance, by brute deuteration, the reaction

H+NH3—>NH2+H2

splits into

D + NHs; — NHD + Hy

D + NH; — NH, + HD

H + NH;D — NH, + HD



CHAPTER 2. THE CHEMICAL MODEL 41

However, the first isotopologic reaction is assumed to be wrong as it transfers two
atoms instead of one. It is worth noting the specific reactions involving HCNH*
which can originate from or produce HCN and HNC. When including deuterium,
the same phenomena occurs : DCNHT (respectively HCND™) can be associated
both with DCN and HNC (respectively HCN and DNC). If reactions are not part

of any category, then all deuteration options are left.

Finally, including oxygen isotopes is easier since there are no species in the
chemical network with more than one O-group. The trickiest cases are the split of
an O, into two different species or the binding of two oxygen atoms into O,. Thus,
the same rules apply even though the majority of reactions just need the “brute

bl

way’.

2.1.2.2 Scale of reaction rates

By introducing isotopologues in the chemical network, the whole chemistry changes.
So isotopologic reaction rates need to be scaled. For the main reactions, they are
known either by theory or observation whereas, for the isotopologic ones, they are
undetermined. Even branching ratios between these two kind of reactions are un-
known. Thus, strong assumptions are made. First, the rate coefficient is unchanged
between reactions involving (i) the main isotope and (ii) the minor isotope. Second,
if several isotopologic reactions exist, all branches have equal probabilities. As a
consequence, if some reactions (resulting from the same initial reaction) have the
same reactants but different product channels, their rate is equal to the initial rate

divided by the number of product branches. For example, the reaction
Gy, + 05 co+ ¢
splits into

CBC 08 co+ B



CHAPTER 2. THE CHEMICAL MODEL 42

CBC 0B Boo ¢

If we apply the previous assumptions, then the following relationships exist be-

tween the three coefficient rates :

k =k + ko

k1:k2:§

Concretely, the program searches how many reactions have the same reactants.
When, the chemical network is truly updated with isotopologues, this number is also
the number of places where the isotope can go in the reaction. Thus, knowing which
are the main reaction and its rate, the resulting isotopologic reactions are scaled by

this number.

Here is a final example where 3C, 180 and D are included. The reaction

C~ + OH % HCO + e

splits into seven isotopic reactions :

C™ + OD — DCO + e~

C™ + BOH — HC'8O + e~

C~ + BOD — DC80O + e~

BC~ + OH — HBCO + e~

BC~ 4+ OD — DBCO + e~
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BC~ + B0H — HPC®O + e
BC™ + 80D — DBC™0 + e~

Using the previous assumptions on branching ratio, all these reactions have the same

rate coefficient, k.

2.1.2.3 Inclusion of fractionation reactions

Finally, we include fractionation gas-phase reactions, listed in table 2.1, taken from
Langer et al ([19]). They are not present in the initial reduced network since when
only the main isotope is considered, reactants and products are identical in these

specific reactions.

2.2 Initial chemistry

In addition to a reaction network, the model needs the knowledge of what species
are involved in reactions. A file lists all of them , along with their initial abundance
and their mass. Except for hydrogen, which is initially present in molecular form
(Hs), the initial chemical composition is assumed to be atomic. Also, C is assumed
to be neutral instead of ionized, like in the UMIST database (2012), as it will
not make any big differences : the present conclusions (trends, shapes and main
reactions involved in HNCO and its isotopologues formation (see section 3.2)) are
not affected by this state. Table 2.2 presents the initial chemistry for species with
non zero initial abundances, based on the last release of the UMIST database for

astrochemistry (]26]).

The total initial gas phase abundance of carbon is assumed to be less than the

oxygen one, which is consistent with the fact that carbon is less abundant through
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the interstellar medium and can be embedded in grains.

The values of the initial isotopic ratios are not straightforward. Except when
mentioned, the following ratios are adopted : HD/H, = 3 x 1075 (|20]), *C/13C
= 75 and °0/0 = 500 ([52]). They are closed to observational values : for the
deuterium ratio, many lines of sight are involved to do this average whereas for the
carbon and oxygen ratios, only three clouds were considered. These values were also

used in theoretical models ([29], [19]).

2.3 The chemical model

To determine the abundance of a species, its total rate of change is calculated. It
is the result of the difference between the formation and destruction rates. Each of
this term are worked out by analysing the reaction network according to equation
1.16. Consequently, an ordinary differential equation (ODE) is associated with each
species. Those ODEs are coupled, since abundance of a particular species depends
on formation and destruction rates of other species. The Double precision Variable
coefficient Ordinary Differential Equation solver method (DVODE) solves numeri-
cally the system of ODEs obtained for the whole network. One of the way to solve
this system is to assume the steady state approximation which implies that the
rate of each reaction is equal to zero. By doing so, abundances could be deduced.

Otherwise, abundances are worked out less easily.

Inside the main program, rate coefficients are calculated depending on the tem-
perature chosen to run the model (see equation 1.4). Physical parameters (temper-
ature, density, cosmic ray ionisation rate and visual extinction) are not fixed, they

can be changed inside this program to study different environments.

The model output provides the abundance of each species at several time scales.

The model starts at t = 0 and stops at t = 2 x 10% years, where the chemical
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evolution is assumed to end.

Figure 2.1 is a scheme of the chemical model used for this project.

| Input
B Main program
E oOutput
dcodes.f
ODEs
dc.specs
Initial abundances DVODE
Black box

Tn,A,, T albedo

Figure 2.1: Scheme of the chemical model.
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Rate constant k

Reactions
o s

Hi + HD — H,D* + H, 1.7(-9)

H,D* + Hy, — Hf + HD 3.6(-18)

CHS + HD — CH,D* + H2 1.3(-9)

CH,D* + H, — CHj + HD 8.7(-10)  370.0
CoHf + HD — C,HD* + H2 1.0(-9)
C,HD* + Hy — C,Hy + HD 2.5(-9)  550.0

BCt + CO — Ct + BCO 1.34(-9)

C*t + 13CO — 1BCt + CO 0.4(-10)

BCH 4 C1¥0 — C+ + 1BC1BO 1.34(-9)

Ct + BQIBO — BCH £ C180 0.4(-10)
HCO* + 13CO — HB¥CO* + CO 6.5(-10)
HBCOT + CO — HCO* + 13CO 2.7(-10)
HCOT + C¥0O — HC®¥O* + CO 7.4(-10)
HC®BOT + CO — HCOT + CB0 1.8(-10)
HCO* + BCBO — HBCBOT + CO | 8.3(-10)
HB3CBOT + CO — HCO™ + BCBO | 0.9(-10)
HB3CO* + C®0O — HCBOT + BCO | 5.5(-10)
HCBO+ + 1BCO — HBCO* + C¥O | 3.7(-10)
HI3CO* + BCBO — HBCBOT + BCO | 7.4(-10)
HBCBOT + BCO — HBCOT + 1BCBO | 1.8(-10)
HCBOT + BCBO — HBCBOT + CBO | 6.5(-10)
HBCBOT + C¥O — HCBO*T + 13CBO | 2.7(-10)
BC+ 4+ ON — C* + 1BCN 2.0(-10)
CT + 1BCN — 1BCT + CN 6.04(-12)
BC + CN — C + BCN 4.98(-10)
C + BCN — 13C + CN 2.24(-11)
BC+Cy—»CBC +C 1.64(-10)
C+ CBC - BC + €y 1.22(-11)

BCH 4+ CS — Ct + 13CS 2.0(-10)
Ct + BCS — BCt + CS 9.03(-13)
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Table 2.1: Isotope fractionation reactions and their rate constants at 10 K ([19]).

a(b) means ax10°.
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Species | Abundance relative to Hy [cm ™3]

H 5(-5)
HD 3(-5)
He 9(-2)
C 1.4(-4)
13C 1.9(-6)
N 7.5(-5)
O 3.2(-4)
180 6.4(-7)
F 2(-8)
Na 2(-9)
Mg 7(-9)
Si 8(-9)
S 8(-8)
Fe 3(-9)
H, 1

Table 2.2: Initial elemental abundances used in the model (|26]). a(b) means
ax10°.
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Chapter 3

Astrochemistry of HNCO

1Isotopologues

After introducing the current knowledge of HNCO “chemistry”, this section will
deal with the study of the abundances of HNCO and its isotopologues, under the
assumptions and the model presented above; nonthermal desorption mechanisms
are, thus, not included. A short comparison with other important carbon, oxygen

and hydrogen - bearing species is also presented.

3.1 Observational history

The project focuses on introducing the isotopes of the three major elements in
the ISM : C, H and O. Thus, after HCO™, isocyanic acid (HNCO) seems to be
an interesting molecule since it carries all of them. HNCO is an asymmetric top
molecule : the three moments of inertia are different. Consequently, the expression
of its energy levels (see figure 3.1) is complicated but they are characterized by two
quantum numbers : J, the total angular momentum, and K, the projection of J onto

the symmetry axis of the molecule. Thereafter, levels will thus be designated as

48
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Jk_, ik, where K_; and K; are the projection of J onto the symmetry axis for prolate

and oblate shape.

3.1.1 Tracer of dense, shocked or Far Infrared regions

3.1.1.1 Tracer of dense regions

Snyder et al. first detected isocyanic acid in 1972 towards the Sgr B2 molecular
cloud, through its 4p4 - 303 rotational transition ([43]). Its emission was found
to be very extended, notably near the dense core region of the molecular cloud.
Subsequent studies confirm this fact : Jackson et al. found that rotational transitions
such as 55 - 494 and 4oy - 3g3 originate in high density regions (n > 10% ecm™3).
Thus, this molecule was thought very early to trace the densest regions of molecular
clouds. Since its first detection, HNCO has been observed in numerous astronomical
environments with a variety of physical conditions : galaxies ([24]), hot cores ([43]),
dense regions of the Galactic Centre (|24]), translucent clouds ([49]) and external

galaxies ([31]).

3.1.1.2 Tracer of far infrared field

Assuming an optically thin medium and a Boltzmann distribution, Churchwell
showed that the population of HNCO rotational levels could be split in two cat-

egories ([7]) :
e £, <40 K : the K_; = 0 ladders give an excitation temperature of about
10 K and a column density of 2.4 x 10'® cm™2,

e B, > 40 K : the K_; > 0 ladders give an excitation temperature of about

70 K and a column density of 3.6 x 10 cm~2.
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Figure 3.1: Energy levels scheme of HNCO (|7]).
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However the K, > 0 ladders can not be as populated by collisions as observations
tend to show. Indeed, in models where collision rates are dominant, a density greater
than 10° cm™3 is required, for instance, to thermalize the K, - K; transition and
lead to the observational abundances. However, such a density is not reached in the
core of Sgr B2, where they perform their study. Thus, Churchwell suggested that
transition rates are dominated firstly by radiative processes rather than collisional
ones. Consequently, HNCO (its transitions with non-zero K_;) could probe the far

infrared (FIR) radiation field under some conditions.

3.1.1.3 Tracer of shocked regions

In addition to being a good dense regions and FIR radiation tracer, isocyanic acid
also traces shocked regions ([37]). Rodriguez et al. measured the highest abundances
of HNCO relative to Hy towards the protostar L1157 and its molecular outflow which
presents signature of shocks. They also found that HNCO emission lines are similar
to those of CH3OH or SO which are well known shock tracers. In this particular case,
the following pathway can explain the enhancement in HNCO gas phase abundance :
dust grain mantles are processed by shock waves, ejecting a high amount of molecules

in the gas phase; then neutral-neutral reactions occur in this gas phase.

Martin et al. recently conducted a survey of thirteen molecular clouds in the
Galactic centre region and proposed that the abundance ratio between HNCO and
CS could be a way of distinguishing between shock and radiation activity in a
molecular cloud (|25]). Indeed, this ratio is highly contrasted between all sources
and they managed to divide them in three groups : giant molecular clouds with the
highest ratios, photodissociated regions with the lowest ones and a third group with

intermediate values consisting of hot cores.
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3.1.2 Formation of HNCO

Since its discovery, many assumptions have been made on how this molecule is
formed. When considering dense molecular clouds, the hydrogen density lies between
10% and 10° cm 3. Iglesias first suggested a gas phase chemistry for HNCO formation
assuming that only high-energy cosmic rays can penetrate the cloud (UV photons
and low-energy cosmic rays are expected not to). The formation pathway is through

ion-molecule reactions (|14]):

H, + CNOt — H + HNCO™ with k ~ 1.0E-9 cm? s~ !

H, + HNCO* — H + Hy,NCO™* with k ~ 1.0E-9 cm? s7!

HyNCO™ + e — H + HNCO with k ~ 5.0E-7 cm? s7!

Turner et al. later on considered also a gas phase formation, but involving

different species (]49]) :

CN + Oy =+ NCO + O

NCO + Hy — HNCO + H

The destruction of HNCO occurs mainly when it interacts with Hf and He™ but

ions such as H, HCO™ or H30% can also destroy isocyanic acid.

These formation pathways are highly questioned since they fail to reproduce
observed abundances, whatever physical conditions are, though they can succeed
in a few environments under precise conditions. It is now known that gas phase
only can not explain HNCO abundances in the gas phase of the ISM. Grain surface

chemistry has an important role to play. HNCO gas phase abundance could be
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explained by thermal desorption from dust grain surface ([16], [46]). Garrod et
al. were the first to introduce this alternative in chemical models ([10]). HNCO
is supposed to be formed on grain surfaces when radicals (generally, unsaturated
molecules or molecules with unpaired electron) CO and NH react together. This

Hydrogenation of accreted NCO could be represented by the following reaction :

G-H + G-NCO — G-HNCO

where G corresponds to grain surface species.

Subsequently, isocyanic acid is desorbed into the gas phase either by thermal or

non thermal mechanisms.

Table 3.1 shows some observations of HNCO in different astronomical environ-

ments.
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3.2 Relative abundance of HNCO

3.2.1 Gas phase formation

Using the updated chemical network, the relative (to Hy) abundance of HNCO is
studied in this section. From figure 3.2, two regimes seem to exist depending on
the density. For (relatively) low densities, there is a significant hollow in abundance
between 105 and 10° years (red rectangle) which does not exist for higher densities.

HNCO isotopologues show the same behaviour with lower abundances.

A developed short program allows us to determine which reactions contribute
the most in the abundance of a particular species. It also enables us to see the
ranking between all the reactions either for formation or destruction pathways and

the rate contribution as a percentage of each reaction.

When the time belongs to [10° : 10° years|, HNCO is mainly produced via
dissociative recombinations involving HNCOH™ and HoNCO™. Not surprisingly,
for densities of typical molecular cloud, cosmic ray ionisation is important. Thus,
HNCO is mainly destroyed by cosmic rays (> 99 %). For very low densities (around
103 ecm™3), H,NCO™ is responsible of HNCO formation by more than 97 % whereas
for higher densities it is more balanced : > 50 % and > 40 % for respectively
HNCOH™ and H,NCO™. This could explain the disappearance of the hollow since

these two species present the same shape as HNCO.

In addition, except at steady state in some cases, the relative abundance of
HNCO seems a little underestimated in these models, comparing with table 3.1. As
previously mentioned, grain surface chemistry plays an important role for isocyanic

acid production. Thus, gas grain interactions are added in the model.
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Figure 3.2: Density - time chromatic plot for the abundance of HNCO.

3.2.2 Adding gas grain interactions

Here, the abundance on grains is not followed as the freezout is allowed just by
adding an extra destruction term in the differential equation of each species. This
term depends on the temperature (T), the density of the cloud (n) and the mass

(m) according to the following equation :

dN(X 1
dNX) _ 52 x 10717 x v/3.33 x 1073 x T x n x — x N(X) (3.1)
dt v/m

where N(X) is the relative abundance of species X. The square root comes from
the velocity dependence. And the first constant depends on the grain number density

and its cross section.

Including the possibility of accretion on grain surfaces leads to a decrease in
species abundances. Carbon monoxide is one of the key species; when its abundance
starts to change (see figure 3.3), then the other ones should change too. Figure 3.4
shows the influence of gas grain interactions on the abundance of HNCO for different
densities. Differences arise only after the depletion of CO. Except for n — 10° cm =3,
the abundance is higher until the reservoir of CO drops in abundance. After this

time, the truthfulness of the results can be questioned as the model does not allow

the temperature to vary. This can lead to evaporation of ice mantles and as a
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result an increase of gas-phase abundances. At densities as low as 10° cm™3, there
is almost no difference between the gas phase model and the one including grain
surface chemistry. However, in other cases, differences can be significant between a
few 10% and 105 years depending on the density even if they are almost non-existent

for very early times.
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Figure 3.3: Influence of gas grain interactions on the temporal and density
variations of the abundance of CO.
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Figure 3.4: Influence of gas grain interactions on the temporal variations of the
abundance of HNCO. The red line represents the gas phase model; the green line,
the model including grain surface chemistry.
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3.3 Modelling HNCO isotopologues

Density dependences are investigated for isocyanic acid and its isotopologues along

with their fractionation ratios.

3.3.1 Isotope ratios as a function of density and time

To investigate the density dependence, 37 models were performed for a temperature
of 10 K with densities ranging from 10® to 107 ¢cm™3. Figures 3.5, 3.6, 3.7 and
3.8 present chromatic density-time plots for HNCO isotopologic ratios. As might
be expected, these isotopic ratios show variations which, depending on time and
temperature considered, can be either strong or weak, except for the carbon ratio

which seems more homogeneous (its variations are tiny).

3.3.1.1 Deuterated ratio

The hydrogen isotopic ratio, DNCO/HNCO, ranges from about 0.001 to 0.008. The
lowest value occurs at high density between 10* and 10° years whereas the highest
value occurs at steady state (t > 107 years) for a relatively low density (n ~ 10%
cm™3). The first immediate feature of figure 3.5 is the strong dependence on density.
Whatever the age of the cloud is, the lowest ratios lie in densities superior to 10°

cm ™3 and the highest ones below this limit.

At high densities there is less CO, Ny, e™, for instance, to convert H3 into HCO™,
NoH™, Hy but more HD to convert it into HoD™ which will produce more deuterated
species. Thus, deuterated ratios are expected to increase with density. In the case
of HNCO, this is partially right. Indeed, when the density increases from 103 to 10°
cm ™3, the ratio increases as well. However, it starts to decrease after 10° cm ™2 even

more strongly than it has risen.
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At density fixed, the temporal variations are not so strong. After a density of
2 x 10* em™2, the same behaviour occurs : the ratio decreases and then increases
until it reaches its maximum at steady state. The minimum ratio occurs earlier for

higher densities than lower densities.
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Figure 3.5: Density - time chromatic plot for the ratio DNCO/HNCO at a
temperature of 10 K.

3.3.1.2 Carbon isotopic ratio

At low densities, below 10* ¢cm=3, the fractionation is very high around 10° years
and reaches 450 for n — 2 x 10® cm™3. Nevertheless, at higher densities, even if the
fractionation is high for a narrow range of time, generally the temporal variations

are tenuous, as shown by figure 3.6. The HNCO to HN®CO ratio remains close to

the underlying ratio (here, 75).
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Figure 3.6: Density - time chromatic plot for the ratio HNCO/HN!3CO at a
temperature of 10 K.
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3.3.1.3 Oxygen isotopic ratio

According to figure 3.7, the 180 chemistry occurs much later than the carbon and
hydrogen isotopes one. Whatever the density is, the ratio between HNCO and
HNC'O remains equal to the underlying oxygen ratio (500) until, at least, 10° years.
Then, both density and time dependences are strong. The lowest values (about 500)
occur at early times whatever the density is and the highest ones (about 830) occur

at high densities (n > 10° cm™3) at steady state.

After 3 x 10° cm™3, the ratio keeps increasing until steady state where it has
increased by more than 50%. For other densities, it reaches a maximum and de-
creases a little to its steady state where it is still much higher than the underlying

ratio. Whatever the density is, the increase is steep.

It is also worth noting that this ratio presents two different temporal regimes :

o After 2 x 10° years, when increasing the density, the ratio first decreases and
then increases. Though, these variations are not big, except for t = 3 x 10°

years.

e Between 10° years and 2 x 10° years, the opposite phenomena occurs : the
ratio first increases with density and then decreases. Variations are stronger

than in the first regime.

In addition, figure 3.8 shows that the ratio HN*CO/HNC*®0, which contains
two minor isotopes, undergoes slight variations around the initial value, which should

be 500/75 ~ 6.67.
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Figure 3.7: Density - time chromatic plot for the ratio HNCO/HNC 8O at a
temperature of 10 K.
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Figure 3.8: Density - time chromatic plot for the ratio HN'*CO/HNC!0 at a
temperature of 10 K.

3.3.2 Comparison with CO, HCO' and H,CO

Langer et al. (|19]) separated the carbon isotope ratios in three categories : CO,
HCO™ and the “carbon isotope pool”. As the main elements are particularly in-

teresting, HNCO will be compared with CO, HCO™ and H,CO in the following

subsections.

3.3.2.1 CO isotopologues

CO exhibits simple behaviour both for carbon and oxygen fractionation. In the

first case, very little fractionation occurs. The ratio CO/*CO lies between 50 and
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75 and the lowest values occur at low density between 10* and 10° years. Density
and temporal variations are similar : after 103 years, the ratio increases with both,

except around 103 cm™3.

This behaviour is even stronger for oxygen fractionation. Before 10° years, the
CO/C™O0 remains constant at about 500, the underlying oxygen ratio, whatever the
age and density are. At steady state, it reaches its maximum : about 650 at 103

cm~? and increasing with density until about 850 at 107 cm 3.
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Figure 3.9: Density - time chromatic plot of CO isotopologic ratios.

3.3.2.2 HCO" isotopologues

The behaviour of HCO™ isotopologues is more complex than HNCO ones. First,
the DCO™ to HCO™ ratio extremes occur in an opposite way of those of HNCO : at
very early times (t < 10 years) for the highest values whatever the density is and at
steady state and low density for the lowest values. This ratio shows different regimes
with density and time. On one hand, at densities lower than 10° cm™3, this ratio
decreases with time whereas after this density, the ratio first decreases and increases
until steady state which is lower than early times. On the other hand, the variations
with density present three regimes. Before 103 years, the ratio decreases with time
whereas after 2 x 10° years it increases. Between, the behaviour is intermediate :

it drops to reach a minimum around 10* - 10° cm ™3 and rises again.

DCO™ is quite different from other deuterated species, as stated in previous
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chapter. Due to its abundance correlation with CO depletion and deuterium capa-
bility, it should be found everywhere in a dark cloud. However, it is not the case;
Pagani et al suggested that the absence of DCO™ could be the result of a high H,
ortho-para ratio (OPR). Indeed, in their study, they showed that the detectability
of this particular species enable us to constrain the OPR which leads to an upper
limit on the age of the cloud. With the same parameters for a typical dark cloud as
in this thesis, they found : (i) for OPR < 0.1, DCO™ is detectable in less than 3 x
10° years; (ii) for OPR = 0.1, DCO™ should be detectable around 5 x 10° years and
after 2 x 10° years; (iii) for OPR > 0.1, it takes at least 3 x 10° years to observe
DCO®. Results presented in figure 3.10 for n = 10* cm™3, seem to be consistent
with the conclusion (ii), as the deuterated ratio drops in between these two time
limits. For high densities the ratio reaches a maximum not before few mega-years.
Consequently, considering the results of Pagani et al on DCO™ and the deuterated
ratio of figure 3.10, a dark cloud must be younger than few mega-years (see section

5.2).

For the HCO* to H3COT ratio, the behaviour is quite similar to HNCO. The
variations are not strong around the underlying carbon ratio, except for densities

lower than few 10® cm ™2 where the ratio is doubled between 10* and 10° years.

As for the oxygen isotopic ratio, the first feature to note is that the values are
always under the underlying oxygen ratio, opposite behaviour from HNCO. Apart
from very few occasions, the HCO™ to HC'8O™ ratio decreases with density whatever
the age of the cloud is. At density fixed, it starts decreasing and increases again

after about 10° years.

3.3.2.3 H,CO isotopologues

Figure 3.11 shows the behaviour of HoCO isotopologues. Concerning the deuterium

ratio, the difference from HNCO one is an order of magnitude but the extent of the
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Figure 3.10: Density - time chromatic plot of HCO™ isotopologic ratios.

fractionation is similar (the highest values are about seven times the lowest ones).
The general trend for HDCO/H2CO is an increase with density. The temporal
variations are not as strong as the density ones but the behaviour is more complex.
For densities lower than 103 ecm™3, the ratio increases simply with time. However
for higher densities, an initial increase is followed by a decrease between 10° and 10°

years and an increase again until steady state.

The carbon fractionation is similar to the HNCO one in the sense that the
plot is really homogeneous, except at low densities around 10° years where the
fractionation is high (five times the initial carbon ratio). Otherwise before few 10°
years, HoCO/HL3*CO remains equal to 75 and after the fractionation is bigger than

for HNCO but homogeneous along time and density (around 200).

For oxygen fractionation, the behaviour is that of CO when replacing the increase

by a decrease with time.
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Chapter 4

Chemical tools to study a molecular

cloud

In the following section, the model developed previously is used to determine chem-
ical tools that could enable observers to assess the age of a molecular cloud and
the carbon underlying ratio in that kind of environments. The model only includes
gas-phase chemistry and does not account for gas-grain interactions and chemical

processes occurring on dust-grains.

4.1 Introduction

4.1.1 History of some chemical clocks

Among other astrophysical issues, molecular clouds are still not completely under-
stood. Except dynamical and chemical models, there is no consensus on what kind
of observations will help to get a deeper comprehension of mechanisms occurring in
such clouds, like free-collapse and star formation. One of the first key points could

be the assessment of the age of the cloud. The ideal case would be to find some

66
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species whose abundance (or abundance ratios between species) shows strong tem-
poral variations. Then, comparisons between observations and models might give

clues to the age of astronomical objects.

Stahler was the first to propose, as a chemical clock, the cyanopolyynes (HCg 1N,
k=0, 1, 2, ...) which are observed at radio frequencies in many molecular clouds
(|44]). If one assume a sequential formation (the abundance of chain k depends
on that of chain k-1, see figure 4.1) and steady state abundances for the observed
chains, the age of the cloud can be deduced from the necessary time to grow the
longest chain. As the destruction process of cyanopolyynes on grains is most likely
known, the destruction timescale is used rather than the creation one. By this pro-
cedure, the author determined that the Taurus Molecular Cloud TMC-1 should be

9.7 x 10° years old, which is greater than the free-fall collapse time.

Concerning the specific molecular cloud, Bok globule CB238, Scappini et al.
([40]) used the abundance ratios N(NHj)/N(CS), N(NH3)/N(SO) and N(SO)/N(CS)

to constrain its density (~ 10° cm™3) and age (about 0.5 Myr).

Not so many assumptions have been made for molecular cloud chemical clocks,
mostly because of their variety, whereas for hot cores and pre/protostellar cores,
more studies were performed. They all emphasize the important role of sulphur-
bearing species. Charnley ([6]) and Hatchell et al. ([12]) assumed that the sulphur
reservoir is HsS, embedded in grains, which evaporates when the temperature in-
creases during star formation. Thus, when released into the gas phase, more SO and
SO, are subsequently produced, making ratios between these species a good function
of time. However, Buckle and Fuller ([3]) noted that the accurate estimation of the
age of cores requires a better knowledge of physical conditions (density, temperature
and cosmic ray ionisation). Wakelam et al. ([50]) added the strong dependence of
these ratios on the grain mantle composition and the atomic oxygen abundance as

other difficulties to use these sulphur-bearing species as chemical clocks.
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In addition, few studies were performed to find chemical clocks for Infrared Dark
Clouds clumps, regions thought to be the earliest stage of massive star formation.
Sanhueza et al. (|39]), based on the evolutionary sequence of Chambers et al. (|5]),
showed that the ratios NoH™/HCO™ and NoH™ /HNC (see figure 4.2) increase with
evolution stages, acting as chemical clocks for these cold, dense and massive envi-

ronments.
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Figure 4.1: Abundance of the cyanopolyynes in TMC-1, at the NH3 peak. The
decline tends to prove the sequential formation of these molecules ([44]).
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Figure 4.2: NoH*™/HNC abundance ratio as a function of evolution stages. The
vertical dashed line represent the median value for each distribution (|39]).
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4.1.2 The carbon underlying ratio

The 3C to 2C ratio is an important parameter since it reflects the history of nu-
cleosynthesis and chemical evolution of the Galaxy. Wilson in his review ([53])
summarized results for carbon isotopes of different studies. The important feature
is the existence of a Galactic gradient in the carbon isotopic ratio. The increase in
12C/13C with distance from the Galactic Centre could be explained by the decrease
in star formation activity and nucleosynthesis along this distance, which thus gener-
ate less ¥C. From CO and H,CO data, he determined an interstellar isotopic ratio
of 6916 which is much higher than in the Galactic Centre (=~ 20) but less than in
the Solar System (89). Other studies, considering an average on numerous line of
sights in many molecular clouds (CN, CH*, CO ...) along the Galaxy, found similar
12C/13C ratios : 68+15 ([28]), 70£7 (|41]).

To measure this underlying ratio, one can use isotopologic ratios from carbon-
bearing molecules but carefulness has to be paid concerning the variation around
the local interstellar value, resulting from chemical fractionation (see section 1.4.2).
Ritchey et al. reported observations of CN and CH' along with their carbon iso-
topologues ([35]). They claimed that CH' /"¥CHT and CN/3CN are good measure

of the ambient carbon underlying ratio even if the latter undergoes fractionation.

4.2 Chemical clocks for clouds

If one wants to determine the carbon underlying ratio, an interesting feature might
be the knowledge of the age of the observed cloud. It is the first step to constrain this
ratio, even if no certainty can be reached. Inspired by section 4.1.1, the study focuses
on some molecules related to cyanopolyynes, simple sulphur and nitrogen-bearing
species. As the dependence on density and time have been investigated, it would

be interesting to find a tool which exhibits similar shape for all densities and strong
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temporal variations to deduce the best chemical tool for as much environments as

possible.

4.2.1 “Bad” scenarios

If one could observe well the CH; and OH lines, which is far from being easy, the
ratio between this two species abundances would be a typical “bad scenario” to use as
a chemical clock. Indeed, firstly, this abundance ratio presents two different regimes
according to the density as shown by figure 4.3. At very low densities (below 10%
cm™3), it increases whereas for higher densities, there is a bump around 10* years.
In the first regime, until few 10° years, the ratio sticks to about 0.01 - 0.02. Then,
suddenly, it is much lower around 10~%. For the second regime, apart from the
relatively high values (above 0.03) between few 10 and 10* years, the ratio is as low
as for the steady state in the first regime. Secondly, these variations are not strong :
mainly, as just mentioned, the ratio remains almost constant for large range of ages.
When it changes, the difference is so sudden that it could be difficult to use it as a
probe to assess a precise age. However, it could be used to say whether a molecular
cloud is a young or old environment. Moreover, provided (i) the knowledge of the
density and the temperature and (ii) a high signal to noise ratio, this ratio could be
interesting only if observations lie in a non-constant zone. In conclusion, it is really
difficult to deduce the ratio CH3/OH observationnally and it will not be as useful
as expected for our purpose.

The same scenario, with a different shape according to density, occurs with the

NoH' /HCOT ratio (see figure 4.4).

In addition of this density dependence issue, another scenario is a constant in-
crease or decrease of the chemical clock considered but with very low values and
variations. The ratio between HCO™ and HCN is a good example. Figure 4.5 shows

a chromatic plot of its time and density dependences. Obviously, this ratio presents
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Figure 4.3: Density - time chromatic plot for the CH3/OH ratio.
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Figure 4.4: Density - time chromatic plot for the NoH-+/HCO™ ratio.

a notable increase at low densities and late ages. Apart from this feature, it is ex-
tremely low whatever the parameters : despite few temporal variations, these low

values can not be properly used to determine with enough precision the age of an

environment.
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Figure 4.5: Density - time chromatic plot for the HCO™ /HCN ratio.

Finally, there is the specific case of the SO/SO, ratio, mentioned in Wakelam

and al. paper ([50]). This ratio undergoes very large temporal variations. However,
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the dependence on density is so strong that generalisation can not be done : first,
the density of the environment must be determined and the question as to whether
this ratio could be useful must be answered separately for each case. As shown by
figure 4.6, there is at least two orders of magnitude (this increases with density)
between early times and steady state. Thus, SO/SO, could be used to say whether
a molecular cloud is young or old, more accurately than CH3/OH. In addition, in
a certain period of time where the steep decrease occurs, it could be used to assess

precisely the age if the cloud lies in this range of ages.
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Figure 4.6: Temporal variations of SO/SO, for selected densities.

4.2.2 “Good” scenarios

4.2.2.1 Early times

Figure 4.7 shows a density-time chromatic plot of the ratio CS/SO. The first strik-
ing feature is that this ratio lies in a very wide range, from about 0.005 to 7500.
These strong density and temporal variations are an important key to assign pre-
cisely the age of the cloud. Indeed, assuming the approximate knowledge of the
density of the cloud, after a certain time, the decrease amplitude in this ratio is very
large and spread over time. So, if sufficient resolution and efficiency are reached

in observations, the comparison with models can help in determining the age. The
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temporal variation trend is a first increase until it reaches a maximum and then a
strong decrease to establish its steady state after few 10° - 10° years. Thus, for this
possible clock, one also needs to assume that the age of the cloud lies in a certain
range or, at least, one needs a lower limit to distinguish between the same value in
the increase regime and the decrease one. The best case would be to know that the
cloud is older that the time corresponding to the maximum ratio. Indeed, if one
observes a ratio which can correspond to two different times in the plot : t, in the
“increase part” before the maximum ratio R, is reached at t,; and to, after t,,, in
the “decrease part”; then, assuming the observer knows the cloud is older than t,;,
the age of the cloud should be t,. Moreover, the higher the density is, the higher
the maximum ratio is and the earlier it occurs. For low densities (n < 105 cm™3),
the determination of the age is possible between few-10* and 10° years. For inter-
mediate densities ( 10° cm™ < n < 10° ¢cm™3), it is possible between few-10% and
just before 10 years. Finally for high densities, it is possible between few-10? and
few-10* years. These values are representative of our model (the order of magnitude
is right) but they could depend on the density since every thing is moved towards

later ages while density increases.
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Figure 4.7: Density - time chromatic plots for the CS/SO ratio.
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As indicated by other studies the ratio CS over SO could thus be used as a
chemical clock. However, it is worth noting that the one between NH3 and SO
could also be useful for the same ages. Figure 4.8 shows a density-time chromatic
plot of this ratio. The temporal variations are not as strong as for CS/SO but still
big enough to allow precise measurements. For low densities, results are the same
whereas for higher densities there are small differences. For intermediate densities,
the age could be determined between 10* and 10° years. For high densities, it is
possible between few-10? and few-10* years.
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Figure 4.8: Density - Time chromatic plots for the NH3 /SO ratio.

4.2.2.2 Late ages

These previous ratios do not show strong variations after few 10° years. Investiga-
tions made for this project were not able to find a key ratio that works for every
density and every timescale. So along with these results, few other ratios were found

to have interesting features.

Figure 4.9 shows a density-time chromatic plot of the ratio NH3/HCN. The

temporal variations are much less extended than for CS over SO, but the range
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is still wide enough : generally, from about 0.1 to 145 (more than three orders of
magnitude). For very high density, the contrast is even bigger : the ratio is lower
than 1072 at early times and keeps increasing until it reaches steady state at about
140. This ratio has the simple particularity of just increasing with time, whatever
the density is, until steady state. The higher the density is, the higher the maximum
ratio is. Consequently, determining the age of a cloud could be easier than in the
previous section : no assumptions are needed since no confusions can be made when
comparing models and observations. However, the variations are only strong and
steep after 10° years. Then, steady state is reached around 107 years. Thus, it is a
tool for quite evolved clouds only. A very similar ratio is the one between NH3 and

HNC which is plotted in figure A.1 in appendix A.
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Figure 4.9: Density - time chromatic plots for the NH3/HCN ratio.
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The ratio between NHz and HCO™ is also interesting for several reasons. First,
because the variations are stronger for densities superior to 10* cm ™2 : the ratio lies
in the range [2:1870]. Second, because it could also be used for younger clouds, with

the condition that its density is high (n > 10% em™3).
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Finally, the ratio between NoH* and HCN exhibits the same increase after 10°
years (see figure A.2 in appendix A) and could be seen as a possible chemical clock for
old objects. However, the values are quite low and should be treated with extreme

caution if one wants to assess the age of an object.
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Figure 4.10: Density - time chromatic plots for the NH3;/HCO™ ratio.

4.3 Determination of the carbon underlying ratio

Once the age of the cloud is determined with more or less precision, it is possible to
work out the carbon underlying ratio. First for the typical value of 75 for the carbon
underlying ratio, models were performed for densities ranging from 10 to 10" cm 3.
To distinguish between different possibilities, one needs to find an abundance or a
ratio whose temporal variations have a particular shape. The ideal case would be
the following. The chosen parameter (abundance or ratio) must be constant over the

period of time, At, considered to be the age of the cloud (the previous tools allow

us to know that). In addition, the same shape must occur for different underlying
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carbon ratios and the curves corresponding to these ratios must be quasi parallel so
that no confusion can be made to determine the right one : if in At, an intersection

exists between curves, no conclusion can be made.

For instance, the carbon isotope ratios of CHj (see figure 4.11) and CN (see figure
4.12) are not considered as good probes. In general, they have too large temporal
(and density) variations. Consequently, the carbon underlying ratio can not be
assessed properly since the same abundance ratio (either CN/3CN or CHj3/'3CH3)
will occur for different values of the underlying ratio in a narrow range of ages. A
high precision in the determination of the age of the molecular cloud is to be reached
to use that kind of ratio. However, they match the previous scheme and thus could
be interesting for some rare exceptions : at very low densities, below 10* cm™3, for

CN/1CN and around few 10* cm ™3 for CH3 /" CH;.

Log Time (years)

Log H2 Density (em-3)

Figure 4.11: Density - time chromatic plots for the CHs/*CHj ratio.

Provided these features, comparing models and observations allow us to deter-
mine the expected 2C/*3C. This ideal case would probably be the ratio 12CO/*CO.
However, the carbon monoxide is optically thick which makes the measurements

harder. Thus, other ratios or abundances need to be investigated to facilitate the
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Figure 4.12: Density - time chromatic plots for the CN/CN ratio.

Log Timo (yoars)

Log H2 Density (em-3)

observations. In this work, a universal tool has not been found but, as for the

previous section, different ratios appear interesting for early times and later ages.

4.3.1 Early times

Figure 4.13 shows the temporal and density variations of the HNC carbon isotope
ratio, for 2C/13C = 75. Until around 10° years and after 10° years, depending on
density, the ratio HNC/HN'C remains almost constant (except at high densities
where the temporal variations become significant). For a particular density, several
models were performed with different underlying carbon ratios. As expected, the
difference observed between these models is only a translation. For instance, the
carbon isotopic ratios (HNC/HN!3C in this section) are separated by a factor 75/60
between the models corresponding to these carbon ratios. Consequently, the ap-
pearance of the chromatic plots does not change : only the values of the ratio does.
Figure 4.14 represents the time dependence of the ratio HNC/HN!3C, against the

carbon underlying ratio value at n = 2 x 10* ecm=3.
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HNC/HN'3C could thus be used to assign the underlying carbon ratio for clouds

younger than 10° years and older than few - 10° years. However, for older clouds,
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Figure 4.13: Density - time chromatic plots of the ratio HNC /HN!3C.
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Figure 4.14: 2C/"C - time chromatic plot of the ratio HNC/HN'*C

atn =2 x 10* em™3.

another ratio seems to be better.
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4.3.2 Late ages

Figure 3.10 shows the temporal and density variations of the HCO™ carbon isotope
ratio, for 2C/13C = 75. After 10° years, the ratio HCO™ /HCO™ remains constant,

except for low densities. Thus, it could be used to assign the underlying carbon
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ratio for clouds older than 10° years (see figure 4.15), which is complementary to

the previous result.
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Figure 4.15: 2C/?3C - Time chromatic plot of the ratio HCOT /H*¥CO*
atn = 2 x 10* em™3.

Another ratio is found to possibly probe the carbon underlying ratio for old
molecular clouds : the one between CH' and *CH*. Indeed, figure 4.16 shows the
temporal variation of this ratio and despite some fluctuation, it seems to remain

around 110 after few 10° years for all densities above few 103 cm™3,

The same
conclusion arises for younger clouds but with relatively low densities. Figure 4.17
shows the dependence of this ratio on the value of the carbon underlying ratio for

a density of 2 x 10* cm™3.

CHT/BCHT is not as perfect as the ratios previously
mentioned but could be seen as an alternative to assess the carbon underlying ratio,
though the precision will be less than with the others reported in this work. It should
be mentioned that CHT is difficult to observe, notably its ground-state rotational
transition which lies in the submillimetre range and near an atmospheric line of
water vapor. However, this ion and its isotopologue have now been detected with

Herschel both in emission and absorption towards massive star forming regions (|8])

and the ratio CH' /P*CH™ determined (|8], [4], [35]).
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Figure 4.16: Density - time chromatic plots of the ratio CH* /13CH™.
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Figure 4.17: 12C/13C - time chromatic plot of the ratio CHT /'3CH™
at n = 2 x 10* em™3.

4.4 Summary

Figure 4.18 sums up the good chemical tools studied in this thesis along with the
range of densities and/or time where they can be used to help understand a molecular
cloud. When no range of densities or time are mentioned, the tool can be used for
all densities and for either early or late ages. When a range of densities is associated
with a range of time, it means that for these particular densities the tool only applies

for these times.
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Chapter 5

The Taurus Molecular Cloud TMC-1

To extend our results to many species, it is important to compare the model with
observations for fundamental molecules. In order to do this, the source has to be
well known in a chemical point of view : qualitatively and quantitatively, abundance

measurements for many species should be available.

5.1 Presentation

The Taurus Molecular Cloud (TMC), lying in the Taurus constellation, is one of
the nearest (140 pc away from the Earth) large star formation region. TMC-1 is a
dark (A, > 2.4 mag) and cold (T ~ 10K) cloud (|9]). For decades it has been the
testbed for studies on interstellar chemistry and theories on low-mass star formation.
Though, no consensus has been found to explain its very rich and diversified chem-
istry. Indeed, TMC-1 presents a wide variety of chemistry species from cyanopolyyne
(CP) group to species produced by Hf (NH3, HCO' ...) (figure 5.1), along with
their isotopologues. For instance, this cloud presents an enhancement in deuterated
species; many of them have been observed at the CP-peak to work out their D to

H ratio. This peak is the southeastern region of TMC-1 ridge where carbon-chain

83
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species exhibit their greatest emission. Thus, to test the model, TMC-1 observations

at the CP-peak have been taken for comparison.

600 IIIIIIi'I T 'II||I|I'|II

400

200

'|I'I1I'[I'I'1I'|II'1I'

77 IRAS 0438142540

B CPPEAK

A NH3 PEAK 1
® S0PEAK B

DECLINATION OFFSET (ARC SEC.)

T | T 1 1

-200

P ST T TR T N T T TN TN NN TN NN N N N
200 L] -200 -400

RIGHT ASCENSION OFFSET [ARC SEC.)

Figure 5.1: Diagram of the TMC-1 ridge (|23]).

5.2 Dating the CP-peak in TMC-1

The temperature has been fixed to 10 K and the visual extinction to 10, closely to
what one thinks are the physical parameters of TMC-1. Then, the tools considered
to be the keys to study a cloud are applied. From the literature, the range of densities
has been constrained to [10% : 10° cm™3|. The range of ages is left unchanged : few-
102 years until few-107 years, as in previous sections. Some molecular abundances

observed in TMC-1, which are related to this project, are listed in table 5.1.

Provided these values, the chemical clocks are determined : CS/SO = 1.4 and
NH;/HCN = 3 (NH;/SO = 8.6, NH;/HCO™ = 7.1). Both ratios at early and late
times agree that TMC-1 should have a chemical age between 10° and 3x10° years
(see figure 5.2) which is consistent with the study of Freeman and Millar, based
on the relative abundances of carbon-chain species (|9]). In addition, comparing

observations and models allow to note that, in this range of densities, there is no
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density-dependence for the observed ratio. Consequently, the assessment of the age

is easier and less confusing.

Species Abundance relative to H, [cm ™3] Reference

SO 7(-9) [47]
CS 1(-8) [47]
NH; 6(-8) [47]
HNC 2(-8) [48]
HCO* 8.4(-9) [23]

3500

3000

2500 6

2000

1500

Log Time (years)
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1000

Table 5.1: Observed molecular abundances in TMC-1. a(b) means ax10°.
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Figure 5.2: Chemical clocks applied to TMC-1. The green line represents the
observational data : 1.4 for CS/SO and 3 for NH;/HCN.

5.3 Comparison with observational data

In the literature, many observed isotopic ratios for different species are available.
But, one has to be careful since (i) some of them, notably the ones where emission
lines are weak, have big uncertainties even if not mentioned properly, (ii) depending

on the telescope, errors made in measuring abundances, are different.

The ratio of DCO™T to HCO™ has been the start point to look at results and
propose what seems to be the best model. Subsequently, other ratios have been
checked to state whether the initial proposition was right or wrong. Table 5.2

presents the results for some basic and fundamental species. Among all timesteps
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which were considered, errors between calculations and observations were minimal
for 2 x 10° years (and also 3.2 x 10° years), which is consistent with the previous
results. Moreover, a density of 2 x 10* em™3 is found to be the best model for
the molecules considered, which is also consistent with what is considered to be
the density near the cyanopolyyne peak in TMC-1. The results of all of these
calculations lie within a factor of 2 from observations. Though, it is worth noting
that ratios concerning CoH are incoherent with observations. Indeed, even if the
CCD over C¥CH ratio is consistent with observation, the CCD over *CCH ratio
appears to be similar to the former one. The same phenomena occurs with CCH
over BCCH and C'3CH. This is against the idea stating that the two isotopomers,

C13CH and 3CCH, are distinguishable.

Of course, errors between the model and observations depend strongly on which
observational values are chosen. For instance, if one takes the DCN over HCN from
Turner (|48]) of 0.01, the error is considerably lowered in table 5.2. Indeed, in some
cases, observations lies in quite an extensive range so that it is not straightforward to
decide which one is right : they all are, depending on points (i) and (ii) mentioned
above. However, when the model does not match observations precisely, it often

provides a value which is coherent with this range.

Table 5.2 shows that gas phase and gas grain models give very similar results. It
means that, at this particular time, it is too early to see the effects of the freezout
onto grains. Indeed, 2 x 10° years is about the time required to see such effects.
These similarities are even more pronounced that we talk about ratios where the

difference is less stressed than when dealing with direct abundances.

Appendix B lists the relative abundance of selected species and their isotopo-

logues at these optimal parameters.
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5.4 The carbon underlying ratio in the CP-peak in

TMC-1

Now that the age and the density have been determined, the carbon underlying ratio
can be assessed. The cyanopolyyne peak of TMC-1 lies in the range of time (few
10° years) where no consensus has been found as for the ratio to be used to predict
the 2C to *C ratio. However, it has been seen that HNC/HN™C might work until
105 years and after 10° years but not in between as the variations are not weak
there, except if the density is high, wich is not the case of TMC-1. Consequently,
it is preferable to use the carbon isotope ratio of HCO™ since it works well for

environments older than 10 years and this molecule has been observed carefully for

decades. Observationally the following ratios are available : 3881 and % (see
table 5.2), which lead to 19 = 51.3. The 2C/'3C - Time chromatic plot of the

HCOT carbon ratio is presented figure 5.3. It allows to assess the carbon underlying

ratio at 75 for a density of 2 x 10* em 3.
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Figure 5.3: 2C/13C - Time chromatic plot of the ratio HCO™/H¥CO* at n = 2 X
10* cm™3. The dotted green line represents the observational value of 51.3.



Chapter 6

Conclusion and future work

6.1 Summary

A chemical network including the main isotopes of carbon (*2C, 3C), oxygen (160,
180) and hydrogen(H, D) was produced. As much as possible, rules were determined
for specific chemical functional groups and for the isotope motions inside or between
reactants and products. Adopting statistical branching ratios, attention was also
paid to the scale of rate coefficients between “normal” and isotopologic reactions.
Along with a previously developed model, this network enables us to study any
species and its isotopologues in a specific environment (as density, temperature,
cosmic ionisation rate are parameters in the program), at any timestep until 108

years.

The upgraded network was first used to predict temporal and density variations
over time of the isotopologues of HNCO, which is thought to trace either dense, far
infrared or shocked regions. The different isotopologic ratios present strong varia-
tions both with density and time, except the carbon one which is more homogeneous
around an hypothetical carbon underlying ratio. These results are then compared

with some basic molecules containing the main elements, such as CO, HCO™ and

89
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H,CO.

In some theoretical studies, observations are either compared with early times
models or steady state ones. However, it is obvious that (i) not all astronomical
objects have the same age and belong to that particular ranges of time; (ii) the rel-
ative abundance of a species varies more or less strongly with time. Consequently,
a chemical tool which can constrain the age of an object, could be interesting to
understand its chemistry. The abundance ratios CS/SO and NH;3/SO appear to
be good chemical clock for early times (t < 10° years) whereas those of NH3;/HCN
(NH3/HNC) and NH3/HCO™ work well for later ages. Indeed, they exhibit large
and sudden temporal variations for all densities between 10% and 107 cm 3. Conse-
quently, even if errors are not minimal, there is less doubt on what model (density,

temperature and time fixed) fits the best the observational data.

Furthermore, models always start with a presumed initial chemistry. Especially
for isotopes, even if terrestrial underlying ratios are known not to work in the inter-
stellar medium, one has to start with a certain value (different from the terrestrial
one) which is also known to be inexact. As a consequence, the project aimed also
at finding tools to assign these isotope underlying ratios. The ratios HNC/HN3C,
HCOT/H"¥COT and CHT/!3CHT are interesting. In specific ranges of time and at
particular density, they present a barely constant value which can be used to deter-
mine the carbon underlying ratio. In addition, extreme precision on the age of the

object is not required as the temporal variations are flat.

These tools have been applied to study a particular interstellar cloud : the
cyanopolyyne peak of the Taurus Molecular Cloud TMC-1 is found to be around 2
x 10° years years, has a density of about 2 x 10* cm™ and a carbon underlying
ratio of 75. These values are consistent with the literature, which suggests that these

chemical tools can be applied to other molecular clouds with some confidence.
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6.2 Future work

6.2.1 Modelling

Programs made to fractionate the chemical network could be improved in several
ways. Indeed, many assumptions have been made which lead to errors in the output
provided. For instance, the way a chemical functional group moves and the scale of
branching ratios, when including isotopologues, lead to forbidden reactions and/or
wrong rate coefficients. Either programs need to be improved to automatically
consider and think of every rules to move each functional group or the output file

needs to be checked manually, which is really time-consuming.

Furthermore, the way gas grain interactions have been treated is not the best
way as it does not follow the species on the grains surface. Instead of modifying the
rate coefficients, “new” species should be produced (that is to say, the same as in
the gas phase but on grains). This was not a prior goal of the project so it has not
been tried. However, it could be interesting if one would like to study more deeply

species whose abundance is strongly linked to surface chemistry.

6.2.2 Other chemical tools

In addition of these modelling improvements, the next step would be to look at other
association of species to test the underlying isotope ratios and serve as chemical
clocks. The chemical network developed and the model provided enable us to study
any molecule. It is thus possible to find more useful tools which could work both
for early and late times. Indeed, many astronomical objects are between 10° and

10% years so a unique tool for this range of ages will be convenient.
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6.2.3 Observations

This project aimed at providing observers with tools to study a molecular cloud. As
a consequence, performing an observational survey on a particular cloud would be
a good idea. The first thing is to confirm if the models agree with observations for
many isotopologues in the same object. Mainly, this survey would be the occasion

to test the predictions for chemical clocks and underlying isotope ratios.
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Appendix A

Other possible chemical clocks
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Figure A.1: Density - Time chromatic plots for the NH;/HNC ratio.
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Figure A.2: Density - Time chromatic plots for the NoH™ /HCN ratio.



Appendix B

Selected species in the modelled

TMC-1

Table B.1: Relative abundance of selected species and their isotopologues at 2x10*
cm ™3, 10 K, 2x105 years (1).

Species Abundance Isotopologues Abundance
H 4.86(-4) D 1.699(-6)
H, 2(+4) HD 2.814(-5)
Hy 3.536(-10) H,D* 1.025(-11)

HDO 3.097(-9)
H,O 2.858(-7)

H,180 5.867(-10)
NH; 2.919(-8) NH,D 2.772(-10)
NH; 7.661(-15) NHD+ 3.311(-18)
CN 8.983(-9) I3CN 1.176(-10)

DCN 2.156(-10)
HCN 4.059(-8)

HI3ON 3.924(-10)

DNC 4.671(-10)
HNC 3.62(-8)

HNBC 3.699(-10)
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Table B.1: Relative abundance of selected species and their isotopologues at
2x10% em ™3, 10 K, 2x10° years (2).

Species Abundance Isotopologues Abundance
Oy 3.158(-8) OR0) 2.54(-10)
OD 9.22(-11)
OH 1.465(-8)
180H 3.001(-11)
BCO 3.464(-6)
CO 2.471(-4)
C®0O 4.938(-7)
1BCO, 1.224(-8)
CO, 1.126(-6)
CO0 4.496(-9)
DCO+ 5.851(-11)
HCO* 3.609(-9) HB3CO* 7.206(-11)
HCBO+ 1.328(-11)
HDCO 5.302(-12)
H,CO 2.093(-10) H,3CO 2.172(-12)
H,C80 4.198(-13)
CH,DOH 4.651(-15)
CH30D 3.756(-15)
CH;OH  2.371(-13)
13CH,0H 2.572(-15)
CH;'8OH 4.802(-16)
DNCO 5.425(-14)
HNCO 9.939(-12) HNBCO 9.338(-14)
HNC!®0O 1.997(-14)
SO 1.041(-10) S0 2.132(-13)
SO, 1.296(-12) SO®O 5.25(-15)
CS 9.142(-9) 13CS 9.058(-11)
HDCS 3.723(-11)
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