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ABSTRACT

The existence of interstellar molecules raises the question, are these
molecules the same molecules we see on the Solar system today? This
is still an open question with far reaching consequences. Some light
may be shed on this issue if we are able to trace the heritage of a
group of chemically linked molecules, a so-called reservoir. The best
tool to trace the heritage of reservoirs are isotopic ratios. The element
that shows the largest isotopic ratio variations in the Solar system is
nitrogen. Which is an indication that the isotopic ratio of nitrogen is
sensitive to the physical conditions during star formation.

The main objective of this thesis is to identify the reservoirs of ni-
trogen at different stages of star and planet formation. The first step
in this endeavour was to identify the isotopic ratio of the bulk of ni-
trogen in the local ISM today. This was determined to be 323 & 30
from the CN/C™N ratio in the protoplanetary disk around TW Hya.
Along with it we also measured the HCN/HC™N= 128 + 36 in the
protoplanetary disk around MWC 480. This very distinct nitrogen iso-
topic ratios on protoplanetary disks are a clear indication that there
are at least two reservoirs of nitrogen in them. How these reservoirs
get separated is however unknown. This could possibly happen due
to chemical fractionation reactions taking place in prestellar cores.
We therefore aimed to obtain an accurate direct measurement of the
nitrogen isotopic ratio of HCN in the prestellar core L1498.

To obtain this measurement the most important hurdle to overcome
were the hyperfine anomalies of HCN. These hyperfine anomalies
arise due to the overlap of hyperfine components. They are especially
sensitive to the column density of HCN, but also to the velocity field
and line widths. Thus hyperfine anomalies are a tool to measure the
abundance of HCN and to probe the kinematics of prestellar cores.

To accurately reproduce the hyperfine anomalies, and thus mea-
sure accurate column densities for HCN, we needed to explore a
degenerate parameter space of 15 dimensions. To minimise the de-
generacies we have derived a density profile based on continuum
maps of L1498. This reduced the parameter space to 12 dimensions.
The exploration of this parameter space was done through the use
of a MCMC minimisation method. Through this exploration we ob-
tained HCN/HC™N = 338 + 28 and HCN/H'®CN = 45+ 3. The
uncertainties on these values are calibration limited and determined
non-arbitrarily by the MCMC method. Implications of these results
are discussed in the concluding chapter, where we also present some
future perspectives.
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Figure 1.1 Evolution of core structure with time. The x
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extracted from Larson (1969). 3

Figure 1.2 False colour maps of the Taurus-Auriga molec-
ular cloud complex, red is Herschel-SPIRE 500 pm,
green is Herschel-SPIRE 350 ym and blue is
Herschel-SPIRE 250 ym. These Herschel-SPIRE
images were obtained in the Gould Belt Survey
key program (André et al., 2010). a) The en-
tire Taurus-Auriga molecular cloud complex;
b)The prestellar core L1544 and its surround-
ings; c) The prestellar core L1498 and its sur-
roundings. 4

Figure 1.3 The multiple protostar system IRAS 16293 —
2422 located in the p Ophichi complex at a dis-
tance of 120 pc, as viewed by ALMA at 110
GHz. The main components A and B are marked
by white crosses. Data from ALMA project:
2016.1.01468.S, P.I.: V. S. Magalhaes. 6

Figure 1.4 a) Cartoon of the physical structure of a proto-
planetary disk showing on the right the three
main layers of a protoplanetary disk with em-
phasis on the species that can be found in each
layer: The atmosphere; The warm molecular
layer and the cold and dense mid plane. On
the left we have an sketch of where different
instruments are able to probe a protoplanetary
disk b) A detailed physical structure for a pro-
toplanetary disk such as DM Tau. Z/R denotes
the height over the mid plane (Z) divided by
the radial distance to the central star (R). a)
was extracted from van Dishoeck (2014) and
b) was extracted from Henning and Semenov

(2013). 7
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Integrated intensity map of the optically thin
hyperfine component of the CN N=3—2 tran-
sition at 340.020 GHz towards TW Hydra. The
white circle in the image represents the size
of Neptune’s orbit around the Sun. Note that
the emission of CN N=3—2 comes from an an-
nular region similar in size to the Solar sys-
tem’s Kuiper’s belt. Data from ALMA project:
2013.1.00196.S, P.L.: P. Hily-Blant. 9

Channel maps of the optically thin hyperfine

component of the CN N=3—2 transition at 340.020

GHz towards TW Hydra. Here we can see that
different velocities have different spatial dis-
tributions. This effect is caused by the keple-
rian rotation of the protoplanetary disk. The
white cross marks the position of TW Hydra.
Data from ALMA project: 2013.1.00196.S, P.L:
P. Hily-Blant. 10

NASA /ESA Hubble Space Telescope stunning
view of the bright « Centauri A (on the left)
and « Centauri B (on the right). The third com-
ponent of the system, Proxima Centauri is too
far away from the main components (A and B)
to be seen in this scale. The field of view is
0.85 x 0.56 arc minutes in width and height re-
spectively. Image extracted from: Best image of
Alpha Centauri A and B (2016). 11

a) Example of a rocky planet: Earth. This im-
age was taken from the Apollo 17 crew during
their way back from the Moon. b) Example of a
giant planet: Jupiter. Image obtained in visible
light with Ultraviolet Aurora capture superim-
posed on its north pole, Origin: NASA, ESA,
and J. Nichols (University of Leicester). 12
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Figure 1.10

Approximate sequence of equilibrium conden-
sation drawn from the information given in
Lewis (1997). The white boxes show the ap-
proximate transitions of various elements into
minerals and ices from the gaseous state as-
suming solar nebula disk pressures (102 bar).
While the blue boxes provide the formation se-
quence as gas cools (see text for discussion of
condensation vs. evaporation). Some modi-
fications include a question as to whether N
is found as NH; or as N, or even N, as the
latter two have lower condensation tempera-
tures. Thus a range has been shown. The
green dashed line roughly delineates the line
between refractory solids and ices, while the
yellow line notes species that remain in the
gas. Note that C and N straddle this line. O
in the form of H,O will also be found both in
the gas and ice at various radial positions in a
protoplanetary disk. A fraction of C, H, O, and
N will also be bound in organics which, de-
pending on the form, have condensation/sub-
limation temperatures in the range of 50-150
K (Oberg et al., 2009). Image extracted from
Bergin (2014). 15

Proposed evolution of ices during star forma-
tion and formation of complex molecules. Pink
indicates an H20-dominated ice and blue a
CO-dominated ice. Early during cloud for-
mation (a) an H,O-rich ice forms, with minor
amounts of CH, and NH; through hydrogena-
tion of O, C and N. Once a critical density
is reached CO freezes out catastrophically (b),
providing reactants for CH;OH ice formation
through hydrogenation of CO (oth generation
complex organic molecules). In the cold outer
envelope (c), photo processing of the CO-rich
ice results in the production of, e.g., HCOOCH;
(1st generation). Closer to the protostar (d),
following sublimation of CO, other complex
molecules become abundant. Finally, all ices
may desorb thermally close to the protostar
>100 K (e) (2nd generation). Figure from Oberg
et al. (2010). 16
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Compilation of all measurements of the nitro-
gen isotopic ratio in comets. The observed car-
rier is indicated above each measurement. Al-
though it is clear that NH2 is a photo disso-
ciation product of ammonia in the coma, the
origin of CN is still debated. Data were taken
from Jehin et al. (2009) and Bockelée-Morvan
et al. (2015). The weighted average ratio is
144=£3. For each carrier, the average ratios for
Jupiter Family Comets (JFC) and Oort Cloud
Comets (OCC), are indicated (thick dots), where
the distinction between JFC and OCC was based
only on the periodicity of the comets being
respectively lower and higher than 200 years
(Shinnaka et al., 2016). Figure extracted from
Hily-Blant et al. (2017) 20

Plot of *N/!°N isotope ratios as a function of
galactocentric distance, Dgc (kpc). The filled
circles indicate direct measurement of the ra-
tios using the hyperfine components of the CN
isotopologues. The open circles represent the
ratios calculated using HN'*C/HNC and the
12C /13C ratio measured in CN by Milam et al.
(2005). The triangles are the ratios obtained
from the HCN data of Dahmen, Wilson, and
Matteucci (1995), combined with the 2C/13C
ratios of Milam et al. (2005). The dashed line is
the gradient from the model 3n of Romano and
Matteucci (2003), where °N is treated as a sec-
ondary element and produced in novae. The
rectangular box represents the range of val-
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and the star is the value in Earth’s atmosphere.
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in the expression: N /1N = 21.1Dgc + 123.8.
Figure extracted from Adande and Ziurys (2012).
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INTRODUCTION

In this chapter we describe the concepts that will be referenced in
the remaining chapters of this thesis. The first concept to be intro-
duced is star formation, especially the low mass case (Section 1.1),
followed by a description of what are the results of this process, i.e.
a formed star system (Section 1.2). Next we explore what stellar sys-
tems inherit from their parental interstellar clouds (Section 1.3) and
lastly how we can trace this heritage (Section 1.4).

1.1 THE PROCESS OF LOW MASS STAR FORMATION

Star formation is the process that converts interstellar material (gas
and dust) into stars. The phases of this process are well defined
but its physical and chemical conditions are still not yet completely
understood.

The process of star formation can be divided in three main phases:

1. The prestellar phase: Where regions inside molecular cloud
complex have condensed enough to form what we call prestel-
lar cores, objects with central densities larger than 10* cm™3
and kinetic temperatures close to 10 K, and have not yet formed
a central object. Some prototypical examples are L1544, L1498
and TMC1 (Keto and Caselli, 2010; Tafalla et al., 2004; Sohn et
al., 2007).

2. The protostellar phase: Where a compact dense object, bound
to form a star but that has not yet started to fusion hydrogen,
called a protostar, has formed inside a core but is still shrouded
by it. Prototypical examples are IRAS 16293 — 2422, VLA 1623 —
2417 (Zapata et al., 2013; Murillo et al., 2015).

3. The protoplanetary disk phase: Where the protostar has already
accreted most of its mass but there is still a disk of gas and
dust orbiting it, which will eventually lead to the formation of
planets, asteroids and comets. Two examples of objects in this
stage are TW Hydra and V4046 Sagittarius (Kastner et al., 2014).

1.1.1  The prestellar phase

Star formation takes place in molecular clouds. These clouds are
molecular in nature as they are protected from the harsh UV light in
the interstellar medium (ISM) due to high extinction (Ay>3 Snow
and McCall, 2006). The temperature balance is maintained by the op-
posing effects of the cooling (mainly the CO J] = 1 — 0 transition)
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and heating (dominated by cosmic rays) mechanisms (e.g. Snow and
McCall, 2006), this leads to typical temperatures of the order of 10 K
in the densest parts of the cloud (e.g. Tafalla et al., 2004; Keto and
Caselli, 2010). These densest parts can evolve into small condensa-
tions called starless cores (e.g. Belloche et al., 2011; Keto and Burkert,
2014).

These starless cores are regions where the hydrogen number den-
sity gets an order of magnitude higher (ny, > 10* cm~3) than that of
the surrounding cloud (ny ~ 500 cm 3, Hily-Blant and Falgarone,
2007). Their central density measured through the fitting of contin-
uum maps (Tafalla et al., 2004; Keto and Caselli, 2010, e.g.) or through
the analysis of the excitation of molecular lines (Lee et al., 2007, e.g.)
usually exceeds 5 x 10* cm™3. These objects are usually found in-
side molecular cloud complexes (e.g. Belloche et al., 2011; Sohn et
al., 2007), where they are usually found along filamentary structures
(André et al., 2010). These objects may also be found isolated from
molecular clouds (e.g Bourke, Hyland, and Robinson, 1995), in which
case they are called Bok globules (Bok and Reilly, 1947). When these
structures exceed the Jean’s mass and thus become gravitationally
unstable they are called instead prestellar cores, as these objects will
give rise to stellar objects. How this collapse is triggered is still an
open question (Stahler and Palla, 2005), but numerical simulations
suggest that the collapse starts in the outskirts of the core (e.g. Foster
and Chevalier, 1993; Lesaffre et al., 2005), in contrast with the classical
inside out picture (Shu, 1977). During the collapse the central density
increases with time increasing the pressure and therefore providing
some support for the core slowing the collapse down to times slower
that the free fall time (see Figure 1.1, Larson, 1969). The lifetime
of these cores is estimated to be more than 10° years (Briinken et al.,
2014). When the central density has sufficiently increased the core
starts being optically thick to the dust emission and therefore starts
to heat up, forming the first hydrostatic core, this marks the birth of
a protostar. Some dense cores, such as L1512, do not present clear
signs of collapse and may be in very early stages of their evolution
(Lee, Myers, and Tafalla, 2001).

Figure 1.2 shows the complete Taurus-Auriga molecular cloud com-
plex along with two prototypical prestellar cores that have been iden-
tified in this molecular cloud complex: L1498 a young prestellar core
with a flattened density structure with some signs of collapse (Tafalla
et al., 2004; Sohn et al., 2007) and L1544 a more evolved prestellar
core with signs of collapse even in its denser parts of the core (Caselli
et al., 2012; Keto, Caselli, and Rawlings, 2015).
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Figure 1.1 — Evolution of core structure with time. The x axis denote the
logarithm of the core radius in cm while the y axis denote the
logarithm of the pressure in dyne/cm?. The different model
times are indicated in units of 103 s. Note that the core pressure
distribution approaches a r~2 distribution with the passage of
time. Figure extracted from Larson (1969).
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Figure 1.2 — False colour maps of the Taurus-Auriga molecular cloud com-

plex, red is Herschel-SPIRE 500 ym, green is Herschel-SPIRE
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SPIRE images were obtained in the Gould Belt Survey key pro-
gram (André et al., 2010). a) The entire Taurus-Auriga molecu-
lar cloud complex; b)The prestellar core L1544 and its surround-
ings; c) The prestellar core L1498 and its surroundings.
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1.1.2  The protostellar phase

After the formation of the first hydrostatic core the protostar con-
tinues to accrete mass from its surrounding envelope, increasing in
size and in temperature. The radiation produced by the new born
protostar starts to heat the material around it. This dense and warm
conditions allow chemistry to proceed at a much higher pace, produc-
ing or liberating from the icy mantles of dust grains relatively large
molecules (10 or more atoms) in a region called a hot core or hot
corino depending on its mass (e.g. Kurtz et al., 2000; Barone et al.,
2015; van Dishoeck, 2014). During this phase the protostar remains
shrouded by its envelope which makes it difficult to directly observe
it and its accretion disk in the optical or near infrared regimes. The
best way to peer through the dust is to look through the millimetre
window. The duration of the protostellar phase depends on its mass,
more massive protostars go through the protostellar phase quicker
than lower mass protostars, a star similar in mass to the Sun spends
usually half a million years in this protostellar phase (Bergin, 2014).

Due to the immense distances to this objects (several tenths of pc)
and the small size of their heated envelopes (< 100 AU) this objects
appear very small in the sky (100 AU at 100 pc appear as 1”7 in the
sky). This small size precludes single dish telescopes from being able
to resolve the regions close to the protostar and therefore are not
able to distinguish the emission that comes from the heated region
close to the protostar from the surrounding cold envelope and cloud.
Therefore the best tool to study this kind of objects are interferometers
as they are able to filter out the emission from the surrounding cloud
(large spacial scales) leaving only the emission from the circumstellar
envelope and that of the protostar while also providing good spatial
resolution (synthesised beam, 6; ~ 1").

Figure 1.3 displays the continuum image at 110 GHz of the multi-
ple protostar system IRAS 16293 — 2422 and its surroundings. One
interesting thing to notice is the different scales between the prestel-
lar cores in Figure 1.2 and the protostellar environment in Figure 1.3.
Prestellar cores have a diameter of the order of 2x10* AU while the
envelope of a protostar is typically only a 1000 AU.

1.1.3 The Protoplanetary disk phase

During the accretion process onto the protostar, the conservation
of angular momentum leads to the formation of an accretion disk
around the protostar (Pringle, 1981). After the envelope around the
protostar has dissipated, either through accretion or ejection, the only
remaining gaseous component is the protoplanetary disk. This disk
is the place where planets, comets and asteroids form, being analo-
gous to the protosolar nebula phase during the formation of the Solar
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Figure 1.3 — The multiple protostar system IRAS 16293 — 2422 located in the

p Ophichi complex at a distance of 120 pc, as viewed by ALMA
at 110 GHz. The main components A and B are marked by
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S. Magalhaes.
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Figure 1.4 — a) Cartoon of the physical structure of a protoplanetary disk
showing on the right the three main layers of a protoplanetary
disk with emphasis on the species that can be found in each
layer: The atmosphere; The warm molecular layer and the cold
and dense mid plane. On the left we have an sketch of where
different instruments are able to probe a protoplanetary disk
b) A detailed physical structure for a protoplanetary disk such
as DM Tau. Z/R denotes the height over the mid plane (Z)
divided by the radial distance to the central star (R). a) was
extracted from van Dishoeck (2014) and b) was extracted from
Henning and Semenov (2013).

system. The mass of a protoplanetary disk is usually around a few
percent of its parent stars mass, in the case of TW Hydra system the
disk has a mass of 0.04 My while the star has a mass of 0.8 M,
(~5%, Qietal., 2013). From chemical point of view a protoplanetary
disk can be divided in three layers: A photon dominated region usu-
ally named atmosphere; a warm and molecular intermediary layer
and a cold and dense layer close to the mid plane where depletion
of molecules into the grains is likely very pronounced (Henning and
Semenov, 2013), Figure 1.4.

The atmosphere is mainly composed of atomic species that have
been photo dissociated from species in the warm molecular layer due
to the light of the central star. Here the temperature can go up to
T ~ 1000 K, and the density is a few 10° cm 3. The grains in this



INTRODUCTION

layer are usually very small (< 0.1 ym) due to the loss of all volatiles
(Henning and Semenov, 2013).

The intermediate layer, called the molecular layer is hot enough for
molecules to have been desorbed from the grains ( Ty ~ 20 — 100 K)
but not enough to dissociate them. Here the density is high (ny, ~
10% — 10'° cm~3%) and the molecules are partially shielded by the atmo-
sphere from the UV light and X-rays from the central star, protecting
them from immediate dissociation. Due to the high density and the
availability of UV radiation this is a place of active chemistry.

The third layer is the so called mid plane. Here the density is so
high (113, > 107 cm™2) that most species deplete to the grains surfaces,
the fact the temperature is low (T ~ 20 K) ensures that there is little
desorption so most volatiles are kept frozen onto the grains in ice
mantles.

In Figures 1.5 and 1.6 we see the protoplanetary disk of TW Hydra
as seen through the emission of the CN N=3—2 transition at 340.02
GHz. In Figure 1.5 we can see that the size of the protoplanetary
disk of TW Hydra as seen in CN is larger than the current size of
Neptune’s orbit. The nearly circular aspect of the disk is due to its
being almost face on when see from Earth (inclination of 6°, Qi et al,,
2013). In Figure 1.6 we can see the effects of Keplerian rotation in the
CN N=3—2 emission from the disk.

1.2 THE RESULTS OF THE STAR FORMATION PROCESS

When all is done and finished we are left with the products of the
star formation:

— 1.2.1 Ohe Oor more main objects.

— 1.2.2 several planets.

— 1.2.3 an almost innumerable quantity of comets and asteroids.

1.2.1 Stars

The main object formed is either one or more brown dwarfs or stars.
A star is an object that is capable of fusing protons into helium in its
core and uses this as its main source of energy. A brown dwarf is
a smaller object (8 My, < M < 80 My, ) that is capable of deuterium
fusion but is not capable of igniting the PP chain. The most common
situation is that in which a multiple system is born (Stahler and Palla,
2005), which means that there might be one or several brown dwarfs
or stars gravitationally bound to one another in the formed system.
The Solar system is an example of a system formed with only one
star while a Centauri is an example of system formed with three
stars (Figure 1.7).

Stars dominate the budget of their systems, in the solar system
more than 99% of the mass that was not dispersed during the proto-
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Figure 1.5 — Integrated intensity map of the optically thin hyperfine com-
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Hydra. Data from ALMA project: 2013.1.00196.5, P.L: P. Hily-
Blant.



1.2 THE RESULTS OF THE STAR FORMATION PROCESS

Figure 1.7 - NASA/ESA Hubble Space Telescope stunning view of the
bright « Centauri A (on the left) and « Centauri B (on the right).
The third component of the system, Proxima Centauri is too far
away from the main components (A and B) to be seen in this
scale. The field of view is 0.85 x 0.56 arc minutes in width and
height respectively. Image extracted from: Best image of Alpha
Centauri A and B (2016).

stellar and protoplanetary disk stages is the Sun. This means that the
composition of the Sun, or of the stars in other systems, is representa-
tive of the prestellar environment that formed it. In the end the take
home message is that all composition variations in the solar system
should be compared to the Sun instead of the Earth in order to give
us some light in the possible mechanisms behind it.

1.2.2 Planets

The most massive byproducts of star formation are planets. These
are divided into two categories of planets: rocky planets like the Earth
or Mars and gas giants like Jupiter or Saturn. Gas giants are formed
early and quickly from material beyond the snow line of water, mean-
ing they are rich in the material that was trapped in the ices. This very
rapid formation enable these planets to sample the protoplanetary
disk when it is still rich in gas, allowing them to accrete immense
atmospheres of H, and He (Lissauer and Stevenson, 2007). Since
they sampled all the different materials available in the protoplane-
tary disk their composition is very similar to the initial composition
of the Solar system. This in turn makes the giant planets a good
environment to investigate the primordial composition of the Solar
system (e.g. Fiiri, Chaussidon, and Marty, 2015).
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Figure 1.8 —a) Example of a rocky planet: Earth. This image was taken
from the Apollo 17 crew during their way back from the Moon.
b) Example of a giant planet: Jupiter. Image obtained in visi-
ble light with Ultraviolet Aurora capture superimposed on its
north pole, Origin: NASA, ESA, and J. Nichols (University of
Leicester).

Rocky planets on the other hand form mainly from material inside
the snow line of protoplanetary disks (Morbidelli et al., 2012). This
makes these words very deficient in light elements if compared to
the Sun or the gas giants, and yet these worlds still posses some light
elements as evidenced by Earth’s oceans. Indeed the water content
of Earth even though very small (~0.1-0.2% in mass) is much larger
than what should be expected from such worlds (Lécuyer, Gillet, and
Robert, 1998; Marty, 2012). The solution nowadays proposed for this
conundrum is the Grand Tack scenario in which during the late stages
of planet formation the gas giants migrate radially (Walsh et al., 2011).
This proposed migration of the gas giants would stir up the planetary
embryos in the inner disk adding some material beyond the snow
line to the infant terrestrial planets (O’Brien et al., 2010). In the end
the rocky planets would be a sort of mixed repository of inner disk
material with very little abundances of the light elements along with
some contribution (2-3% in mass) from material beyond the snow line
of water.

1.2.3 Asteroids and comets

Asteroids and comets are the left overs from the formation of plan-
ets, the remains of the building blocks of the planets, the so-called
planetesimals. Comets are set apart from asteroids because they eject
a large quantity of material when they are close to the Sun. These
ejecta are basically composed of water, ammonia, some other com-
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pounds made from lighter elements, and some silicates. While aster-
oids are expected to be basically dryer rocks being formed inside to
the water snow line or close to it. The distinction between comet and
asteroid has been somewhat blurred in recent years as some main
belt asteroids demonstrate cometary activity (e.g. Hsieh and Jewitt,
2006). The Grand Tack scenario see these ice rich asteroids as the
main source for the light elements seen in rocky planets (Walsh et al.,
2011).

1.3 THE INTERSTELLAR HERITAGE OF PLANETARY SYSTEMS

Throughout the process of star formation what is lost and what is
preserved? This is the main question surrounding the interstellar her-
itage of planetary systems. Comets are specially relevant to this sub-
ject as they are thought to have preserved the conditions in the pro-
tosolar nebula (Bockelée-Morvan et al., 2015). Specially since recent
findings from the ROSETTA mission have demonstrated that the pres-
ence and abundance of O, (Bieler et al., 2015; Mousis et al., 2016b) and
S, (Mousis et al., 2017) in the coma of 67P/Churyumov-Gerasimenko
(67P) are consistent with an interstellar origin for these molecules.
Two scenarios are possible for the origin of these molecules in the
ices of 67P: one in which even the grain structure is preserved during
comet formation, in this scenario O, and S, would be produced by ra-
diolysis of H,O and H,S respectively, during the prestellar phase, in
the other scenario during comet formation the icy components rear-
range themselves in clathrates trapping gases from the PSN inside the
grains Mousis et al., 2016a; Mousis et al., 2016b. In the first scenario
comets preserve prestellar ices without any processing while on the
second there is some mixing between the ice and the gas phase dur-
ing comet formation. This points to the question of what exactly has
been preserved in comets, to understand that we need the concept of
reservoirs.

1.3.1  Whats is a reservoir?

A reservoir is a source from which a resource can be obtained. For
example, on Earth it can be said the ocean is a reservoir of water, as
it is possible to obtain water from the ocean. On chemical terms we
refer to a reservoir of certain element as a source for that element. For
example for Earth’s biosphere the reservoir of nitrogen is the atmo-
sphere, as all the nitrogen incorporated into biological compounds
comes from the atmosphere. It can be the case that there are multiple
reservoirs for a single resource, as example, on Earth fresh water can
be obtained from three reservoirs: The atmosphere (in the form of
clouds), rivers and lakes, and ice caps. When we look at the chem-
istry of the interstellar medium matters become more complicated as
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it is difficult to assert the origin of most molecules, giving rise to the
field of astrochemistry (Langer et al., 1978).

Therefore if we want to understand what is preserved and what
is created during the formation of planetary systems we need first to
understand which are the reservoirs that exist in the Solar system and
in the interstellar medium. So that we are able to trace links between
them.

1.3.2  What are the different reservoirs that we see in the Solar system today

The reservoirs that we see in the solar system can be divided in two
simple categories based on the boiling point of the materials. Low
boiling point materials, such as water ammonia, carbon monoxide
and other are considered volatiles. While high melting point material
such as silicon dioxide, iron and other metals are considered refrac-
tory materials.

Refractories are the dominant reservoir in the inner Solar system,
(near Earth asteroids, Earth, mercury, Venus, and mars). It is also
present in the outer Solar system as well, but its mass fraction is
smaller compared to the inner Solar system. These materials are the
dominant reservoir in the inner Solar system because they are the
materials with the highest melting points, therefore being solid, even
in the hot inner system (Figure 1.9).

Going further out, to beyond the main asteroid belt, volatile mate-
rials become the dominant reservoir in mass. This is the case because
the water and ammonia snow lines are located within the asteroid
belt, so bodies beyond this line have preserved their water and am-
monia content over the age of the Solar system. The situation for
the main belt objects is somewhat mixed as they are constantly shuf-
fled by Jupiter’s gravity and therefore we see objects rich in volatiles
closer to the Sun then would otherwise be expected (Morbidelli et al.,
2012). The situation is even more complicated due to the discovery
of main belt comets (Elst et al., 1996). Gas giants have accreted the
most volatile of reservoirs H, and He, with Jupiter and Saturn having
chemical compositions similar to the Sun (Asplund et al., 20009).

1.3.3 What are the different reservoirs that we see in the dense interstellar
medium

The dense interstellar medium reservoirs on the other hand have to
be categorised in three categories based on their boiling points: gas
phase only, ices and refractory materials.

The gas phase reservoir is composed of the substances that never
deplete onto the dust grains. The principal species in this category are
H, and the noble gases (He, Ne, Ar, etc). This species never deplete
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Figure 1.9 — Approximate sequence of equilibrium condensation drawn
from the information given in Lewis (1997). The white boxes
show the approximate transitions of various elements into min-
erals and ices from the gaseous state assuming solar nebula disk
pressures (10~2 bar). While the blue boxes provide the forma-
tion sequence as gas cools (see text for discussion of condensa-
tion vs. evaporation). Some modifications include a question as
to whether N is found as NH; or as N, or even N, as the latter
two have lower condensation temperatures. Thus a range has
been shown. The green dashed line roughly delineates the line
between refractory solids and ices, while the yellow line notes
species that remain in the gas. Note that C and N straddle this
line. O in the form of H,O will also be found both in the gas
and ice at various radial positions in a protoplanetary disk. A
fraction of C, H, O, and N will also be bound in organics which,
depending on the form, have condensation/sublimation tem-
peratures in the range of 50-150 K (Oberg et al., 2009). Image
extracted from Bergin (2014).
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Figure 1.10 — Proposed evolution of ices during star formation and forma-
tion of complex molecules. Pink indicates an H20-dominated
ice and blue a CO-dominated ice. Early during cloud forma-
tion (a) an H,O-rich ice forms, with minor amounts of CH,
and NH; through hydrogenation of O, C and N. Once a critical
density is reached CO freezes out catastrophically (b), provid-
ing reactants for CH;OH ice formation through hydrogenation
of CO (oth generation complex organic molecules). In the cold
outer envelope (c), photo processing of the CO-rich ice results
in the production of, e.g., HCOOCH; (1st generation). Closer
to the protostar (d), following sublimation of CO, other com-
plex molecules become abundant. Finally, all ices may desorb
thermally close to the protostar >100 K (e) (2nd generation).
Figure from Oberg et al. (2010).

onto the dust grains are their sublimation points remain below of
10 K.

The interstellar ices are a fleeting reservoir of volatile material. The
first ice to form is water ice, it forms when the optical depth of the
dust is enough to start protecting the recently formed water from
the interstellar UV field (when the opacity of the 9.7 ym silicate fea-
ture exceeds o0.15, Whittet et al., 2013). The different species that are
part of the ice mantles are deposited when different conditions are at-
tained in the ISM, thus giving the grains a layered appearance Figure
1.10. CO ice the second most abundant ice in grains depletes to the
grains when Ay 210, being therefore frozen out into grains in prestel-
lar cores (Whittet, Goldsmith, and Pineda, 2010). In the grain surfaces
these species interact and give rise to intricate surface chemistry (van
Dishoeck, 2014).

The main reservoir of refractory materials in the interstellar medium
are silicate grains, they comprise 76% of the total grain mass and 60%
of the total grain volume (Draine, 2011). These grains exist in all
phases of the interstellar medium and are thought to be created on
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the death of stars (van Dishoeck, 2014). This grains are also impor-
tant are they are the hosts for the formation of H, and also to the
interstellar ices that form at higher densities.

1.4 HOW DO WE TRACE THE HERITAGE OF RESERVOIRS?

To trace the heritage of reservoirs we need to identify characteris-
tics of each reservoir that do not change over time. Individual species
are not great at this because during the star formation process, the
prevalent species of a reservoir may change, thus requiring a very re-
liable chemical model. Another problem that we may run into is that
the prevalent species of a reservoir is unobservable.

One thing that remains constant in a reservoir is the isotopic ratio
of stable isotopes of elements present in that reservoir. Yet different
reservoirs may present different isotopic ratios for a given element.
During the formation of a minor reservoir three processes can make
it have a different isotopic ratio to that of the main reservoir: selec-
tive photo dissociation, chemical mass fractionation and spallation.
The action of these process could leave imprints in the minor reser-
voirs making them distinguishable from the main reservoir by their
isotopic ratios.

1.4.1 Isotopic ratios as a tool to follow reservoirs

I propose a thought experiment, let’'s assume that there are two
hypothetical reservoirs of water A and B that contain all the oxygen
atoms in our experiment. Let’s further assume that the a process that
separated the two water reservoirs is isotopically selective on oxygen.
Let’s also assume that the elemental isotopic ratio of oxygen, °0/*0
over all the water available is 600, and that we are not contaminated
by 7O. When the two reservoirs are separated we have: water from
reservoir A has an °0/*®0 ratio of 600 while water from reservoir B
has an *0/ ™80 ratio of 2000. Now we leave this two reservoirs evolve
in time in contact with a substrate.

After some time we check the species that are available. We en-
counter two major species CO and H,O,. We measure the oxygen
isotopic ratio of CO and it is 2000, while the oxygen isotopic ratio in
H,O, is 600. From this simple measurement we can infer that CO
was formed from water from reservoir B and that H,O, was formed
from reservoir A. Which means we were able to follow the heritage
of reservoirs A and B even though the original species, water, is not
present anymore.

One other interesting fact that can be grasped from this thought ex-
periment is that we can infer that reservoir B must be much less abun-
dant than reservoir A. This follows from the fact that even though we
see an extreme divergence from the elemental ratio in reservoir B,
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reservoir A still has the elemental ratio. This can only be achieved if
the abundance of reservoir B is so minor that we don’t see the effects
of isotopic segregation in reservoir A.

1.4.1.1 D/H ratio as a tracer of interstellar heritage

This method was used to trace the origin of water in the Solar
system today to the interstellar medium (Cleeves et al., 2014). The
deuterium to hydrogen ratio of water in the Solar system had been
noted to be markedly different from the deuterium to hydrogen ra-
tio in the Sun (Eberhardt et al., 1995; Bockelée-Morvan et al., 1998;
Alexander et al., 2012; Usui et al., 2012). Interstellar ices also are very
enriched in deuterium even several times more than terrestrial water
(Dartois et al., 2003; Coutens et al., 2012; Persson, Jergensen, and van
Dishoeck, 2012; Persson et al., 2014). Cleeves et al., 2014 argue from
that, that only part of the water ice was reprocessed during the forma-
tion of the Solar system. Therefore at least some part of the ice from
the interstellar reservoirs survived and was incorporated into planets
and comets. The method used by Cleeves et al. (2014) remain con-
troversial as it requires the protoplanetary disk to be shielded from
cosmic rays. Even with this caveat Cleeves et al. (2014) demonstrate
that isotopic ratios can be used to follow reservoirs during the star
formation process.

1.4.1.2  Using Carbon Isotopic ratio to elucidate formation mechanisms of
carbon chains

The formation pathways of simple carbon chains in the ISM such as
C,H, c-C;H, or the cyanopolyynes (HC,;;+,N) is still not completely
understood. Since different carbon atoms in these carbon chains may
not be equivalent chemically (e.g. Sakai and Yamamoto, 2013), the
carbon isotopic ratio in each of the atoms may help define from which
species each of these atoms came, elucidating the formation pathway
of the carbon chains. This technique has been explored to suggest
pathways to the formation of the two simplest cyanopolyynes and
also CCH. Araki et al. (2016) suggest the equal carbon isotopic ratios
of the first two carbon atoms but not of the carbon atom linked to
nitrogen in HC;N suggest a formation pathway through C,H, and
C,H,". Taniguchi et al. (2016) propose that the formation of HC;N
should come from the reaction of atomic nitrogen with hydrocarbon
ions with 5 carbon atoms such as C;H," based on the fact that the
isotopic ratios of all carbon atoms are the same (1>C/!3C ~ 94) and
slightly depleted when compared to the 2C/'3C ratio in the local
interstellar medium (*>C/3C = 68 Milam et al., 2005). Sakai et al.
(2010) claim that the difference in abundance between C'3CH and
BCCH can only be explained if the two carbon atoms in CCH are not
equivalent. This restrains the possible formation pathways of CCH to
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pathways that have non equivalent carbon atoms such as the neutral
neutral reaction: C +CH.,.

1.4.2  The puzzle of the isotopic ratio of nitrogen in the Solar System

The isotopic ratio of nitrogen in Solar system comets is basically
uniform, N /N ~ 144, independent of the molecular carrier (NH,,
CN, HCN) and comet family (See Figure 1.11 Mumma and Charn-
ley, 2011; Shinnaka et al., 2016; Hily-Blant et al., 2017). This value is
markedly different from the nitrogen isotopic ratio measured in the
Solar wind, N /"N = 441 4 5 (Fiiri, Chaussidon, and Marty, 2015).
The isotopic ratio measured in the Solar wind is also a measurement
of the nitrogen isotopic ratio of the bulk of the Solar system as the Sun
has sampled all reservoirs of the protosolar nebula (PSN, the birth
place of the Solar system) and is also not expected to have synthesised
neither °N nor N (See Section 2.1). Such discrepancy suggests that
there possibly were at least two distinct reservoirs of nitrogen in the
PSN, a primary one, sampled by the Sun and Jupiter, and a fraction-
ated secondary one, sampled by the comets. But this could also be a
result of isotopic exchanges happening in the ices since the formation
of the comets. These two reservoirs may have an interstellar origin
or the secondary reservoir may have been created in-situ during the
comet formation stage.

1.4.3 The PhD project

The main objective of this thesis is to identify the different reser-
voirs of nitrogen at the different stages of star and planet formation.
We plan to identify these reservoirs by obtaining accurate isotopic
ratios, using different nitrogen carriers observed in prestellar cores,
protostars, and protoplanetary disks. Among our primary objectives
is a comprehensive study of the internal structure—density, velocity—
of the L1498 prestellar core, including a significant step further in the
derivation of the abundance of HCN and its isotopologues with re-
spect to earlier studies, especially that of Daniel et al., 2013. We antic-
ipate that the challenge will be to quantitatively reproduce the hyper-
fine anomalies of HCN, hence improving on the seminal studies of
Guilloteau and Baudry, 1981 and Gonzalez-Alfonso and Cernicharo,
1993. We expect to provide accurate isotopic ratios to be compared
to the theoretical predictions based on the most recent astrochemical
fractionation network of Roueff, Loison, and Hickson, 2015.

In this thesis, we will use various nitrogen-bearing molecules be-
longing to two broad families, nitriles—HCN, HC;N—and hydrides
(NH,D), and the somewhat ambivalent CN radical. Among the moti-
vations for our study of HCN is the HCN/HC!N ratio which was in-
directly measured to be between 140 and 340 in prestellar cores (Hily-
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Figure 1.11 — Compilation of all measurements of the nitrogen isotopic ra-

tio in comets. The observed carrier is indicated above each
measurement. Although it is clear that NH2 is a photo dis-
sociation product of ammonia in the coma, the origin of CN
is still debated. Data were taken from Jehin et al. (2009) and
Bockelée-Morvan et al. (2015). The weighted average ratio is
144%3. For each carrier, the average ratios for Jupiter Family
Comets (JFC) and Oort Cloud Comets (OCC), are indicated
(thick dots), where the distinction between JFC and OCC was
based only on the periodicity of the comets being respectively
lower and higher than 200 years (Shinnaka et al., 2016). Figure
extracted from Hily-Blant et al. (2017)
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Blant et al., 2013a) and 111 £ 19 in protoplanetary disks (Guzman et
al., 2017). Such measurements rely on the so-called double isotopo-
logue method (Section 2.3.2) but where questioned by recent chemical
models Roueff, Loison, and Hickson, 2015. In their comprehensive
study of the nitrogen isotopic ratio in the Bl core, Daniel et al. (2013)
did obtain a low HCN/HC®N ratio (165732) not going through the
double isotopic method. However, these authors discarded this value
under the assumption that the column density of HCN could not be
reliably measured, thus illustrating the challenge in deriving the the
column density of HCN. It is one goal of this thesis to solve this issue
at least in the case of L1498.

One strength of Daniel et al. (2013) is the consistent analysis of
several species. However, this could only be done at the expense of
important features that had to be neglected. In particular, Daniel et
al. (2013) considered an oversimplified profile for the velocity field
and the velocity dispersion. However, as will be shown in the fol-
lowing, these parameters are crucial to reproduce the HCN line in-
tensities, due to overlapping hyperfine transitions (Guilloteau and
Baudry, 1981; Gonzalez-Alfonso and Cernicharo, 1993). To accurately
take the line profiles into account requires an efficient way to explore
the parameter space, that cannot be achieved with x> minimisation.
This is another step further with respect to the study of Daniel et al.
(2013). Another limitation of their study was the use of the collisional
excitation coefficients of Ben Abdallah et al. (2012) for HCN. These
collisional coefficients assume that H, can be assume to be a sphere
which can alter significantly the collisional coefficients. In this thesis,
we will use collision rate coefficients at the hyperfine levels for HCN
in collisions with ortho and para-Hz2 (Lique et al. in preparation).

Another chief objective of this thesis is to identify the isotopic reser-
voirs of nitrogen present in evolved protoplanetary disks such as in
the TW Hya system, to investigate the origin of the cometary reservoir
of nitrogen. In the process, the elemental isotopic ratio of nitrogen in
the present-day local interstellar medium will be needed.

Finally, the possibility that nitrogen can be fractionated in ices be-
fore being incorporated within cometary nuclei in protoplanetary
disks will also be investigated using ALMA and IRAM-NOEMA ob-
servations of protostars.
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THE ISOTOPIC RATIO OF NITROGEN

As seen in the previous chapter the isotopic ratio of nitrogen may
be key to disentangling the mystery of the heritage of the protosolar
nebula. To be able to understand the measurements that we have
of ¥N/N in the ISM today we need to understand the sources of
the two isotopes of nitrogen N and "N (Section 2.1). With that
knowledge in hand we need to choose our target molecules between
the multitude of molecules seen in the ISM (Section 2.2) to carry out
the measurements of the nitrogen isotopic ratio (Section 2.3). From
these measurements (Section 2.4), a big picture is emerging which
will be the framework for this thesis (Section 2.4.5).

2.1 NUCLEOSYNTHESIS OF NITROGEN

During the big bang nucleosynthesis only the lightest atomic nu-
clei were produced: H, He, Li and Be (Alpher, Bethe, and Gamow,
1948). All the other elements in the universe have been created by
stars long after the big bang either in their cores (Hoyle, 1946) or
in supernova explosions (Hoyle et al., 1956). The first stable atomic
nucleus produced in stars is *He through the proton-proton chain
(Eddington, 1920; Bethe, 1939). The next nuclei to be produced are
those that can be built directly from helium nuclei (ex: 12C, 10O, ’Ne,
etc). Other atomic nuclei that can be build from this elements simply
by the addition of D or H are also produced (ex: *N, ?’Na), but in
much lower quantities as they require an extra step to be produced.
These nuclei are called primary isotopes as they can be built directly
from hydrogen and helium in one single star. Other nuclei, such as
13C, 180, 15N, require that the stars that produce them are born with
a non negligible amount of nuclei heavier than *He to be efficiently
produced, and are thus called secondary isotopes. Since their produc-
tion depend on the abundance of the elements built previously their
abundances are generally 2 to 3 orders of magnitude inferior to the
primary isotopes of the same element (ex: 1¥N/!°N = 441 in the Solar
system, 12C /13C=70 in the local ISM, Fiiri, Chaussidon, and Marty,
2015; Milam et al., 2005, respectively).

Nitrogen has two stable isotopes: N is a primary isotope, and
>N is a secondary isotope. The details behind the production of
these two isotopes are still debated (Clayton, 2003; Prantzos, 2003;
Romano and Matteucci, 2003; Wiescher et al., 2010), but the main
processes have been identified (Wilson and Rood, 1994). N is pro-
duced by both the cold and hot CNO cycles, as well as in the so-
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called hot bottom burning process in asymptotic giant branch (AGB)
stars, although massive, rotating stars may be sources as well (Prant-
zos, 2011). In contrast, it is thought that 15N can only be produced
through the hot CNO cycle, during nova outburst or in Type Ia and
Type II supernovae (Romano and Matteucci, 2003). The differences
in primary and secondary origins of the two nitrogen isotopes are
predicted to lead to an increase in the *N/'°N ratio with distance
from the galactic centre. Indeed Adande and Ziurys (2012) have mea-
sured a positive gradient with increasing distance from the galactic
centre, “N/°N = 21.1D¢gc + 123.8, where Dgc is the distance from
the galactic centre in kpc. As can be seen in Figure 2.1 the observed
galactic gradient is compatible with current galactic evolution models
for the N /N ratio.

2.2 NITROGEN IN THE ISM AND CIRCUMSTELLAR ENVIRONMENTS

Nitrogen is an atom capable of a very rich chemistry, and being the
seventh most abundant element in the universe it is readily available
to for a multitude of compounds, specially with hydrogen carbon
and oxygen. Nitrogen has been detected in the diffuse ISM in several
forms, atomic, mainly through its UV absorption bands (Nieva and
Przybilla, 2012), or in molecular carriers (HCN N, e.g. Liszt and
Lucas, 2001; Knauth et al., 2004; Li et al.,, 2013). CN was among
the first molecules to have ever been identified in the diffuse ISM
(McKellar, 1940; Swings and Rosenfeld, 1937).

In the dense ISM Nitrogen can be found in a variety of species, from
very simple ones such as CN, to big complex ones like HC;;N. This
rich chemistry is a result of the much denser gas and the presence of
ions that allow fast ion-neutral reactions to take place (Terzieva and
Herbst, 2000). It is theorised that the main reservoir of nitrogen in
the dense ISM should be either atomic N or N,, with some part of it
being locked in ices as NH; (Herbst and Klemperer, 1973). Of these
three main reservoirs only NHj; in ices is observable, and is measured
to be an important component of interstellar ices NH;/H,O~ 5 —
20% Boogert, Gerakines, and Whittet, 2015. The other two reservoirs,
N, and N are not observable in the dense ISM (Herbst, Schubert,
and Certain, 1977). Atomic nitrogen by being a single atom presents
only fine structure transitions and electronic transitions. Both types
of transitions have upper levels that are not excitable in the dense
ISM, due to the low temperatures. The possibility remains to use
those transitions as absorption probes through the use of background
sources of continuum radiation. The problem is that the electronic
lines fall in the ultraviolet which is strongly affected by the extinction
of dust in the dense ISM, and that stars do not emit sufficient light
in the wavelengths of the fine structure lines to be used in as an
absorption probe. For N, the electronic lines are also not available
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Figure 2.1 — Plot of *N/°N isotope ratios as a function of galactocentric

distance, Dgc (kpc). The filled circles indicate direct measure-
ment of the ratios using the hyperfine components of the CN
isotopologues. The open circles represent the ratios calculated
using HN'*C/H'NC and the '2C/13C ratio measured in CN by
Milam et al. (2005). The triangles are the ratios obtained from
the HCN data of Dahmen, Wilson, and Matteucci (1995), com-
bined with the 2C/13C ratios of Milam et al. (2005). The dashed
line is the gradient from the model 3n of Romano and Mat-
teucci (2003), where 15N is treated as a secondary element and
produced in novae. The rectangular box represents the range of
values found in comet measurements of *N/1°N, and the star
is the value in Earth’s atmosphere. A linear fit of these three sets
of data results in the expression: “N/®N = 21.1Dg¢ + 123.8.
Figure extracted from Adande and Ziurys (2012).
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for the same reasons and being a closed shell molecule there are no
dipole fine structure transitions allowed. The hope should remain on
its rotational or vibrational transitions, but since it is a mono atomic
species there is no permanent dipole moment therefore there are no
dipolar radiative rotational transitions.

The picture that can be built from this is that the two candidates
for the main reservoir of Nitrogen in the dense ISM are unobserv-
able. We therefore must rely on the study of the trace species that are
detectable in the dense ISM and use their abundances to reverse en-
gineer the properties of the main reservoirs of nitrogen in the dense
ISM, and also trying to identify which is the dominant one. The re-
verse engineering is done through the use of theoretical chemistry
simulations using the so-called chemical networks. Chemical net-
works are databases of possible chemical reactions and their effective
rates.

In circumstellar environments nitrogen is seen in a larger multi-
tude of molecules, ranging from simple ones like CN to big organic
molecules like CH;CH,CN (Cazaux et al., 2003). This complex chem-
istry is still not completely understood but may be related to the sub-
limation of ice mantles close to the protostars (van Dishoeck, 2014)
or in the case of formamide (NH,CHO) be a product of gas phase
reactions only (Barone et al., 2015). In disks fewer species have been
detected, but nevertheless nitrogen carriers are commonly observed.
Chapillon et al. (2012b) demonstrate that CN and HCN are ubiqui-
tous in protoplanetary disks. A few complex molecules have been
detected in disks, such as HC;N (Chapillon et al., 2012a) and CH;CN
(Oberg et al., 2015).

2.3 MEASURING THE ISOTOPIC RATIO OF NITROGEN IN THE ISM

The methods to measure the *N/!°N ratio can be divided in two
broad categories: direct methods and indirect methods. The direct
methods are called so because *N/1°Nis computed is taken as the
ratio of the column densities of the main and rare isotopologue mea-
sured directly. Whereas the indirect methods use the ratio between
the rare isotopologue and a third species to estimate the ratio between
the main and the rare isotopologue. The most used method in this
category is called the double isotopologue method Section 2.3.2.

2.3.1 Direct methods

To measure the isotopic ratio directly it is necessary to have a
reliable way to measure the column density of the main isotopo-
logue. The simplest case would be that in which the emission of
the main isotopologue is optically thin, but this usually means that
the rare isotopologue is undetectable. Yet due to the hyperfine struc-
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ture displayed by molecules containing nitrogen, sometimes one of
the hyperfine components of the main isotopologue is indeed opti-
cally thin. One example of such a measurement is the measurement
of the N /N in CN in the protoplanetary disk around TW Hydra
by Hily-Blant et al. (2017) (**N/°N = 323 + 30).

Another way of directly measuring the column density of the main
isotopologue is through hyperfine fits to the rotational spectra to ob-
tain the total opacity of the rotational transition. The caveat of this
method is that the hyperfine fit assumes that the hyperfine compo-
nents of rotational transition have the same excitation temperature,
which may not be true. One example of such a measurement is the
measurement of the ¥N/°N in NH,D towards a few prestellar cores
by Gerin et al. (2009) (**N/N = 350 — 850).

The column density may also be estimated through a local ther-
modynamical equilibrium analysis which assumes that the different
radiative transitions observed can be described by a single excita-
tion temperature. This approach is better suited for molecules which
have several transitions available, like the cyanopolyynes or organic
molecules like CH;CN. The problem with this method is that this as-
sumption is rarely valid. Despite this problem this method has been
used to compute the isotopic ratio of nitrogen in cyanopolyynes, one
example of such an endeavour is Taniguchi and Saito (2017). The au-
thors have measured the isotopic ratio of nitrogen in HC;N in TMC1
through this method to obtain N /N = 323 =+ 80.

The isotopic ratio of nitrogen can also be measured in the diffuse
ISM by measuring the opacity of absorption lines of molecules con-
taining nitrogen against a strong background source. This has been
carried out for example for HCN which had its *N/!°N ratio mea-
sured in the line of sight towards B0415 + 379 (Lucas and Liszt, 1998).
The main caveat here is that emission in the line of sight might ham-
per the measurements by diminishing the perceived absorption.

The remaining method to measure the column density of the main
isotopologue directly is through the usage of complex radiative trans-
fer models. In this case a complex source model is assumed and line
profiles are computed in order to compare them to observations in
search for the best fit. The main difficulty in this method resides
in the necessity of an accurate source model which is prone to have
correlations between its parameters (Keto et al., 2004). Despite this
difficulty there are some examples of such measurements such as in
Daniel et al. (2013). These authors have measured the abundances of
several species along with their isotopologues in the B1 dark cloud.
These abundances were then used to compute the isotopic ratio of
nitrogen in several molecules.

27



28

THE ISOTOPIC RATIO OF NITROGEN

2.3.2 Indirect methods

Indirect methods to measure the nitrogen isotopic ratio consist in
measuring the column density of the N isotopologue and a third
species. This third species is a species for which there is an expected
ratio between it and the N isotopologue. Usually this third species
is taken as a rare isotopologue on another element such as carbon.
In such cases this method is called the double isotopologue method
(Dahmen, Wilson, and Matteucci, 1995).

This method has been usually used to derive the isotopic ratio of
nitrogen in species of the nitrile family (species containing the CN
group, HCN, CN, HNC, etc). In such a case the abundance of the
13C and the N isotopologues is measured and is subsequently mul-
tiplied by an assumed 2C/13C:

XCN  XxBCN ¢
XCPN ~ XCPN ~ BC

(2.1)

where X stand for any chemical group bound to the CN group. This

method has been extensively used to measure the isotopic ratio of ni-
trogen (e.g. Adande and Ziurys, 2012; Hily-Blant et al., 2013a; Guzman
et al., 2017), but a lot of uncertainties remain as the 2C/1BC is usually

unknown and therefore adopted to be the elemental one (1>C/!3C=70,
Milam et al., 2005). This may indeed not be the case, as there is obser-
vational evidence that this ratio may be lower than the elemental ratio

(HCN/ H'®CN~ 30 Daniel et al., 2013), and theoretical expectations

that it could be higher than the elemental ratio (HCN/H'*CN=90 —

140 Roueff, Loison, and Hickson, 2015). Due to this incredible discrep-
ancies, it is hard to judge the uncertainties in double isotopologue

measurements.

2.4 REVIEW OF EXISTING '*N /!N MEASUREMENTS

To better comprehend what new information would be brought
by new measurements of the isotopic ratio of nitrogen we need to
make a review of the measurements that are already available in the
literature. This review of the available measurements is divided in
4 subsections: the measurements in the Solar system, the measure-
ments in the local ISM; the measurements in protostellar envelopes
and the measurements in protoplanetary disks. The measurements
are divided in this manner as the main idea of this thesis is to com-
prehend what we see in the Solar system in respect to the nitrogen
isotopic ratio, with what can be observed during the phases of star
formation.
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2.4.1  Measurements in the Solar system

In the Solar system today we see a marked difference between the
main mass reservoirs (the Sun and Jupiter) and the smaller mass reser-
voirs (asteroids, comets, interplanetary dust, inner planets). The Sun
as the dominant mass reservoir displays the value of the *N/!°N at
the moment and location of the birth of the Sun. All the other reser-
voirs that show isotopic ratios that differ from that of the Sun have
been fractionated by some unknown physical process.

Material extracted from meteorites presents differing degrees of
fractionation. The most refractory substance containing nitrogen, os-
bornite (TiN), has an isotopic ratio very similar to the bulk of the
Solar system (1N/!°N = 424 4-3 Meibom et al., 2007), while other
reservoirs of nitrogen inside meteorites can show incredibly low iso-
topic ratios (**N/™®N ~ 50, Bonal et al., 2010). On the other hand
measurements of YN /!°N on the gases in the coma of comets are
remarkably homogeneous, with all the values very close to 150 and
a weighted average which gives “N/1°N = 144 4- 3 (see Figure 1.11
Hily-Blant et al., 2017).

For the inner planets the situation appears to be somewhat mixed
with the Earth displaying a nitrogen isotopic ratio that is close to half
way between that of comets and of the Sun. Fiiri, Chaussidon, and
Marty (2015) argue that this is an evidence that the Earth sampled
a third reservoir of nitrogen during its formation. We on the other
hand believe that this isotopic ratio is the result of the mixing of the
two reservoirs of nitrogen. This scenario is consistent with the Grand
Tack scenario for the late stages of planet that predicts that the Earth
has sampled volatile rich (cometary like in **N /°N) and volatile poor
(Sun like in *N/'°N) material (e.g. Morbidelli et al., 2012). Mars on
the other hand has no records of its primordial nitrogen isotopic ratio,
as its atmospheric loss is isotopic selective (Mahaffy, 2016). In Figure
2.2 we have a compilation of the most relevant measurements of the
isotopic ratio of nitrogen in the Solar system.

2.4.2 Measurements in the local ISM

In the local ISM there are several measurements of the Nitrogen
Isotopic ratio. Some of these measurements are focused on the dif-
fuse interstellar medium. These measurements target the species
that exist at low densities (ny <10%cm™3) and lukewarm tempera-
tures (Tyin ~ 100 K). Most of this measurements are carried out us-
ing the absorption technique as molecular emission in this physical
conditions is very feeble. Figure 2.3 displays the available measure-
ments of the nitrogen isotopic ratio in the local diffuse ISM, along
with the expected value from the galactic gradient of Adande and
Ziurys (2012). All the values in the diffuse ISM are more or less con-
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Figure 2.2 — Nitrogen isotopic ratios measured in the Solar system. Different
symbols stand for different papers: HB2017 refers to Hily-Blant
et al. (2017), BU2006 refers to Busemann et al. (2006), OW2001
refers to Owen et al. (2001), SE2002 refers to Sephton et al.
(2002), FL2006 refers to Floss et al. (2006), FU2015 refers to Fiiri,
Chaussidon, and Marty (2015), AL2007 refers to Alexander et
al. (2007), MK2007 refers to Meibom et al. (2007), BO2010 refers
to Bonal et al. (2010) and FO2000 refers to Fouchet et al. (2000).
IDP stands for interplanetary dust particle.

sistent with each other, with the uncertainty weighted average being
“N/N =275 + 16.

In the dense ISM there are a plethora of measurements. Species in
the hydride family, NH;, N,H", presumably chemical descendants of
N, (Hily-Blant et al., 2010; Hily-Blant et al., 2013a), had their nitrogen
isotopic ratio measured directly, while species for the nitrile family,
CN, HCN, etc have mostly indirect measurements of their isotopic
ratios, with few exceptions (HCN, HNC and CN in Bl by Daniel
et al.,, 2013). The weighted average of the direct measurements yields
UN /BN = 251 + 12, a surprisingly low value. This value is probably
skewed by the low isotopic ratios measured in the nitriles which can
be underestimated due the enormous optical depths of the main iso-
topologues (Daniel et al., 2013). If we do this weighted average only
with molecules in the hydride family, which are less plagued by high
optical depth issues we get *N/°N = 340 + 16. This value is very
similar to the value measured directly in CN in the protoplanetary
disk of TW Hydra of ¥N/!°N = 323 + 30 measured by Hily-Blant et
al. (2017). The authors point this similarity as an evidence of this
being the current value of the isotopic ratio of nitrogen in the local
ISM. Figure 2.4 displays the available measurements of *N/!°N in
the dense ISM.
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Figure 2.4 — Nitrogen isotopic ratio measured in the local dense ISM. Black
markers stand for direct measurements, while red markers
stand for double isotopologue measurements. Different sym-
bols stand for different papers: DG2013 refers to Daniel et al.
(2013), DF2016 refers to Daniel et al. (2016), HB2013a refers to
Hily-Blant et al. (2013a), GM2009 refers to Gerin et al. (2009),
HB2013b refers to Hily-Blant et al. (2013b), BC2013 refers to Biz-
zocchi et al. (2013), LW2010 refers to Lis et al. (2010), TS2017
refers to Taniguchi and Saito (2017) and IH2002 refers to Ikeda,
Hirota, and Yamamoto (2002).
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Figure 2.5 — Nitrogen isotopic ratio measured in protostellar envelopes.
WAZ2014 stands for Wampfler et al. (2014), while TW stands for
this work.

2.4.3 Protostellar envelopes

To date there has been only one published paper regarding iso-
topic ratios of nitrogen in the envelopes of protostars, Wampfler et al.
(2014). The authors measured the nitrogen isotopic ratio through the
double isotopic method (Figure 2.5). Their measurements are based
on APEX observations of these protostars. The large beam of APEX
at the observed frequencies (24" at 259 GHz and 18" at 345 GHz)
suggest that these measurements sample both the protostar and its
cold envelope. The weighted average of these measurements give
a weighted average *N/1°N = 227 + 14. We have obtained a direct
measurement of the nitrogen isotopic ratio in the cold envelope of
IRAS 03282 + 3035, NH,D/®NH;,D= 2504-50. This measurement was
obtained with the 1; ;1 — 1; ¢ transition of these species.

2.4.4 Protoplanetary disks

In protoplanetary disks isotopic measurements are very difficult
due to the minute size of disks (diameters of the order of a few
arc seconds). Sch measurements became possible with the advent
of the Atacama Large Millimetre Array, due to its large collecting
area. With ALMA the nitrogen isotopic ratio in HCN has been mea-
sured in 5 disks in the Solar neighbourhood through the double iso-
topologue method, assuming HCN/H'CN = 70, and found to be
quite low, 4N /N = 111 £ 19 (Guzman et al., 2015; Guzman et al.,
2017; Hily-Blant et al., 2017). The only direct measurement of the iso-
topic ratio of Nitrogen in disks is CN/CN in the disk of TW Hya,
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4N /15N = 323 £+ 30 (Hily-Blant et al., 2017). All these measurements
can be seen in Figure 2.6. This acute difference between the HCN and
CN measurements points to the presence of two gaseous reservoirs
of nitrogen in protoplanetary disks, one with an isotopic ratio that is
one third of the other.

2.4.5 The big picture

With all this measurements there a big picture is emerging. In this
big picture we see two reservoirs of nitrogen in protoplanetary disk
and two main reservoirs also in the Solar system (Figure 2.7). The
isotopic ratios of these reservoirs are not the same in both instances
but the ratios between the reservoirs is the same, which is consistent
with models of the chemical evolution of the galaxy (Romano and
Matteucci, 2003). The question now is to identify how and when
these two reservoirs get separated. To do so we need a reliable way of
measuring *N/°N in the dense ISM, this requires advancements in
radiative transfer modelling and has been tackled in this thesis with
the direct measurement of the HCN/HC'®N ratio in L1498 (Section
4.2) through the aid of a better understand of the spectroscopy of
HCN (Chapter 4) and developments in radiative transfer modelling
(Section 3.3.1).

A point where there is little knowledge of nitrogen isotopic ratios
is in the vicinity of protostars, with only one work published so far
(Wampfler et al., 2014). These measurements have been very diffi-
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Figure 2.7 — The big picture of the nitrogen isotopic ratio. In the Solar sys-
tem and in protoplanetary disks two reservoirs have been iden-
tified. The difference in isotopic ratios between these two sets
of reservoirs are consistent with the evolution of the nitrogen
isotopic ratio with time. The remaining question is where and
when does the fractionation of the minor reservoir happens.

cult so far, but progress will probably be made with the aid of the
ALMA PILS survey (Jorgensen et al., 2016). This unbiased spectral
survey will probably provide a few “N/!°N measurements. In this
thesis we attack this front by trying to measure *N/°N in the sub-
limated ices around protostars (Section 6). The “N/™°N ratio has
never been measured in ices, as infrared spectroscopy is not capable
of distinguishing isotopologues due to the very broad features seen
in absorption, even though the James Webb Space Telescope may be
able to change this picture (Boogert, Gerakines, and Whittet, 2015).
Ices are very relevant for the measurements of the nitrogen isotopic
ratio as isotopic exchanges are known to happen in ices (Faure et al.,
2015) and they are also the source of the gaseous material in cometary
comae.

This thesis also contributed to the measurement of 1¥N/°N in the
protoplanetary disks around MWC 480 and TW Hydra (Section 5.2),
thus helping in the identification of the two reservoirs of nitrogen in
protoplanetary disks.
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One of the main objectives of this thesis is to comprehend the ro-
tational emission of HCN in prestellar cores in order to measure its
abundance directly without relying on the abundance of any of its
isotopologues. To achieve this objective several scientific numerical
tools were written.

The first of these pieces is NsLaB (Section 3.1). NSLAB is a simple
code aimed at computing emergent line profiles resulting from the
combination of an arbitrary number of homogeneous plane-parallel
slabs. NsLAB was useful to understand the hyperfine anomalies that
manifest themselves in HCN rotational transitions, described in more
detail in Chapter 4.

The second piece is called ALico (Section 3.2). ALIcO is the main
machinery behind the complex radiative transfer modelling done in
this thesis. Simply put, ALico is a set of wrapper routines around
the 1DART code (Daniel and Cernicharo, 2008) that allows large grids
to be executed, potentially in a parallelised fashion. The final piece
of software developed during this thesis is called the MCMC TOOLKIT
(Section 3.3). This toolkit was designed as a way of further simplify-
ing the application of Monte Carlo Markov Chain techniques to astro-
physical problems. The application of the MCMC TooLKIT coupled
with ALico (Section 3.3.1) is what ultimately allowed us to directly
measure the abundance of HCN in L1498 and consequently derive
precise isotopic ratios for HCN in L1498 (Section 4.2).

3.1 NSLAB

NsLaAB is a versatile and simple implementation of plane parallel 1
dimensional radiative transfer. The main purpose of NsLAB is to build
spectra from homogeneous slabs. This endeavour was inspired by
earlier works (de Vries and Myers, 2005) demonstrating that simple
plane-parallel radiative transfer is able to reproduce multiple char-
acteristics of spectral lines observed in collapsing cores. However,
NsLAB generalises the 2 slab toy model of de Vries and Myers (2005)
to an arbitrary number of slabs. In NsrLaB each spectral line has 4
parameters: Excitation temperature Ty, line centre opacity T, central
velocity Vp and a full width at half maximum (FWHM) AV. Multiple
spectral lines can be computed for each slab provided all slabs have
the same number of spectral lines. Light is propagated from a back-
ground, usually assumed to be the Cosmic Microwave Background
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(CMB), towards the observer. The spectrum, I, at slab k is calculated
as:

N
N
Lje =Y [Ju(Tex;) (1 —€%i)] + I gt ™ (3.1)

i

where T

.y ; Stands for the excitation temperature of line i in Kelvin,

7,, stands for the velocity dependent opacity of line i, and YV is
the summation over all the N spectral lines. The velocity dependent
opacity, T, is calculated as:

(v-vp)?

T, =Te ¥V (3-2)

with V being a point along the velocity axis of the spectrum, Vj the
line centre in km/s, and oy the velocity dispersion of the line in km/s
computed from AV as oy = —2Y__. The remaining term in eq. 3.1

24/2in(2)
Ju(T,, ;) stands for:

hv 1
]V(Tex,i) = T v (3-3)
be

kaex,i — 1

where v is the line frequency in Hz, h is the Planck constant and k; is
the Boltzmann constant.

3.1.1 Implementation

NsLaB is implemented as a python executable that makes use of
three Python (Python Language Reference, version 2.7) libraries, Numpy
(Walt, Colbert, and Varoquaux, 2011), Matplotlib (Hunter, 2007) and
argparse. The current implementation of NsLAB can be found in
Section A.1.1. It consists of 175 lines of code. Its execution time
and memory footprint are dominated by the python overheads when
there are a small number of channels and slabs (~68 Mb and 1 mil-
lisecond). On larger computations the execution time scales linearly
with the number of spectral lines, number of channels and slabs while
the memory footprint increases linearly with the number of channels
only.

The input to NsLaB is done through a file containing the parameter
for the lines that will show up in the final spectra. An example of
such an input file can be found in Section A.1.2. The output of NsLAB
is a ASCII file containing the spectrum in two columns, the velocity
axis in km/s and the brightness temperature in K. An example of an
output file can be seen in Section A.1.3.

Complementary functionalities of NsLAB are:

1. Command line help.

2. Choice of spectral axis sampling (initial and final values as well
as the spectral resolution).
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Figure 3.1 — Automatically generated plot by NsLaB from the output file in
Section A.1.3 with spectral resolution of 0.1 km/s.

3. The ability to receive a spectrum as background. This can be
used as the application of a foreground to a given spectrum.

4. The ability to plot the spectra computed by it.

5. The ability to make plots of the "physical structure" used to
make the spectra i.e. Tey, T, Vo and AV as a function of slab
number.

The Command line help can be invoked as shown in Section A.1.4.
Figure 3.1 contains the automatically generated plot of the spectrum
produced by the usage of the example input file in Section A.1.2. Fig-
ure 3.2 contains the automatically generated plot of the input param-
eters in each line per slab.

3.1.2  Benchmarking

Some tests have been performed to assure that NsLAB propagates
the line intensities correctly through the slabs. We first tested whether
the intensities are correctly reproduced for different opacities using
only 1 slab. The results of this test are displayed in Figure 3.3. Each
one of the lines in Figure 3.3 has Tex = 3.5 Kand AV = 0.3 km/s. The
lines are labelled from A to E according to their opacities that go from
1072 to 102 in logarithmic steps (see Table 3.1). The comparison with
the line intensities expected from eq. 3.1 are displayed in Table 3.1
along with the intensities computed by NsLas. The line intensities
computed by NsLaB are in full accord with what would be expected
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Figure 3.2 — NsLAB parameters as function of the slabs as produced automat-
ically by NsLaB. The input file contains 4 slabs and 3 spectral
lines, which are reflected in the x axis and legend respectively.

from eq. 3.1. We also note that the background intensity is well
reproduced, along with the line widths. The low opacity lines A, B
and C have FWHMs of 0.3 km/s while D and E have somewhat larger
FWHMs due to the saturation caused by their large opacities.

The second test has to do with the propagation of spectral lines
through two or more slabs. In this test we have 5 experiments labelled
from F to J. F is our single slab reference line, with an excitation
temperature of 5 K an opacity of 5, and a FWHM of 0.3 km/s. G
has the same properties as F the difference being that the opacity is
divided between two slabs, each with an opacity of 2.5. H has two
slabs each with the same properties of line F. I has two slabs with
an opacity of 5.0 and a FWHM of 0.3 km/s, the difference between I
and H being the excitation temperatures of each slab. In experiment
I the first slab has an excitation temperature of 5 K while the second
slab has an excitation temperature of 4 K. | is just like I except that
the excitation temperature of the second slab is lower at 2 K. The
properties of lines F to | are listed in Table 3.2 and in Figure 3.4 we
can see the results from this second test.

As expected lines F and G are equal, while line H is slightly broader
due to saturation. Lines I and | present self absorption features as
would be expected from the fact that the second slab has an excitation
temperature below the excitation temperature of the first slab. Line |
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Table 3.1 — Parameters for the lines in test 1, along with analytically pre-
dicted brightness temperatures and NsLaB computed brightness
temperatures. Opacities quoted refer to line centre opacities.

Line T,y T Vo AV Analytical Computed
(K) (km/s) (km/s) Intensity (K) Intensity (K)
A 35 1072 -50 0.3 1.13 1.13
B 35 107! -2.5 0.3 1.18 1.18
C 35 1 0.0 0.3 1.53 1.53
D 35 10 2.5 0.3 1.77 1.77
E 35 10? 5.0 0.3 1.77 1.77
1.8 4
N B
1.7 A
1.6
¥ 15- n
z
z
L 144
£
1.3 4
1.2 1 A C D E
S | L)) L
1.1 T T T T T
—4 0 2 4 6

Velocity (km/s)

Figure 3.3 — Spectrum computed by NsLaB for a single slab experiment (test
1, see Table 3.1). The labels from A to E denote the different
experiments in Table 3.1.

39



40 SOFTWARE TOOLS

Table 3.2 — Parameters for the lines in test 2. Opacities quoted refer to line
centre opacities.

slab 1 slab 2

Line Tei=1 T=1 Vox=1 AVic1 Texk=2 T=2 Vop=2 AVio

(K) (km/s) (km/s) (K) (km/s) (km/s)
F 5.0 5.0 -5.0 0.3
G 5.0 2.5 -2.5 0.3 5.0 2.5 -2.5 0.3
H 5.0 5.0 0.0 0.3 5.0 5.0 0.0 0.3
I 5.0 5.0 2.5 0.3 4.0 5.0 2.5 0.3
] 5.0 5.0 5.0 0.3 2.0 5.0 5.0 0.3

also presents the interesting aspect of being in absorption against the
background, since its excitation temperature of 2 K is smaller than
the excitation temperature of the background (Tpg = 2.73 K).

The third test consists in testing the propagation of lines through
slabs with opposite sign velocities and a gradient in excitation tem-
perature, with the aim of being able to reproduce qualitatively the
red-blue asymmetries that are seen in molecular lines. The 5 exper-
iments conducted are labelled from K to O. Lines K, L and M have
the same excitation temperature, 5 K, an opacity of 2, and FWHM,
0.3 km/s in both slabs, but have different line centre velocities. In
experiment K we have a difference of 0.4 km/s between the two slabs.
In experiment L this difference is 0.2 km/s and finally in M there is
no difference in velocity between slabs as it serves as our reference
line. In the remaining lines N and O we have the same properties as
in L and K respectively, except that the second slab has a lower exci-
tation temperature of 3.5 K. The properties of lines K to O are listed
in Table 3.3 and the results of this experiment can be seen in Figure
3.5.

Line K presents a double peaked line since the difference in velocity
between the slabs, 0.4 km/s is larger than the FWHM of 0.3 km/s.
Line L on the hand presents the emission of both slabs merged in a
single broad line, as would be expected since the velocity difference
between both slabs, 0.2 km/s is smaller than the FWHM of the lines
(AV = 0.3 km/s). In line M we recover the expected single peaked
Gaussian profile with a FWHM of 0.3 km/s. The remaining lines, N
and O reproduce the so-called red blue asymmetries commonly seen
in the interstellar medium emission lines. N displays a red shoulder
while N displays a double peaked profile with the red peak being
much less intense than the blue peak.
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Figure 3.4 — Results of the second benchmarking test of NsLaB, testing the
propagation of spectral lines through two slabs. The labels F to
J correspond to the spectral lines described in Table 3.2.

Table 3.3 — Parameters for the lines in test 3. Opacities quoted refer to line
centre opacities.

slab 1 slab 2

Line Texk=1 Te=1 Vok=1 AVier  Texk=2 Tk=2 Vok=2 AVie
(K) (km/s) (km/s)
K 5.0 2.0 -5.2 0.3 5.0 2.0 -4.8 0.3
L 5.0 2.0 -2.6 0.3 5.0 2.0 -2.4 0.3
M 5.0 2.0 0.0 0.3 5.0 2.0 0.0 0.3
N 5.0 2.0 2.4 0.3 3.5 2.0 2.6 0.3
O

5.0 2.0 4.8 0.3 2.5 2.0 5.2 0.3




42

SOFTWARE TOOLS

3.00 - ﬂ ﬂ

2.75 1 ﬂ
2.50+
2.25 4

2.00 +

Intensity (K)

el ML

-6 _4 -2 0 2 4 6
Velocity (km/s)

Figure 3.5 — Results of the third benchmarking test of NsLaB, testing the
propagation of spectral lines through two slabs with different
velocities. The labels K to O correspond to the spectral lines
described in Table 3.2.

The tests conducted demonstrate the versatility of NsLAB in com-
puting simple spectra while also demonstrating its numerical accu-
racy.

3.1.3 Perspectives

Due to its versatility NsLAB can be used in various situations, such
as simple radiative transfer or as complement to more complex radia-
tive codes (such as applying a plane parallel foreground to the output
of a complex radiative transfer code). Below we give two examples of
where NsLaB has been coupled with other codes to produce powerful
tools:

— NsLAB + RADEX (van der Tak et al., 2007) - a plane parallel radia-
tive transfer code that does not assume local thermodynamical
equilibrium (LTE) and works under the Large Velocity Gradient
(LVG) approximation and produces lines profiles.

— (NsraB + RADEX) MCMC - A way of solving simple non-LTE ra-
diative transfer problems under the 4 slabs approximation (see
Section 4.1.3.1) using Markov Chain Monte Carlo sampling.

A future project involving NSLAB is:

— Interactive NsLAB - A graphical interface for NsLAB enabling

real-time evaluation of spectra produced by NsrLaB.
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3.2 ACCELERATED LAMBDA ITERATION CODE, ALICO

The Accelerated Lambda Iteration COde (AL1co) is a set of wrap-
per routines to control the 1-D radiative transfer code 1DART (Daniel
and Cernicharo, 2008). 1DART has been extensively tested (Daniel and
Cernicharo, 2008) and has already demonstrated its ability to repro-
duce the emission of prestellar cores (e.g. Daniel et al., 2013). 1DART is
written in FORTRAN90 using the accelerated lambda iteration scheme
(Olson, Auer, and Buchler, 1986) to deal with the radiative transfer
problem. The development of 1DART is still under way and recently a
bug related to the computation of line widths has been fixed. One es-
sential functionality of 1DART for this thesis is its capability of dealing
with the overlap of lines of a molecule such as in the case of several
molecules with hyperfine structure (HCN, N,H", HNC, etc). The
hyperfine treatment follows Rybicki and Hummer (1992). 1DART is
capable of modelling diverse scenarios, based on a radial 1-D model
that is given for the code as an input. This model is a 1-D description
of the physical structure to be modelled, the following parameters
must be given as a function of unitary radius:

1. H, number density in cm 3.

2. Kinetic temperature of the gas in Kelvin.

3. Non thermal velocity dispersion of the gas in km/s
4. Molecular abundance relative to H,.

5. and optionally the velocity field in km/s.

This physical model may also include a grey body emitting source at
r = 0, as would be the case for a protostellar envelope.

The physical model along with computational parameters are writ-
ten in a complex and large input file, an example of such a input
file can be found in Section A.2.1.1. The physical model is then used
to compute the populations of the molecular levels, along with the
excitation temperature and opacities of the radiative transitions for
the molecule in question. With these quantities computed for each
layer of the model the next step is to compute the emergent spectra
through a ray tracing algorithm that includes the convolution with a
Gaussian telescope beam of arbitrary size and beam efficiency at dif-
ferent offsets from the centre of the model. Ray tracing is a technique
for generating an image by tracing the path of light through the line
of sight for various impact parameters. The beam convolution is done
by making an weighted average of different impact parameters and is
controlled by a separate input file for which an example can be seen
in Section A.2.1.2.
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3.2.1 Model cloud

Due to the complexity of the inputs needed to operate 1DART and
the rigidity of the input files dictated by the complexity of parsing
in FORTRAN90 I developed a Python wrapper to operate 1DART for the
range of physical conditions seen in prestellar cores. Model cloud
does this by setting most numerical parameters of 1DART to default
values adequate to the modelling of prestellar cores. The input pro-
cess is simplified by using a smaller input file that allows for larger
flexibility including arbitrary length comments in between parame-
ters. In this input file we can input the physical conditions in a sim-
plified manner:

1. The H, density profile is computed from a simple density pro-
file:
1o

- o \a + NMext
1+ (%)
Therefore the input of the density physical model is simplified
to simply to the choice of: ny the density a the centre of the
model in cm~3; 7 the full width at half maximum of the density
profile in unitary radius units; « the exponent of the density
profile decay and 7ex the number density at r = oo in cm™>.
This density profile is based on the number density profile for
prestellar cores presented in Tafalla et al. (2004).

n(r) =

2. The kinetic temperature of the gas and the abundance of a
molecule can be entered as a step function of radius enabling
various possible profiles for these two quantities.

3. The non thermal dispersion of velocities can be given in three
ways, as a step function, as a power law and as a smooth arc
tangent profile. These three mechanisms enable a very versatile
way of describing the non thermal dispersion of velocities.

4. The velocity field of the cloud can be given in 3 ways: as a
truncated power law with inner and outer values, as a wedge
profile and as a Gaussian profile.

5. An abundance multiplier that can be used to introduce an iso-
topic ratio.

An example of a Model cloud input file can be found in Section A.2.2.
Apart from the main functionalities that are accessed through the

input file some other options are available through the command line

interface. These other options are presented in Section A.2.2.1.

The options worth noting are the benchmarking option and the no
overlap option. The benchmarking option is used to automatically
produce plots of the opacity and excitation temperatures of the tran-
sitions included in the calculation along with the populations of all
energy levels included in the calculation. The no overlap option per-
mits to speed up calculations in the case when line overlaps are not
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important, but also allows us to check whether the line overlap is
important for a given model.

3.2.2  ALICO griding software

With the necessity of running several ALico models to try and fit
the observed spectra came the necessity of a griding software for Ar-
1co. Such a software was created and implemented in Python 2.7.
It consists of a wrapper for Model cloud that builds parameter files
for Model cloud and then calls it multiple times to run the different
models. To take advantage of the multiple cores in modern comput-
ers this software takes advantage of the multiprocessing module of
Python. This module enables the parallelisation of the Model cloud
calls allowing for the execution of several models at once, being lim-
ited by the number of cores available in the host machine, the default
number of threads being the number of cores in the machine minus
1.

The input for the griding software is given in three input files:

1. Source file, a file containing information about the modelled
source: density parameters, distance, temperature, size, etc. An
example file can be found in Section A.2.3.1.

2. Molecular file, a file containing information about the molecule
that will be used by the calculation, including telescope point-
ings, rotational levels to be included, lines for which to compute
the emerging spectra, etc. An example file can be found in Sec-
tion A.2.3.2.

3. Grid file, a file containing the parameters over which a grid can
be made: Abundance, non thermal dispersion profile, Velocity
profile and abundance ratio. In this file the parameters over
which there will be a grid are listed, An example file can be
found in Section A.2.3.3.

As with Model cloud A few options are available from the com-
mand line interface as is shown in Section A.2.3.4. Most options are
related to the control of the execution of the grid, such as the number
of cores used by the grid. The benchmarking option performs the
same plots as in Model cloud and the provided and override options
relate to the case in which we have a physical profile to be used, sup-
planting most options in the source file along with most options in
the grid file.

3.2.3 The ALico model and observation classes

To facilitate the utilisation of ALico models inside more complex
codes, for example Markov Chain Monte Carlo (MCMC) minimi-
sations, a Python class wrapping up Model cloud has been imple-
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Figure 3.6 -HCN | = 1 — 0 spectra produced by the model class along
with HCN | = 1 — 0 observations as plotted by the function
plot_with_obs from the model class (see Section A.2.4.1).

mented. This class wraps up most functionalities of Model cloud in

an easy to use Python code and is called model. It depends on two

smaller Python classes that deal with molecular spectroscopic infor-
mation, which are used to simplify the task of inputting spectroscopic

information. Another class of importance is called observation, which
is used to store spectroscopy observations to be compared to the AL-
1co models. These two classes work in tandem to make it possible to

produce easy to write code with all the desired functionality: running

models, comparing models to observations, making plots of models,
making plots of the models with the observations, making plots of

the observations. In Section A.2.4.3 we see a snippet of code in which

all these classes are used to compute a model and then plot it with the

observations. Figure 3.6 displays the plot of the HCN | =1 — 0 tran-
sition produced by the code in Section A.2.4.3. The complete codes

for classes model and observation can be found in Sections A.2.4.1

and A.2.4.2 respectively.

3.2.4 Perspectives

The perspectives for ALico are:

— Further simplification of the input of the parameters for Model
cloud which are to be propagated through the dependent soft-
ware.
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— Make the code as portable possible (minimal reconfiguration
upon deployment on a new machine).

— Make the code easy to maintain by subdividing it further into
modules.

— Optimise 1DART to reduce the overall run time.

— Change the way 1DART deals with collisional coefficients and
spectroscopy to allow the usage of LAMDA-type spectroscopic
files as input for collisional coefficients.

3.3 MCMC TOOLKIT

The MCMC TooLKIT is a small Python module intended to wrap
the Emcee and Corner Python modules (Foreman-Mackey et al., 2013;
Foreman-Mackey, 2016, respectively) in a simple interface while also
providing coherent input and output options. Emcee is an MIT li-
censed pure-Python implementation of Goodman & Weare’s Affine
Invariant Markov Chain Monte Carlo (MCMC) Ensemble sampler
(Goodman and Weare, 2010). While Corner is a wrapper onto Mat-
plotlib to produce cross-histograms of the space parameter explored
by an emcee run. The main objectives of the MCMC TOOLKIT are:
easy to use functions for controlling the input to emcee, functions
that control the execution of an emcee run providing user friendly
conveniences such as progress bars and to produce user friendly re-
sults at the end of the process. The present version of the MCMC
TOOLKIT can be found in Section A.3.1.

The first objective is already accomplished and easy input is achieved
by the functions read_input_sel and read_legend. The first function,
read_input_sel, reads an input file and returns 6 arrays along with
the number of dimensions of the parameter space. These arrays con-
sist in the initial guesses, priors (inferior and superior), the input
parameters that are fixed through the run and two array masks to
reconstruct which parameters are given in log form and which are
the parameters that are fixed and which are to be fitted. The other
function, read_legend, reads the input file and returns labels for the
parameters that are to be fitted in the run. At first it might look that
such an input file would be fairly complex to write, but thanks to
Python parsing capabilities is fairly straight forward to write one as
can be seen in Section A.3.2. The remaining function related to in-
put is completepset which is used to reconstruct the complete set of
parameters for the model being run inside the MCMC run.

The second objective of the toolkit is to develop functions that wrap
the execution of emcee providing plug and play solutions for parallel
execution, user conveniences such as progress bars, and saving the
status of the Markov chain in each step, for later reuse in the case
of interrupted execution. As of now part of this development is ac-
complished as the ability of saving a Markov Chain and the ability to
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re-initiate the code from it have already been implemented but other
functionalities such as controlling the execution of emcee have been
implemented in a case by case basis, so no functions controlling the
execution of emcee readily available. Examples of parallel execution
of emcee are described in Section 3.3.1.

The final objective, provide comprehensible results from a MCMC
run, is already accomplished as the functions plot_walkers and
run_corner provide a wealth of plots and also files containing the
results with 1 ¢ error bars from the analysis of the Markov chains.

In Figure 3.7 we see an example of a plot of the Markov chains
produced by a simple MCMC run trying to fit the parameters of a
Gaussian to a mock up observation. This mock up observation was
produced by generating a Gaussian curve with peak intensity A = 50,
centre Xy = -4 and dispersion ¢ = 15 and then adding random noise
with an RMS of 2.5. Figure 3.8 displays the cross histograms from the
fit as plotted by corner through the use of the function run_corner
from the MCMC TooLrkir. Figure 3.9 displays the best fit for the
example described above along with the mock up observation and
the results extracted from the corner plot are listed below as they are
output by run_corner.

#Best fit parameters and their uncertainties for the run:
example_run

#Burn in: 200

$A$ = 49.8980 -2.3616 +2.4058

$x_0$ = -3.9826 -0.7818 +0.8338

$\sigma$ = 15.0266 -0.8144 +0.8496

This MCMC run lasts 23 seconds when using 200 walkers and 400
steps. This kind of simple example is run on a single thread as the
overheads of calling Python for multiple threads slow down the exe-
cution of the code. In models that take more than a few milliseconds
to run it is worth while to invoke multiple threads as the Python
overheads become less important.

The MCMC TtooLrkiT has been successfully coupled with RADEX to
produce RADEX+MCMC. We have used RADEX+MCMC to determine
the isotopic ratio of HC;N in L1544 under the escape probability for-
malism. An article on this result will be published soon. The current
draft can be found in Appendix D.

3.3.1 Arico MCMC

The main application for which the MCMC TooLkiT was developed
was to enable the usage of Monte Carlo Markov Chain techniques
with Arico. This is a advancement in radiative transfer modelling
for our group as it enables the minimisation of the parameters in
radiative transfer models in a unbiased way along with having quan-
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Figure 3.7 — Evolution of the walkers in a Markov chain as a function of the

steps taken. For the three parameters displayed it is possible
to see that the MCMC walkers rapidly converge to the correct
values for the parameters (within ~ 100 steps).
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Figure 3.8 — Cross histograms of the parameters for a model Gaussian. A
is the peak intensity, Xy is the Gaussian centre and ¢ is its dis-
persion. From this plot we can learn which parameters are not
correlated with each other as the is the case between the centre
of the Gaussian and its amplitude (the cross histogram is circu-
lar) and which parameters do present a correlation with each
other like the amplitude of the Gaussian and its dispersion (The
cross histogram is elliptical and inclined). The dashed vertical
lines in the histograms indicate the 0.16, 0.5 and 0.86 fractional
quantiles and are used to automatically compute the best fit
parameters and their uncertainties.
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Table 3.4 — Physical parameters for the time benchmarking of AL-

1co/1DART.
Parameter Value
Density 10° cm~3
Temperature 10 K
Non thermal dispersion 0.1 km/s
Collapse velocity 0.0 km/s
Radius 10'8 cm
Number of model layers 10
Number of rotational levels for each molecule 4

tified uncertainties from one MCMC run. The uncertainties derived
from a MCMC run are better determined than in x? analysis as they
do not depend on the absolute values of the computed x?, since they
depend on the likelihood of the observation given a range of models.
The main challenge encountered when implementing ALico MCMC
was the computational time that ALico models require. This compu-
tational time depends on the opacity of the transitions in the model
and also to the complexity of the spectroscopy of the molecule. For
simple linear molecules without hyperfine structure ALico converges
very quickly even for very high opacities, while for molecules with
complex spectroscopy the converging time depends on the opacity as
it will determine the number of iterations to converge given the effect
that transitions may have on each other (Overlaps, collisional and ra-
diative transitions). To prove these statements we have run a set of AL-
1co models for 4 different molecules with increasing opacities. The 4
molecules chosen are: CO a simple linear molecule with no hyperfine
splitting of its rotational spectra; HCN also a simple linear molecule
but that present hyperfine splitting in the rotational transitions due
to the N atom; N,H" still a linear a molecule but that presents a very
complex hyperfine splitting of its rotational transitions due to the
presence of 2 N atoms and lastly NH,D an asymmetrical molecule,
the most complex molecule in the test. The physical model used in
this test is described in Table 3.4 and the running time as a function
of molecular abundance can be seen in Figure 3.10. As expected the
CO models are the fastest to run, with each model taking less than
a second run. The HCN models on the other hand increase in time
with increasing abundance but not as fast as N,H" which is expected
as the hyperfine structure of N,H" is more complicated than that of
HCN. The models that take the longest to run are the NH,D ones,
which due to its complicated spectroscopy take much longer to run
than any of the other molecules.
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Figure 3.10 — Time for ALrico execution as a function of molecular abun-
dance for CO, HCN, N,H* and NH,D.

Due to the long run times of Arico, the MCMC code had to be par-
allelised. The first form of parallelisation implementation was with
the Python multiprocessing module. This module enables the usage
of all processors in a single computer to run a code. In the case of
Arico MCMC this made possible the usage of the code in the IPAG
servers (number of threads ~ 40). In this case an ALico MCMC run
would still take upwards of 20 days to convert in our case of inter-
est, modelling the emission of HCN and its isotopologues in L.1498.
To speedup the code execution time and also be able to add more
walkers to the MCMC run the code was then reimplemented with
the MPI4PY Python module, which enables the usage of Python codes
under the Open MPI (Message Passing Interface) protocol. Open MPI
enables a code to be run in heterogeneous clusters of machines thus
making the code able to be run in the clusters of CIMENT the high
performance computing facility of Université Grenoble Alpes. Access
to the CIMENT clusters was granted to us under the ANR project
HYDRIDES (PI. Alexandre Faure). The reimplementation of the code
in MPI required some study of the MPI capabilities of the CIMENT
clusters, and in the end the best cost benefit compromise was en-
countered by running the code using 96 processors on the FROGGY
machine. FROGQGY is a cluster containing 3184 CPUs divided into
190 nodes containing 2 Intel Sandy Bridge EP E5-2670, containing 8
cores. Each node has 64Gb of RAM and is connected to the remain-
ing nodes through an Infiniband FDR network. A typical run takes
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Table 3.5 — Summary of the radiative transfer codes developed in this thesis
along typical execution times. The execution times have been
measured in a 2.2 GHz intel iy processor, with either 1 or 8
cores, except for Arico/MCMC which had its execution time
measured in FROGGY.

Tool Geometry Parallelised Execution
time (s)
NsLaB Plane-parallel (PP) No 1073
RADEX+MCMC Spherical or PP Yes 5x10?
RADEX+NsLAB+MCMC  Plane-parallel Yes 3x10°
ALICO 1D spherical No 10°-2x 103
Arico/MCMC 1D spherical Yes 9x10°

between one week and 10 days to be completed on FROGGY. Due
to scheduling limitations, a FROGGY run has to be broken in execu-
tion blacks that last 85 hours, meaning that ALico/MCMC has to be
relaunched every 3 and a half days.

3.3.2 Perspectives

The future of the MCMC TtooLkiT includes further simplifications
for the user. The main goal is to require very little input from the
user, such as simply designing the function to compute the likelihood
of the observations given the model. The Arico/MCMC project is
also under continuous development. The main perspectives for it
are: Generalisation of the code, so that it can be used in general 1D
radiative transfer models of molecular emission, and generalisation
to 2D geometries.

3.4 SUMMARY OF RADIATIVE TRANSFER TOOLS

Several radiative transfer tools have been developed in this thesis.
Table 3.5 summarises this tools.



MEASURING N /!N IN PRESTELLAR CORES

In our quest to obtain direct measurements of the isotopic ratio of
nitrogen we came to the conclusion that we needed a reliable mea-
surement of the isotopic ratio of a nitrile in the dense ISM. Previ-
ous measurements by Daniel et al. (2013) suggested a tantalising low
value (*N/N = 165), but went shy from taking any conclusions as
they had no spatial information on the HCN emission to try to dis-
entangle the optical depth effects. Nitriles are an important chemical
group as they are direct descendants of atomic nitrogen (Hily-Blant
et al., 2010). The best possible target molecule for such an endeavour
is HCN, an abundant linear molecule that presents a resolved hy-
perfine structure in its lower rotational transitions ( Jupper < 4). Mea-
suring the abundance of HCN would also help in other aspects of
nitrogen chemistry in the ISM, such as understanding which is the
dominant reservoir of nitrogen in the ISM N or N,. One such aspect
is the HCN/HNC ratio, which is predicted to be of the order of unit
by chemical models (Herbst, Terzieva, and Talbi, 2000), and therefore
can serve as a useful probe to test the accuracy of chemical networks.

Due to the high opacity of HCN rotational lines (even with hy-
perfine splitting) the most frequently method to determine HCN col-
umn densities is through the rare isotopologue method (Section 2.3.2).
The caveat here is that it is not guaranteed that the >C/!3C ratio in
HCN would be the elemental one, with estimates and predictions
varying wildly (12C / 13C=3o—140 Daniel et al., 2013; Roueff, Loison,
and Hickson, 2015). This leads to an uncertainty of a factor of 4 in
the determination of HCN column densities derived from the double
isotopologue method.

4.1 THE HYPERFINE ANOMALIES OF HCN

To actually accomplish the task of measuring “N/!°N directly in
HCN a complete study of the hyperfine anomalies of the rotational
transitions of HCN had to be undertaken. In Section 4.1.1 we start
by describing what are the hyperfine anomalies with a focus on the
hyperfine spectroscopy of HCN. Section 4.1.2 describes the possible
mechanisms behind these anomalies while Section 4.1.3 tests these
mechanisms with the aid of a simple toy model. On Section 4.1.3.2
we apply what has been learned on a realistic physical model of L1498
and finally on Section 4.1.4 we present the main conclusions regard-
ing the reproduction of hyperfine anomalies.
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4.1.1  What are Hyperfine Anomalies?

The resolved hyperfine structure of HCN is of great help as each hy-
perfine line has a different opacity enabling hence probing different
depths in a dense cloud within a single rotational transition. But all
is not perfect as this hyperfine structure usually presents anomalous
line ratios (e.g. Walmsley et al., 1982; Sohn et al., 2007). The existence
of this anomalous line ratios was noticed for the first time by Kwan
and Scoville (1974) and have since then been called hyperfine anoma-
lies. To better understand these hyperfine anomalies a good grasp of
the rotational spectroscopy of HCN is needed.

So what are these hyperfine anomalies? Hyperfine anomalies con-
sist in the hyperfine components of a transition having hyperfine
ratios that are not compatible with the hypothesis that they share
the same excitation temperature. Observed HCN spectra frequently
present hyperfine anomalies on two rotational transitions, ] =1 — 0
and | = 3 — 2. The most commonly observed anomaly of the
J = 1 — 0 transition observed in prestellar cores is when we have
a so-called hyperfine inversion, where a weak hyperfine component
outshines a stronger one (Sohn et al., 2007; Loughnane et al., 2012,
see also Table B.1). This type of anomaly is usually observed towards
dense cores (Walmsley et al., 1982; Sandell, Hoglund, and Kisliakov,
1983; Cernicharo et al., 1984; Sohn et al., 2007). Another commonly
observed hyperfine anomaly is when the ratio between the hyperfine
components F =1 — 1 and F = 2 — 1 is smaller than what is ex-
pected (F =1 = 1/F =2 — 1 < 0.6), and is commonly observed
in warm regions such as HII regions (Gottlieb et al., 1975; Guilloteau
and Baudry, 1981). In Figure 4.1 we have an example of an anoma-
lous HCN J = 1 — 0 spectrum together with a H?CN J = 1 — 0
spectrum, a proxy for non anomalous HCN | =1 — 0 emission. Fig-
ure 4.2 displays the variation of the hyperfine ratios of the ] =1 — 0
over a selected sample of dense cores.

The other commonly observed hyperfine anomaly of HCN is the
one seen in the spectra of the | = 3 — 2 rotational transition (e.g.
Loughnane et al., 2012). In this transition there are 4 partially blended
hyperfine components while there are two satellites hyperfine compo-
nents F = 2 — 2 and F = 3 — 3 which are not. These two satellite hy-
perfine components have the same relative intensities, which means
that if when they have the same excitation temperature they display
the same intensity. What is observed however, is that the F =3 — 3
hyperfine component is several times stronger than F = 2 — 2 hyper-
fine component. Figure 4.3 displays an example of an observed HCN
] = 3 — 2 spectrum alongside a synthetic HCN | = 3 — 2 spectrum
representing the relative intensities of each hyperfine component.
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Figure 4.1 - HCN | = 1 — 0 spectrum presenting hyperfine anomalies (bot-

Ri2

tom) and H>CN ] = 1 — 0 spectrum displaying no hyperfine
anomalies (top). Both HCN and H'BCN have the same resolved
hyperfine structure, therefore the H3CN | = 1 — 0 transition
is a proxy for non anomalous HCN | = 1 — 0. The hyperfine
splitting caused by the presence of 13C is not resolved in H'*CN.
The hyperfine components of the | = 1 — 0 transition of both
HCN and H'*CN are labeled with their respective relative in-
tensities. Both spectra were obtained towards the continuum
peak of L.1498.
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Figure 42 -Rypvs. Rpp Rip=F=1—=1/F=2—=1,Rp=F=0—1/F =

2 — 1) for several sources in the dense ISM. The red polygon
indicates the region where hyperfine ratios are not anomalous.
There is only one set of ratios that is completely inconsistent
with hyperfine anomalies, that of L234-ES. The hyperfine ratios
were extracted from the data in Sohn et al. (2007) and are listed
in Table B.1.
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Figure 4.3 — Top panel: Observed HCN | = 3 — 2 spectrum towards
the continuum peak of L1498; Bottom panel: Synthetic HCN
J = 3 — 2 spectrum build by NsLAB (Section 3.1) using the rel-
ative intensities of the hyperfine components of the ] =3 — 2
rotational transition.

4.1.2  Possible mechanisms for the origins of the hyperfine anomalies

To date two mechanisms have been suggested as the cause of these
anomalies: overlap of hyperfine components of transitions with [, >
2 (Gottlieb et al., 1975; Guilloteau and Baudry, 1981) and self-absorption
(e.g. Langer et al., 1978; Walmsley et al., 1982; Cernicharo et al., 1984).
Of these two models the only capable of making quantitative predic-
tions was the overlap model. With it Guilloteau and Baudry (1981)
and Gonzalez-Alfonso and Cernicharo (1993) were able to constrain
the parameter space capable of producing the hyperfine anomalies
of the HCN J = 1 — 0 transition. Even though lacking precise col-
lisional coefficients and accurate physical models Gonzalez-Alfonso
and Cernicharo (1993) were able to show that a simplistic 1-D spher-
ical model containing two regions, one of high density and low line
width and a foreground with low density but high line width is capa-
ble of reproducing the range of observed hyperfine ratios for a series
of sources in Taurus.

Despite this early advancement, the problem of the HCN hyper-
fine anomalies is still not completely solved, despite some renewed
interest (Loughnane et al., 2012; Mullins et al., 2016). Loughnane et
al. (2012) made a compendium of HCN J =1 -+ 0and | =3 — 2
observations towards star formation regions and argue that the most
probable mechanism behind hyperfine anomalies are the overlap be-
tween hyperfine components but do not present any quantitative pre-
dictions. The second paper, Mullins et al. (2016), uses 3D radiative
models to make radiative transfer simulations to reproduce the hy-
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Figure 4.4 — Rotational curves of growth for HCN transitions ] =1 = 0, | =
2 — 1 and | =3 — 2. These curves of growth were computed
with the usage of RADEX for a kinetic temperature Ty, = 10K, a
HCN column density N(HCN)=10"* cm~2 and using the latest
hyperfine collisional coefficients for HCN (Lique et al. private
communication).

perfine anomalies of the HCN ] = 1 — 0 transition but still failed to
accurately reproduce the observed hyperfine ratios and also the line
profiles of the HCN | =1 — 0 transition towards TMC-1.

4.1.2.1  Rotational spectroscopy of HCN

To understand the physics behind the mechanisms proposed for
the hyperfine anomalies we have to delve deep into the spectroscopy
of HCN. HCN is a linear molecule with a high dipole moment (u
= 2.9852 D, Ebenstein and Muenter, 1984) with a small spacing be-
tween rotational levels making 4 of these levels available to HCN in
normal conditions of the dense ISM (the rotational levels of HCN are
separated by 8.5 K with E;_1 = 4.25 K, Ahrens et al., 2002). The first
rotational transitions of HCN have high critical densities (Figure 4.4),
which indicates that HCN is a tracer of moderate and high density
gas (ny, > 10* em™3).

The hyperfine splitting arises due to the presence of the nitrogen
atom. The nitrogen atom has a nuclear spin, I = 1, which splits the
rotational levels into three hyperfine levels. The splitting is repre-
sented by the quantum number F, which is the sum of the rotational
angular momentum and the spin of the nitrogen atom (F = | +I). In
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Figure 4.5 we have a representation of the energy levels available for
HCN up to J=3, including the allowed radiative dipolar transitions
between these levels (A] = £1 and AF = 0 or £1). The spectroscopic
properties of these transitions are listed in Table 4.1, in which they
are labelled from 1 to 15 according to their frequency.

These selection rules allow for 3 hyperfine components on the | =
1 — 0 transition and 6 hyperfine components on higher rotational
transitions. Due to the different properties of the upper and lower
levels each hyperfine component of a rotational transition has its own
Einstein coefficient (A,;, with u being the upper level and ! being the
lower level). This, coupled with the different degeneracies of each
hyperfine level, translates in each hyperfine component within a rota-
tional transition having a different intensity, even when all hyperfine
components have the same excitation temperature. We can take ad-
vantage of this phenomenon and define a very useful quantity the
Relative Intensity (p) of a hyperfine component. The p of the hyper-
fine component x from rotational level [, to rotational level Jjo, is
defined as:

A
pr = 8% (4-1)

N
Y Aigi
1
where A; is the Einstein coefficient for transition j, g; is the degen-

N
eracy of the upper level of transition j and }_ A;g; is the sum of the

intensities of the N hyperfine components within the rotational tran-
sition | = ]up = Jiow-

The relative intensity comes in hand as it helps us identify whether
the populations within a rotational level of a transitions are in ther-
mal equilibrium. If all hyperfine components of a rotational transition
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Table 4.1 — Spectroscopic properties of the hyperfine components of the
HCNJ=1—0,]=2—1and | =3 — 2 rotational transitions.
Transitions are numbered according to increasing frequency.

Number Upper Lower Frequency Ayl Sup Relative

JE JF (MHz) (s7h Intensity
1 11 o1 88630414 241x107° 3 0.333
2 12 01 88631.848 241 x107° 5 0.555
3 10 01  88633.936 241 x107° 1 0.111
4 22 12 177259.677 578 x 107> 5 0.083
5 21 10  177259.923 128 x107* 3 0.111
6 22 11 177261111 1.73x107% 5 0.250
7 23 12 177261.223 2.31x107* 7 0.467
8 21 12 177262.011 642 x107% 3 0.006
9 21 11 177263.445 9.63x 107> 3 0.083
10 33 23  265884.888 9.28x107° 7 0.037
11 32 21 265886.188 7.02x107* 5 0.200
12 33 22 265886434 7.43x107% 7 0.296
13 34 23 265886.501 8.36x107* ¢ 0.429
14 32 23 265886.976 3.71x107% 5 0.001
15 32 22 265888.522 1.30x107* 5 0.037
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have a single excitation temperature (T.y), the integrated intensity ra-
tio between any two hyperfine component will vary from the ratio
between their p and 1. To understand this phenomenon let’s com-
pute the line ratios between two hyperfine components of a single
rotational transition, x and y, with relative intensities p, and p, re-
spectively:

o Jo(Tex) (1 — e P=7)
Iy ]V(Tex)(l _e—pyr)r

where I, and I, are the background subtracted integrated intensities
of x and y respectively, Te, is the excitation temperature of both hy-
perfine components, T is the total opacity of the rotational transition
and J, is calculated as in eq. 3.3. Since both hyperfine components
have the same excitation temperature this can be further simplified
to:

~

(4.2)

I 1 —e PT
T=— (4-3)

I, 1—e ™
In the optically thin case, i.e. when T < 1 we can make the approx-
imation:

l—-e"mr, (4-4)
and therefore the intensity ratio in eq. 4.3 reduces to:

_ Px

1
= (4.5)
L, py

thus in the optically thin case the intensity ratio of two hyperfine
components is the ratio of their relative intensities.

Now in the optically thick case, i.e. when T >> 1 we can make the
approximation:

1—e"=1 (4.6)

therefore eq. 4.3 reduces to:

% =1 (4.7)

y
In the moderately thick case the hyperfine ratios fall in between
these two values. This leads to a method to derive opacities from
hyperfine ratios under the assumption that all hyperfine components
have a single excitation temperature. Under this assumption eq. 4.2

can be solved numerically for 7. This method has been implemented
in the CLASS software in the so called HFS routine (GILDAS software).
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4.1.2.2  Self-absorption

The self-absorption mechanism was first proposed by Langer et al.
(1978) to explain the anomalous ] = 1 — 0 emission of HCO™ that is
observed towards a few sources in Taurus. These anomalies consist
in the ] = 1 — 0 transition of H>*CO™ being stronger than that of
HCO™. For example towards a position in TMC 1, they observed that
the H3CO™ J = 1 — 0 emission was 2 times stronger than HCO™ | =
1 — 0 emission (T (HCO™) ~ 450 mK and T} (H"CO™) ~ 900 mK).
Another example is L134N where they observed HCO'" | =1 — 0
emission to be about 1.5 times stronger than the | = 1 — 0 emis-
sion of H*CO™ but at a different velocity (T;(H"®CO™) ~ 550 mK,
V(H"CO") ~2.3 km/s and T;(HCO") ~ 850 mK, V(HCO"') ~
3.5 km/s).

These phenomena can be explained by assuming that a molecular
cloud can be divided in two regions: a collisionally excited core and
a non-collisionally excited envelope. Emission occurs in the excited
core from collisionally excited molecules. The emission of HCO™ in
the core is stronger than that of H>CO™ due to its abundance be-
ing approximately 70 times larger (assuming 2C/13C= 70), but it
will not be 70 times as strong due to the effects of line saturation
caused by the high opacity of HCO". The emission from the core
has to traverse the non excited envelope and therefore suffers absorp-
tion in it. The opacity in the envelope is proportional to the abun-
dances of the isotopologues, leading to Tyco+ > 1 and T+ ~ 1
since Xyco+ > Xyueo+. Due to the much larger optical depth
of HCOTits emission is severely absorbed when compared to the
H'*CO"emission therefore explaining how the emission of an under
abundant isotopologue can be comparable to or even stronger than
the emission of the main isotopologue. For HCN what would be ex-
pected in a similar situation is that transitions 1 and 2 would be more
absorbed in the envelope than transition 3, due to their larger optical
depths, generating the hyperfine anomalies (Walmsley et al., 1982).
Since HCN spectra are usually self absorbed towards prestellar cores
this mechanism may help to explain the observed HCN | =1 — 0
hyperfine anomalies.

4.1.2.3 Radiative trapping caused by the overlap of hyperfine components

The radiative trapping mechanism was first proposed by Gottlieb
et al. (1975) and was improved by Guilloteau and Baudry (1981) who
argued that overlaps in the ] = 2 — 1 transition would favour the
F = 2 — 1 hyperfine component of the ] = 1 — 0 over the other
hyperfine components and that this effect would be dependent on
the column density of HCN. This can be understood when we look
into the details of HCN rotational spectroscopy.
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The HCN | = 2 — 1 transition has 2 main overlapping transitions,
transitions #6 and #7 (F = 2 — 1 and F = 3 — 2 respectively, from
here onwards transitions will be referred to by the numbering in Ta-
ble 4.1), which are separated by 0.19 km/s which is very similar to the
thermal FWHM of HCN at 10 K (~0.19 km/s). Since these two transi-
tions overlap they exchange photons and if the optical depth is high
enough some photons may become trapped between them. Transition
#7 has a larger optical depth than transition #6 due to its higher Ein-
stein coefficient and upper level degeneracy (gsAs = 8.65x107% 571
and g7A7 = 1.62x1073 s71). This higher optical depth makes the
J,F = 1,2 intercept more photons from transition #6 through the
red wing of transition #7 than |,F = 1,1 intercepts from transition
#7 through the blue wing of transition #6. This leads to a popula-
tion imbalance at | = 2, |, F = 2,3 effectively steals population from
J,F=2,2.

The de-excitation of these two levels proceeds mainly through the
emission of radiation as their Einstein coefficients are approximately
two orders of magnitude larger than their collisional de-excitation
rates (for a density of 10° cm 3 and a temperature of 10 K, see Figures
4.6 and 4.7). This means that the population imbalance produced in
the | = 2 level is propagated to the | = 1 level, through transitions
#6 and #7, and to a lesser degree #4 (F = 2 — 2). The end result is
that J,F = 1,2 is pumped at the expense of |, F = 1,1, increasing the
excitation temperature of transition #2 while lowering the excitation
of transition #1 (F =2 — 1 and F = 1 — 1 respectively).

The schematics of this process are shown in Figure 4.8. With this
mechanism alone we can reproduce hyperfine inversions using a over-
simplified model obtaining qualitatively similar results to Guilloteau
and Baudry (1981) (see Figure 4.9). The differences in hyperfine ratios
obtained here and those obtained by Guilloteau and Baudry (1981)
may be explained by the fact that Guilloteau and Baudry (1981) used
a set of approximated collisional rates, and a simplified radiative
transfer model, just a modification of the escape probability formal-
ism.

Of crucial importance to this mechanism is the amount of photons
transferred from J, F = 2,2 to J, F = 2,3. This amount will depend on
how much transitions 6 and 7 overlap, thus making the velocity field
and non-thermal broadening essential for the reproduction of the phe-
nomenon. This has been demonstrated by Gonzalez-Alfonso and Cer-
nicharo (1993) who were able to reproduce a range of observed inte-
grated intensity ratios with radiative transfer simulations of various
velocity fields and non thermal broadenings. They obtained values
for Ryp in the range 0.4-1.2 and Rp; (F =0 — 1/F = 2 — 1) in the
range 0.3-2 for a range of physical conditions.
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4.1.3 Testing the possible mechanisms

To fully understand the hyperfine anomalies seen in HCN spectra
it is necessary to test the two mechanisms described before. To do
so we have used NsLAB (Section 3.1) to construct a simple 4 slabs toy
model (Section 4.1.3.1). This toy model was then used to test if the
self-absorption mechanism alone can reproduce the HCN | =1 — 0
hyperfine anomalies, i.e. when all hyperfine components have the
same excitation temperature or if different excitation temperatures
are required. Lastly we take a look on the ability of the hyperfine over-
lap mechanism to generate hyperfine anomalies using ALico(Section
4.1.3.2). Our tests with Aricobenefit from the latest ab initio HCN
hyperfine rotational coefficients (Lique et al. in preparation). The col-
lisional rates of Lique et al. (in preparation) for HCN-H, have been
computed using a full quantum time-independent scattering method.
The so-called "close-coupling” method was combined with the po-
tential energy surface (PES) computed by Denis-Alpizar et al. (2013)
at the explicitly correlated coupled-cluster with single, double, and
perturbative triple excitations [CCSD(T)-F12a] level of theory. The ac-
curacy of this PES was checked by comparing the measured rovibra-
tional spectra of the HCN-H, complex with bound states calculations.
Excellent agreement was found, with differences between observed
and calculated transition frequencies lower than 0.5%, suggesting that
the PES can be used with confidence to compute collisional rate co-
efficients. The rotational rate coefficients are described in Herndndez
Vera et al. (2017) where data are provided for the lowest 26 rotational
levels and temperatures in the range 5 — 500 K for both para- and
ortho-H, as colliders. Hyperfine collisional rates were obtained by
Lique et al. (in preparation) using the so-called almost exact "recou-
pling" method for the lowest 25 hyperfine levels and temperatures in
the range 5 — 30 K for para-H,.

4.1.3.1  Four slabs Toy model

Our toy model is designed to be a simple way to test the possi-
ble hypothesis for the origin of the hyperfine anomalies. With it we
can run several hundred of models with different excitation condi-
tions to check which outcome those conditions would have on the
hyperfine ratios. This toy model was inspired by the two layer model
from de Vries and Myers (2005), and it does the same type of sim-
plified radiative transfer calculations by using NsrLaB albeit with 4
slabs instead of 2(Section 3.1). For the specific case of understanding
HCN | =1 — 0 hyperfine anomalies we adopted a toy model with
4 slabs: two central slabs, henceforth A slabs, with moderate to high
excitation (Tex o = 4 — 10 K), narrow lines (FWHM = o.15 km/s) and
opposing velocities (V== 0.05 km/s); and two envelope slabs, hence-
forth B slabs, with low excitation (Tex p = 3 K), broader lines (FWHM
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Figure 4.10 — Schematic description of the toy model. Slabs are numbered
according to Table 4.2.

Table 4.2 — Parameters of the toy model. Slabs are numbered from the back-
ground to the observer.

Slab Excitation Opacity FWHM  Velocity

Temperature(K) (km/s) (km/s)
1 3 T8 0.35 0.05
2 4-10 TA 0.15 0.05
3 4-10 Ta 0.15 -0.05
4 3 7B 0.35 -0.05

=0.35 km/s) and also with opposing velocities (V==+ 0.05 km/s). The
total opacity was divided into 74 and 75, with 73 = 274. This ratio,
albeit arbitrary, has little impact on the following conclusions as long
as Tp > T4, which is supported by the more complex models run with
Atico. The toy model is a simple implementation of the scenario pro-
posed for the self-absorption mechanism, and represents the kind of
excitation structure used by Gonzalez-Alfonso and Cernicharo (1993)
in their Monte-Carlo radiative transfer models. The schematics of this
toy model can be seen in Figure 4.10 and the parameters of its four
slabs are given in Table 4.2.
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In our toy model the brightness temperature (T},) from a slab k is
described by eq. 3.1. If we propagate this equation through all 4 slabs
for one transition x we get:

TE = [ (T% ) (1 — e &b + o2 — e~3%in) ¢

ex,B

¥ x x ( 8)
+Jo (TS 4) (e %8 — e 2Ws) 4 [, (Temp)e s 4

where the x superscript refers to the one transition mentioned before,
T4 does not appear here as this equation was simplified by substi-
tuting 74 for 0.57g. This equation will be the base of the following
discussions on the hyperfine ratios and will be used to compute hy-
perfine ratios in various situations.

Single Excitation Temperature

To test the hypothesis of self-absorption as the main mechanism for
the ] = 1 — 0 hyperfine anomalies we have ran a grid of toy models.
In this grid, henceforth G1, we varied two parameters, the excitation
temperature of the A slabs and the total opacity. The excitation tem-
perature of the B slabs was kept constant at 3 K while the excitation
temperature of the A slabs was varied from 4 K to 10 K in steps of
1 K. The total opacity was varied from o.1 to 100 in logarithmic steps.
For the treatment of the hyperfine structure of the ] = 1 — 0 we
assumed that all hyperfine components of the ] = 1 — 0 transition
had the same excitation temperature within a given slab. The opacity
of each hyperfine component in a given slab is the total opacity in the
slab multiplied by the relative intensity of the hyperfine component.
The hyperfine line intensity ratio is then computed from the back-
ground subtracted integrated intensity of each hyperfine component.
The variation of the 3 hyperfine ratios with opacity in G1 can be seen
in Figure 4.11.

We also note that the different excitation temperatures in the A
slabs produce exactly the same hyperfine ratios as a function of opac-
ity and thus appear as a single curve for each hyperfine ratio. This can
be understood with the aid of two limiting cases: the optically thin
case and the optically thick case. In the optically thin case, T < 1,
thus we can simplify eq. 4.8 to:

37 5 (Ju (T2, ) + Ju(T2
ATg ~ ]/,B(]< e ,Bz) ]( eX,A)) (4'9)

and hence the hyperfine ratios can be written as:

TJ,B(]V(Texx,B) + ]v(Texx,A))
T%B(]V(Tgx,B) + ]V(Tgx,A))

Ryy = (4.10)
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Figure 4.11 — HCN hyperfine ratios as a function of total opacity for grid Gi.
The non anomalous optically thin values for Rgp, Rg; and Ry
are 0.2, 0.333, and 0.6 respectively.
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where x and y stand for any par of hyperfine transitions. Since T, ,
is equal for all hyperfine components and T, ; is always equal to 3 K,
the hyperfine ratios reduce to:

0T, B
Rey = ——=, (4.11)
o TV,B
since:
T8 =0 T3 (4.12)

and thus the ratio of hyperfine components is reduced to the ratio
between their p (Rp; = 1/3, Ro2 = 1/5 and Ry = 3/5).

In the opposite case, when T >> 1, we can simplify eq. 4.8, at the
line centre, to:

ATy = Ju(TE p) (4.13)

which might lead us to conclude that hyperfine ratios would always
be 1 in the optically thick case, independent of the excitation temper-
ature in the A slabs. This is not true since at the line wings we might
still get some contribution from the A slabs, due to the difference in
line width between A and B slabs. This contribution from the A slabs
might produce double peaked profiles, but since the excitation tem-
peratures for all hyperfine components at the A slabs are always the
same in G1 we still get all hyperfine ratios equal to 1 when 7 > 1. All
this hyperfine ratios remain in their expected interval therefore there
are no hyperfine anomalies being produced.

HF anomalies reproduced with different excitation temperatures within the
HCN ] =1 — 0 triplet

The main effect of the overlap mechanism in the ] = 1 — 0 tran-
sition is to move population from the J,F = 1,1 level to J,F = 1,2.
This phenomenon can be simulated by increasing the excitation tem-
perature of the F = 2 — 1 transition in expense of the excitation
temperature of the F = 1 — 1 transition while leaving the excitation
temperature of the F = 0 — 1 transition unchanged. With that in
mind we have ran a second grid of toy models, henceforth G2, with
a parameter space equal to that of G1, the only difference being in
the excitation temperatures in the A slabs. In G2 the excitation tem-
perature of the F = 0 — 1 hyperfine components in the A slabs
was left unchanged from G1 while the excitation temperatures of the
F=1—=1and F = 2 — 1 transitions were assumed to be 0.8 and
1.2 times that of the F = 0 — 1 respectively. The hyperfine ratios
computed from the toy models in G2 can be seen in Figure 4.12.

As we can see from Figure 4.12 each set of excitation temperatures
produces a different hyperfine ratio curve as a function of opacity
in G2. In the optically thin case, T < 1, it is a consequence of the
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Figure 4.12 — HCN hyperfine ratios as a function of total opacity in the en-

velope for grid G2. Here Tez)} A= 1.2T$, 4 and Tg; A= o.STS;, A
mimicking an excitation temperature imbalance such as what
would be expected from the hyperfine overlap mechanism.
The non anomalous optically thin values for Rgy, Rg; and Ry
are 0.2, 0.333, and 0.6 respectively.
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T7, 4 dependance of eq. 4.10. Whereas in the optically thick case the
line intensity ratios are biased towards the wings of the lines, thus
also depending on T, ,. The take home message of G2 is that by
introducing a small imbalance in excitation temperatures it is possible
to produce HCN | = 1 — 0 hyperfine anomalies, with Ry; = 0.5-2.8,
Rp> = 0.1-0.8 and Rj; = 0.1-0.6.

Interestingly if we compute the hyperfine ratios without the pres-
ence of the B slabs, the hyperfine ratios evolve differently with opac-
ity. The range of hyperfine ratios is the same, but the hyperfine ratios
increase at slower pace with the total opacity Figure 4.13.

The main conclusions that can be draw from the analysis of our toy
model grids are:

— G1 results shows that self-absorption alone cannot reproduce
the observed HCN hyperfine anomalies as the hyperfine ratios
do not deviate from their expected ranges.

— G2 demonstrates that a small imbalance in excitation tempera-
tures, such as the imbalance created by the hyperfine overlap
mechanism, can reproduce anomalous hyperfine ratios.

— G2 also demonstrates that self-absorption is however needed
for a complete understanding of the problem as it changes the
dependancy of the hyperfine ratios with opacity.

4.1.3.2 Tests with ALico
Effects of the hyperfine overlap

To test whether the hyperfine overlap is behind the excitation tem-
perature imbalance needed to recreate the hyperfine anomalies we
need a tool more powerful than NsLaB. For that we resorted to ArLico
(Section 3.2). As previously explained, ALIco is capable of dealing
with hyperfine overlaps and can even turn on and off the treatment of
this phenomenon. To be able to accurately treat HCN excitation the
latest ab initio hyperfine collisional coefficients for HCN have been
included in Arico(Lique et al. private communication). To test the
effect of the overlaps on the excitation temperatures of the ] =1 — 0
hyperfine components two models with the same parameters have
been run (see Table 4.3), one with the overlaps being taken into ac-
count, the other ignoring hyperfine overlaps. In Table 4.4 we can see
the effect that hyperfine overlap has on the excitation temperatures
of the ] = 1 — 0 hyperfine components. In this section we use the
notation established in Table 4.1 for the hyperfine components of the
rotational transitions of HCN.

As shown in Table 4.4, hyperfine overlaps have a large impact
on the excitation temperature of transitions #1 and #2 while barely
changing anything for transition #3. The effect is also in the direc-
tion that was expected, transition #1 drops in excitation temperature
by 1.2 K while transition #2 increases in excitation temperature by
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lope for grid G2, with B slabs supressed. Here Tg; 4=12

and Tg; A= 0.8T£; 4 mimicking an excitation temperature im-
balance such as what would be expected from the hyperfine
overlap mechanism. The non anomalous optically thin values

for Rpp, Ro1 and Rjp are 0.2, 0.333, and 0.6 respectively.
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Table 4.3 — default

Parameter Value
n(Hs) 10° cm 3
o 0.1 km/s
Tin. 10 K

Table 4.4 — Excitation temperatures for the hyperfine components of the
=1 — 0and | = 3 — 2 transitions of HCN for two differ-

ent models: a model where the hyperfine overlaps have been

taken into account, and another where hyperfine overlaps have

not been taken into account.

Rotational ~Hyperfine

Overlap Off overlap On

transition component Tex(K) Tex(K)
=1—-0 F=1-—>1 10.0 8.8
F=2-=1 10.9 11.4
F=0—1 9.6 9.3
J=3—+2 F=3-—3 6.4 7.3
F=2-—>1 6.1 7.6
F=3-2 6.8 7.9
F=4-3 8.4 7.9
F=2-3 5.2 5.9
F=2—-2 5.5 6.3
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Figure 4.14 — Comparison between the emergent spectra for the ] =1 — 0
transition of HCN produced by Arico with (black) and with-
out (orange) hyperfine overlap taken into account.

~0.5 K. The resulting spectra can be seen in Figure 4.14 where we see
that the model taking into account the hyperfine overlap is capable
of producing HCN | = 1 — 0 hyperfine anomalies while the model
without hyperfine overlap is not.

Analysing the excitation temperatures of the HCN | = 3 — 2 tran-
sition we see that the hyperfine overlap changes the excitation temper-
ature of all hyperfine components (see Table 4.4). All hyperfine com-
ponents except for transition #13 increase in excitation temperature,
while this transition suffers a small loss of excitation temperature
(0.5 K). For the hyperfine anomalies the most interesting increase is
that to transition #15, which increases by almost 1 K. Unsurprisingly
this increase to the excitation temperature of transition #15 makes it
several times stronger than transition #10, thus reproducing what is
usually observed (see Figure 4.15).

Understanding hyperfine ratios using a realistic source model

With the knowledge that the hyperfine overlap is behind the hy-
perfine anomalies we know that the hyperfine ratios of HCN depend
on the optical depth of the transitions with J,, > 1, and on the line
width of the HCN lines (the line width will determine how much the
hyperfine components do overlap). Therefore we need to study the
space parameter of 5 physical quantities to reproduce the hyperfine
anomalies of HCN:
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Figure 4.15 — Same as Figure 4.14 for HCN | =3 — 2.
— The abundance of HCN;

— The density of the medium,;

— The kinetic temperature;

— The non thermal velocity dispersion;

— The velocity field.

The abundance of HCN coupled with the density of the medium
and the size of the source will give us the total HCN column density,
which limits the total amount of material that can be excited to | > 2.
The density has another important task, as it along with the kinetic
temperature controls the collisional excitations of HCN, dictating the
relative populations of the rotational levels of HCN which determine
the total optical depth for each rotational transition. The amount of
actual overlap between hyperfine components depends on the line
widths of the lines and also on the difference in line centre velocities
between the different layers of the model. The line width is controlled
by two factors, the kinetic temperature and the non thermal velocity
dispersion. Therefore in order to correctly reproduce the line profiles
of HCN we need to take into account all these physical quantities.

For a case of study we use the prestellar core L1498. This core
has been studied with great detail (e.g. Tafalla et al., 2002; Tafalla
et al.,, 2004; Tafalla et al., 2006; Padovani et al., 2011) and its density
profile was stablished from the analysis of a 1.25 mm map (Tafalla
et al., 2004). This prestellar core has been studied in much detail in
this thesis and a revised physical structure was obtained, which will
be discussed in great detail in Section 4.2. For the sake of simplicity,
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here we adopt the physical model described in Tafalla et al. (2004),
with the adoption of an extra parameter to account for the envelope
of a prestellar core as in Gonzalez-Alfonso and Cernicharo (1993),
accordingly, the H, number density (np,) is:

n
Ny, () . o T Mext (4.14)

1+ (5)
where ng is the central density, r is the radius, rj is the half width at
half maximum of the density profile, « is the exponent of the density
profile decay and 7y is the H, number density at r = co. For the
kinetic temperature we adopt a constant kinetic temperature, Ty, =
10 K, based on NH; temperature measurements by Tafalla et al. (2004).
For the collapse velocity profile, V(r), we chose a gaussian profile of
the form:

(rfrv)z

V(r) = Vee 2o (4-15)

where V. is the maximal collapse velocity, ry is the radius at which
the maximal collapse velocity occurs, and Ary is the dispersion of
the gaussian profile. This profile was chosen to mimic the kind of
collapse profile expected to take place in prestellar cores (Foster and
Chevalier, 1993; Lesaffre et al., 2005), and which has seen similar
implementations being used to model HCN line profile is prestellar
cores (Lee et al., 2007; Seo et al., 2011; Seo, Hong, and Shirley, 2013).
The abundance of HCN was assumed constant with radius for the
sake of simplicity. And finally the non thermal velocity dispersion
profile, o(r), was assumed to be of the form:

o(r) =00+ w [1 + tanh <rAr]-r]>] (4.16)
where 0y is the non thermal velocity dispersion at r = 0, oex is the
non thermal velocity dispersion at r = oo, r; is the radius at which
occurs the transition between 0y and 0ey With Arj being its character-
istic width. This non thermal velocity dispersion profile was chosen
to conciliate the thermally dominated line widths seen towards the
centre of the core (FWHM ~ 0.2 km/s) with the non thermal line
widths seen in the vicinity of the core (FWHM ~ 0.6 km/s, appendix
B of Tafalla et al., 2006).

The main objective here is not to accurately reproduce the line pro-
files of the HCN observation, it is to comprehend on which scale the
parameters involved influence the HCN hyperfine anomalies in a real-
istic situation. For that we have chosen reference values for the physi-
cal parameters described in egs. 4.14, 4.15 and 4.16 that are capable of
generating hyperfine anomalies in boththe ] =1 - 0and ] =3 — 2
transition albeit not exactly like the observations. This much more
nuanced job is taken in Section 4.2. The actual values taken for the
parameters can be seen in Table 4.5 with the plots of the non constant
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Table 4.5 — Values for the parameters in the reference model. Some of the
parameters were chosen from an already published value.

Parameter Value Reference

1o 9.4x10* cm™3 Tafalla et al. (2004)
Text 5x10% cm™3

70 75" Tafalla et al. (2004)
« -3.5 Tafalla et al. (2004)
Tiin 10 K Tafalla et al. (2004)
0o 0.05 km/s

Oext 0.25 km/s Tafalla et al. (2006)
rj 336"

Arj 62.4"

X(HCN) 6x1077 rt H,

Ve -0.25 km/s Foster and Chevalier (1993)
ry 288"

Ary 48"

parameters displayed in Figure 4.16 and the output spectra compared
to the observations of L1498 towards the continuum peak displayed
in Figure 4.17.

The first parameter for which the variation of the hyperfine ra-
tios was checked was the non thermal velocity dispersion profile.
Since the line overlap mechanism for the hyperfine anomalies de-
pends crucially on the line widths a series of models was run with
Avrrco(Section 3.2.2) with different values for 0y, gext, 7j and Ar; to see
their individual influence on the hyperfine ratios. The dependencies
of the hyperfine ratios with the non thermal velocity profile can be
seen in Figure 4.18. For the sake of comparison the expected statisti-
cal hyperfine ratios are given in Table 4.6.

As expected the value of 0y and eyt have rather dramatic effects
on the hyperfine ratios. For very small values of oy, 0p < 0.05 km/s,
the hyperfine ratios with transition #1 diverge as the radiative trap-
ping between transitions 6 and 7 is so intense that leads transition
#1 to appear in absorption against the CMB. For values larger than
0.05 km/s the hyperfine ratios vary smoothly with ¢y, with larger
values producing less anomalous spectra. The tendency is inverted
for oext which produces divergent ratios for gexs > 0.25 kms. This can
be understood from the effect of vext in the self-absorption, if gey is
too big the opacity per velocity interval is smaller and therefore the
anomalous emission can scape the core without being further repro-
cessed in the envelope.
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Oext; Bottom left: Hyperfine ratios as a function of rj; Bottom
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Table 4.6 — Expected hyperfine ratios for HCN ] =1 - 0and | = 3 —
2. Hyperfine transitions numbered according to the notation in

Table 4.1.
Abbreviation Hyperfine Rotational statistical

components transition value

Ry #1/#2 J=1—0 0.6

Ro; #3/#1 J=1-0 1/3

Roz #3/#2 J=1—=0 0.2

R3» #10/#15 J=3—>2 1

Rowm #10/(#11+#12+#13+#14) =3 — 2 0.04

Rs #15/(#H11+#12+#13+#14) [ =3 — 2 0.04

The effects of r; are also related to the opacity per velocity interval.
When 7; is small the line width is very large in the centre of the core
and therefore photons can easily escape through transitions 6 and
7 and therefore there are only small anomalies. As r; increases the
hyperfine ratios increase up to r; =2—3x10' ¢m where they start to
diminish with r; as self absorption from the envelope starts to become
important in the reprocessing of the hyperfine ratios. The effects of
Ar;j on the other hand are small and deserve no further comment.

The following parameter to be studied was the collapse velocity
profile. As with the non thermal velocity dispersion profile a series
of models were run with varying values for the parameters of the
collapse velocity profile. The hyperfine ratios as a function of the
collapse velocity parameters can be found in Figure 4.19.

V. appears to have little impact on the hyperfine ratios of the | =
3 — 2 transition. This can be explained by the fact that in the refer-
ence model the collapse occurs far from the centre of the model where
the population in levels | = 2 and | = 3 is minimal and therefore the
collapse has no effect on the | = 3 — 2 transition. Forthe [ =1 — 0
transition there is a tendency of increasing hyperfine ratios with in-
creasing collapse velocity that can be explained by the influence of
red-blue asymmetries in the hyperfine ratios of this transition.

The hyperfine ratios as a function of 7y confirm the previous con-
clusions drawn for the | = 3 — 2 transition as the hyperfine ratios of
this transition do not change for ry > 4x10” cm. Forthe ] =1 — 0
transition the position of the collapse produces minimal yet percepti-
ble variations of the hyperfine ratios.

Lastly the variations of the hyperfine ratios with AV are more pro-
nounced as this is the value that dictates the rate at which the line
centre velocities vary, profoundly affecting the red blue asymmetries.
The ratio between the two transitions that do not show red blue asym-
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Figure 4.20 — Hyperfine ratios as a function of the abundance of HCN.

metries (transitions 10 and 15) remains constant while all other ratios
vary. For the ] = 1 — 0 transition the ratio that is less affected
is Rp1, which involves the two less optically thick transitions of the
J = 1 — 0 which are less prone to red blue asymmetries, specially
transition #3.

The last series of models run are intended to test whether the hy-
perfine ratios are sensitive to the abundance of HCN. This is of crucial
importance as it tells us if it is possible to actually probe HCN column
densities. If no variation is seen the hyperfine ratios are useless as a
probe to the column density of HCN. What is actually found is that
the hyperfine ratios do indeed depend on HCN abundances. Thus
it is possible to measure the HCN column densities thanks to the
sensitivity of the hyperfine ratios to the abundance of HCN (Figure
4.20).

Indeed the abundance of HCN is the parameter with the largest
impact on the hyperfine ratios, with some of the hyperfine ratios
(Ro1 and Rsy,) varying by 1 order of magnitude. Yet this variation is
small considering that the abundance of HCN, and hence its column
density, varies by 4 orders of magnitude for a variation of slightly
more than 1 order of magnitude in the ratio with the largest variation

(R1=0.3-5).
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4.1.4 Conclusions

The main phenomenon behind the hyperfine anomalies is the over-
lap of hyperfine components. The effect of this hyperfine overlap on
the level populations is mediated by the line widths of the core and
its envelope, and the degree of self-absorption and red-blue asym-
metries generated by the collapse profile. Due to all of these depen-
dencies, measuring the abundance of HCN becomes a highly com-
plicated job dependant on a large array of parameters requiring a
thorough exploration of a gigantic parameter space. Therefore it is
of fundamental importance to have a coherent set of observations
containing several spatial offsets and multiple rotational transitions.
The spatial offsets are of utmost importance as they are able to probe
some of the variations in the values of the physical parameters of the
cloud. Multiple transitions are also required as the new set of hyper-
fine ratios probes new environments. In the case of L1498, the HCN
] = 3 — 2 transition traces a region that sees no collapse while the
J = 1 — 0 transition probes the collapsing region displaying huge
red-blue asymmetries. Finally our complete study of the abundance
of HCN in L1498 can be found in Section 4.2 where we explain how
the problem of exploring the huge parameter space is solved by the
usage of ALico/MCMC (Section 3.3.1).

4.2 HCN AND ITS ISOTOPOLOGUES IN L1498

The knowledge acquired about the hyperfine anomalies meant that
to accurately measure the abundance of HCN in L1498 we need a very
precise physical model, combined with high signal to noise ratio spec-
tral observations (Section 4.2.1). The first step to obtain such a model
is having an accurate description of the density profile. The density
profile was obtained by doing multi-wavelength fits to publicly avail-
able Herschel SPIRE continuum data of L1498, along with a legacy
continuum 1.25 mm map (Section 4.2.4). In any case we decided to
use two simpler methods to derive the HCN/*N /N ratio in L1498
before conducting the full experiment with ALico/MCMC. First we
measured the HCN/N/!°N ratio indirectly from the LTE computa-
tion of the column densities of H'?*CN and HC'°N throught the dou-
ble isotopologue method (Section 4.2.2). Next we used NsLapcoupled
with RADEX to fit the spectra to models that compute the emerging
spectra under the Large Velocity Gradient (LVG) approximation (Sec-
tion 4.2.3). And finally we use Arrco/MCMC to derive the abun-
dances of HCN and its isotopologues directly (Section 4.2.5).

85



86

14n/15

MEASURING n IN PRESTELLAR CORES

4.2.1  Observations

The observational data used in this project consists of spectral data
on HCN and its isotopologues obtained at the IRAM 30m telescope,
along with continuum data from the Herschel satellite and a legacy
1.25 mm map obtained a the IRAM 30m telescope (Tafalla et al., 2002).

4.2.1.1  Spectral observations

The spectral data were obtained in 4 observational missions to the
IRAM 30m telescope. The HCN | = 1 — 0 observations were ob-
tained in missions 0o31-11 and 008-16. With the data on 008-16 mis-
sion consisting on the further away offsets The H'*CN and HC®N
data were obtained on mission 0o7-16. Lastly the HCN | =3 — 2
data were obtained on mission 105-16. A list of the approved propos-
als submitted during this thesis can be found in Table C.1.

4.2.1.2  Continuum observations

The 1.25 mm map was obtained from Tafalla M., private communi-
cation. The Herschel SPIRE maps where downloaded from the Her-
schel science archive (The Herschel Science Archive). These maps are
part of the Gould Belt Survey (André et al., 2010). The maps were
processed by the Herschel SPIRE standard pipeline, version vi4.1.0,
to level 3, to make a complete mosaic of the Taurus molecular cloud
complex. From this complete maps of the Taurus molecular cloud
complex we extracted square maps covering 1 square degree centred
at L1498.

To determine the RMS noise of the continuum maps we have done
Gaussian fits to the histogram of intensities of the continuum maps.
In the case of the 1250 ym map this fit was accomplished with a single
Gaussian curve (Figure 4.21), the RMS noise of this map was assumed
to be the dispersion of this Gaussian. For the Herschel SPIRE maps
we selected a region of the maps showing the minimal possible emis-
sion. But even on this we see a source of noise beyond that of simple
photon noise; this is noise caused by the variability of diffuse far in-
frared emission. Therefore the fits to the intensities histograms were
done with two Gaussians, one that measures the photon RMS noise,
and the other for the background noise. The total RMS noise was
assumed to be the quadratic sum of the dispersion of these two Gaus-
sians. These fits can be seen in Figure 4.22. One other particularity
of the Herschel SPIRE maps is that they have an intensity offset from
zero that was added by the data reduction pipeline to account for the
difference in flux to the Planck satellite maps of the region. In Table
4.7 we see the final RMS noise of the continuum maps along with the
intensity offsets added to the Herschel SPIRE images.
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Figure 4.21 — Histogram of intensities for the 1250 ym MAMBO map along
with the best Gaussian fit to it.

Table 4.7 — RMS noise and intensity offsets applied to the continuum maps,
along with the Half Power at Beam Width of the observations.

Wavelength Offset RMS HPBW
(pm) MJy/sr)  (MJy/sr) (")

250 +34.3 4.1 17.6
350 +21.4 2.2 23.9
500 +9.4 1.0 35.2

1250 - 0.6 11
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fit to it. Middle panel: histogram of intensities for the 350 ym
Herschel SPIRE low signal region map along with the best 2
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Figure 4.23 — The CLASS HEFS fit (blue) to the HBCN J =1 — 0 transition
towards the continuum peak of L1498 (thick black) along with
the residuals of this fit (thin black lines). The vertical axis is in
the main beam temperature scale in K.

4.2.2  HCN/HCN under the single excitation temperature hypothesis

The first method we used to determine the HCN/HC™N ratio was
the double isotopologue method using the LTE derived column den-
sities of H'*CN and HC'®N. The column density of H">*CN was com-
puted by first deriving its opacity with CLASS HFS method (GILDAS
software, Figure 4.23). This method uses eq. 4.3 to compute the total
opacity of transition under the assumption that all of its hyperfine
components have the same excitation temperature. With this method
we get a total opacity for the H¥CN J =1 — 0 transition of 3.71. We
then use this opacity to compute the excitation temperature of the hy-
perfine components for which we obtain Tex = 3.3 K. This excitation
temperature is then assumed to be the same for the HCPNJ=1—-0
transition so that we can compute its opacity. Finally from the these
opacities and excitation temperatures we compute the column den-
sity of HC'°N and H'>CN. The results of this method can be found
in Table 4.8 These result indicates that if HCN is not fractionated in
carbon its nitrogen isotopic ratio is very high, meaning that HCN is
very poor in °N.

4.2.3 Measuring the isotopic ratio of HCN with the escape probability for-
malism

The second method used to derive the isotopic ratios in HCN was
to use NsLaB and RADEX to compute spectra based on a simple plane
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Table 4.8 - H3CN and HC'N column densities along with the
HCN/H'CN ratio compute for different values of >C /13C.

13 15 H*CN HCN HCN HCN
NHTCN) - NHCEN) - emy HCPN HCPN HCPN
(cm™2) (cm™2) 12C/13C=45 12C/1B3C=68 12C/13C=90
23x102  2.8x10! 8.2 370 559 740
N 1= DXA]_ n 1
AN D{fnz
X ——> RT
D N: N

Tex2 Texl Tex1 Tex2
np n ny [Nz . R

)\1 )\2 — Tl T2 Vs V1 V1
V, V, AV, AV, AV aviaviiav,

%:éﬁvﬂ/mlab P—
RADEX + Nslab

Figure 4.24 — Schematics of the inner workings of the RADEX+NsLas LVG
model.

parallel source model. This simple model consists of 4 slabs, just like
the toy model of Section 4.1.3, in which the last two slabs are mirror
images of the first two. The model has a fixed total size D, which for
L1498 was chosen to be 0.5 pc. All slabs have the same abundance for
all isotopologues. The other parameters are given per par of mirror
slabs:

— A the Fractional size of the slab, which can vary from o to 1.

— H, density in the slab.

— Kinetic temperature in the slab.

— FWHM at the slab.

— Velocity of the slab relative to the observer.
The density, Kinetic temperature and FWHM are used to computed
excitation temperatures and opacities with RADEX for all the slabs.
These excitation temperatures and opacities along with FWHM and
the slab velocity are then plugged into Nslab to produce an output
spectrum that can then be compared to the observations. Figure 4.24
displays a scheme of how such emergent spectra are computed in this
type of model.
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Table 4.9 — Best fit results to the observations of HCN and its isotopologues
by RADEX+NsLas MCMC. We also present the fixed parameters
used in the fit.

Parameter Value Unit Fixed
Diameter 0.5 pc yes
Tx 10 K yes
Xyen 1.0£0.1x107% relative to H, no

Xyney  284+05x10710  relative to H,  no

Xyesy  3-4408x1071!  relative to H,  no

n1(Hy) 3.3+0.5x10% cm 3 no
A 0.3910.06 no

Vi 0.0 km/s yes
FWHM; 0.2 km/s yes
na(Hyp) 103 cm 3 no
Ao 0.60£0.06 no

Vs, 0.15 km/s yes
FWHM, 0.625 km/s yes

For L1498 we performed the fit with some of this parameters fixed.

We know from the HC'°N observations that the FWHM at the central
slabs is ~0.2 km/s, while from Tafalla et al. (2006) we know that the
FWHM at the envelope is 0.625 km/s. The temperature was fixed to
10 K in all slabs in accordance to the NH; temperature measurements
(Tafalla et al., 2004). For the collapse velocity we chose a value that
is 0.0 km/s on the inner slabs as no collapse signatures are seen in
the HCN | = 3 — 2 observations, and 0.15 km/s in the outer slabs
since we know that there is collapse thanks to the collapse signatures
in the HCN | = 1 — 0 observations. This is in qualitative agreement
with what is expected for the collapse of prestellar cores (Foster and
Chevalier, 1993; Lesaffre et al., 2005). The last parameter that was
fixed was the external density, which was set to 103 ecm 3, as the
degeneracy between its value and the fractional of the envelope slabs
did not allow for it to be fitted. This comes from the fact that this layer
does not contribute to the emission only to absorption therefore what
is constrained is its column density not its density, which creates a
degeneracy between the external density and the size of the envelope.
The best fit results can be seen in Table 4.9, and the best fit spectra
can be seen in Figures 4.25 to 4.28.

As can be seen in Figure 4.26 the fit does not converge for the HCN
J = 3 — 2 transition but does indeed present a good fit for the H>*CN
and HC®N J = 1 — 0 transitions. The HCN | = 1 — 0 lies some-
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Figure 4.25 - HCN ] = 1 — 0 observations towards the continuum peak of
L1498 (blue) along with the best fit from RADEX+NsLaABMCMC
(red) and the residuals of this fit (orange).
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Figure 4.26 - HCN | = 3 — 2 observations towards the continuum peak of
L1498 (blue) along with the best fit from RADEX+NsLABMCMC
(red) and the residuals of this fit (orange). Notice the very poor
quality of the fit caused by the inability of RADEX to process
hyperfine overlaps.
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Figure 427 -HCN J = 1 — 0 observations towards the contin-
uum peak of L1498 (blue) along with the best fit from
RADEX+NsLABMCMC (red) and the residuals of this fit (or-
ange).
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Figure 428 -HC®N J = 1 — 0 observations towards the contin-
uum peak of L1498 (blue) along with the best fit from
RADEX+NsLABMCMC (red) and the residuals of this fit (or-
ange).
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Table 4.10 — Column densities for HCN and its isotopologues and the iso-
topic ratios between this isotopologues and HCN as computed
from the results of the MCMC fit with RADEX+NSsLAB.

Isotopologue Column Isotopic ratio
density (x10'2cm~2)
HCN 114 £ 32
H"CN 32+1.1 36 +7
HC”N 0.39+0.16 295 + 75

where in between with the main characteristics of the line profiles
being represented. The F = 0 — 1 and F = 1 — 1 hyperfine com-
ponents do even display the hyperfine inversion, but their red wings
are over produced. On the other hand the F = 2 — 1 component is
under reproduced but its red wing is well reproduced.

The inability to reproduce the HCN | = 3 — 2 spectra and to fully
reproduce the intensities of the hyperfine components of the HCN
J] = 1 — 0 transition is expected. RADEX does not treat hyperfine
overlaps and thus the effects of hyperfine overlaps are not seen in the
resulting spectra. From the best fit values we computed the column
densities of the three isotopologues and the corresponding isotopic
ratios, these can be seen in Table 4.10.

4.2.4 Density profile of L1498

The density profile parameters for L1498 presented in Tafalla et
al. (2004) were obtained from a fit to only 1 continuum wavelength
assuming a constant temperature for the dust. Thanks to the avail-
ability of Herschel SPIRE continuum maps we are now able to obtain
more reliable density profiles. These new profiles are more reliable
because multiple wavelengths lets us disentangle the effects of col-
umn density and temperature on the dust emission. Variations on
the dust temperature will vary the intensity of the dust emission, but
also the intensity ratio between different wavelengths while a column
density variation will vary the intensity but not the ratio between the
different wavelengths.

To fit the dust emission and derive parameters for our density pro-
file we have created a simple 1D radiative transfer model of the con-
tinuum dust emission, and fitted it to a radial cut of the continuum
observations using the MCMC Ttoorkit. This radial cut was chosen
based on the offsets for which we have better signal to noise ratio
spectral observations Figure 4.29.
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Figure 4.29 — Color composite map of L1498. 1.25 mm is Red, 500 pym is
green and 250 ym is blue. Black circles indicate where the | =
1 — 0 of all HCN isotopologues was observed, green circles
indicate the positions that were only observed in HCN | =
1 — 0, the blue circle indicates the position that was observed
only on HCN and H®*CN ] = 1 — 0 and the white circles
indicate the positions where HCN | = 3 — 2 was observed.
The sizes of the circles indicate the HPBW of the IRAM-30m
telescope at the observed frequencies, 28” for the ] =1 — 0
transitions and 9” for the HCN | = 3 — 2 transition.
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In our continuum emission model the dust emission of L1498 is
assumed to be optically thin, so that it can be modelled as the sum
of the emission of small cells in the line of sight which have an H,
column density n(r) x Al, with Al being the length of the cell in the
line of sight, and n(r) being the density at the centre of the cell, which
is at a distance » from the center of the model. Under this assumption
the continuum dust emission, I, 4,st, can be computed as:

N
Iv,dust = ZKVBV(Tdust(r))n(r) X Al/ (4-17)

where YN is the summation over the N cells in the line of sight,
Bv(T4ust(r)) is the emission of a blackbody of temperature Ty ()
at frequency v, and «, is the mass absorption coefficient in cm?/g at
frequency v.

To account for the wavelength dependancy of the mass absorption
coefficient we adopted the simple formula:

B
Ky = Ky, <V> ’ (4.18)

Vo

where S is the power law index for the dust opacity law and «,, is the
dust absorption coefficient at frequency vy. To fit the continuum maps
Ko was set to 0.06 x 1072 cmZ/g for vy = 1.2 THz (250 ym, Juvela et al.,
2015). The value of B depends on the grain size distribution which
can vary from source to source, therefore it is left to be fitted.

The density profile was chosen to be of the same form as in Tafalla
et al. (2004), being that of eq. 4.14 minus the ne term. ney was
dropped as the non homogeneity of the environment around L1498
shows up the in radial profiles of the herschel SPIRE maps at off-
sets larger than 200 arc seconds (Figure 4.30). This non homogeneity
makes it impossible to get a correct fit to ext.

As a first approximation we chose a constant dust temperature with
model radius as in Tafalla et al., 2004. Under such an assumption the
fit to the continuum emission does converge, but the resulting fit is
less than optimal. The derived value for B is 2.2 which means that
the mass absorption coefficient at 1250 ym is only 1.7x107% cm~2g~L.
With this low mass absorption coefficient the single dust temperature
models underestimate the flux at 1250 ym by almost a factor of 2
(Figure 4.31). This is not the only problem as the radial profile of the
emission at the Herschel SPIRE wavelengths is also not reproduced
(Figure 4.32). Another problem is that the derived density profile has
a very small plateau that is comparable to the beam size of the Her-
schel SPIRE images (1o = 22”) and its radial decay is too shallow (x =
1.2). These parameters are outside the range expected for prestellar
cores (Larson, 1969; Foster and Chevalier, 1993; Lesaffre et al., 2005).
Another point where the derived profile is deficient is its central den-
sity which is too high (19 = 1.8x10° cm~3) to be in agreement with
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Figure 4.30 — Radial profile of the continuum emission along the SW axis
of L1498. The offsets refer to the continuum peak of L1498
at =4:10:52.2, 0=25:10:20 (J2000). The 1250 ym emission was
multiplied by 10 so that it could be displayed on the same
linear scale as the other continuum wavelengths. Notice the
bump in emission at an offset of 220 arc seconds.
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Figure 4.31 — Single dust temperature fit to the continuum emission at
1250 um. Here we can see that the single dust temperature
fit underestimates the emission at 1250 ym by a factor of ~2.

the emission of HCN | = 3 — 2 which is highly sensitive to the
central density and is best fit by a central density of ~10° cm™3.

Due ti the failure of the single dust temperature model we decided
to try a more realistic dust temperature profile. Due to the increased
exposure to interstellar UV photons, dust grains in the more dif-
fuse parts of molecular clouds are therefore warmer than grains in
the denser parts (Zucconi, Walmsley, and Galli, 2001; Makiwa et al.,
2016; Hocuk et al., 2017). To conciliate this two different temperature

regimes we have adopted a dust temperature profile of the form:

Taust(r) = To + # {1 + tanh (rAr“mpﬂ (4.19)
"tjump
where Tj is the dust temperature at the centre of the model, Tex: is
the dust temperature at r = oo, the transition from the cold regime to
the warmer regime is centred at radius 74jump and has a characteristic
width Artjump-

This difference in temperature raised the concern that maybe the
outer regions would dominate the dust emission thus making us in-
capable to probe the column density of L1498 towards its centre. This
concern was abated when we computed the emission of the model as
a function of radius and demonstrate that the emission is dominated
by the emission of the cold and dense centre of the core Figure 4.33.

The final results for the continuum fit are shown in Table 4.11, and
the results of the fit compared to the observations can be seen in Fig-
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Figure 4.32 — Top panel: Single dust temperature fit to the continuum emis-
sion at 250 ym. Middle panel: Single dust temperature fit to
the continuum emission at 350 ym. Bottom panel: Single dust
temperature fit to the continuum emission at 500 ym. Here
we can see that the best fit with a single dust temperature falls
short of accurately reproducing the dust emission profiles at
the Herschel SPIRE wavelengths.
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Figure 4.33 — Top panel: Dust emission at 4 different wavelengths as a func-

tion of distance along the line of sight towards the centre of the
model. Bottom panel: Dust emission at 350 ym as a function
of distance along the line of sight for different impact param-
eters, b. It is possible to see that the emission at small impact
parameters is approximately two orders of magnitude more
intense than the emission with larger impact parameters.
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Table 4.11 — Best fit parameters for our continuum dust emission model.

Parameter Value Unit
log(ng)  1.00+0.16 x10° cm 3
1o 47%£5 arcsecond
% 2.240.1
To 9.81+0.5 K
Text 14.61+0.3 K
Ttjump 61+3 arcsecond
AT tjump 26710 arcsecond
B 1.56+0.04

ures 4.34 and 4.35. The resulting density and temperature profiles are
shown in Figure 4.36. The cross histogram plot shown in Figure 4.37
demonstrates that all parameters of the fit have converged properly
and therefore that the fit is satisfactory.

Our continuum fit differs significantly from the values obtained
by Tafalla et al. (2004) for ry and a (r9=47" instead of 757, a = 2.2
instead of 3.5), while the central density obtained here is consistent
with Tafalla et al. (2004), g = 1x10° £0.15x10° cm ™3 versus 0.94
x10° cm~3. The discrepancy in ry and a can be explained by the fact
that Tafalla et al. (2004) had only the 1250 ym map, which displays
a large emission plateau and a sharp decay. Tafalla et al. (2004) also
assumed that the dust temperature is constant at 10 K which works
fine for single wavelength fits but fails when more wavelengths are
added. Under this assumption the column density at larger radii has
to be kept large to account for the intensity plateau seen in the ra-
dial profiles (Figure 4.30). While under the assumption that the dust
temperature increases with increasing radius the decrease in column
density is compensated by a increase in dust temperature sustaining
the emission plateau.

In our fit f=1.5610.04, this value is consistent with the expected
range for prestellar cores (1.6-2.4, e.g. Makiwa et al., 2016). This
value is much lower than the value measured by Chacén-Tanarro et al.
(2017) in L1544 (B = 2.3), this discrepancy may arise from the fact that
they fitted g with a fixed temperature profile, while here we fit both
the temperature profile and B simultaneously. Another important dif-
ference is that they also fit k250, and find a value that is ~ 3 — 4 times
the value we have adopted from Juvela et al. (2015). Thus 8 in Chacén-
Tanarro et al. (2017) has to be larger than B derived here in order to
compensate for the flux at 1.2 and 2 mm that they used to derive p
and x50, If we pluck the values from Chacén-Tanarro et al. (2017)
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Figure 4.34 — Top panel: best fit continuum dust emission model along with

the Herschel SPIRE observations at 250 ym. Bottom panel:
best fit continuum dust emission model along with the Her-
schel SPIRE observations at 350 ym.
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Figure 4.35 — Top panel: best fit continuum dust emission model along with

the Herschel SPIRE observations at 500 ym. Bottom panel:

best fit continuum dust emission model along with MAMBO
observations at 1250 ym.
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Figure 4.36 — Density and dust temperature profiles for the best fit dust con-
tinuum emission profile.

into eq. 4.18 we obtain xq25mm = 4.9x1073 cm_zg_l, if we do the
same but with our values we also obtain 1 25, = 4.9x1072 cmfzgfl
which means that both values are in fact consistent with each other
at 1250 pum.

One interesting thing to note about Figure 4.37 is the presence of
multiple correlations and anti-correlations between the fit parameters.
The anti-correlation between 7y and ry can be understood from the
fact that an increase in any of them increases the dust column density
and thus the emission, so as one parameter increases the other has to
decrease to preserve the observed emission. The positive correlation
between ry and « is related to the slope of the emission profile decay.
Larger values of rp have to be coupled with larger values of « to
preserve the slope seen on the radial profiles.

The positive correlations between g and « on one side and 7tjump
and Argump on the other are related to the slope of the emission pro-
file. When ry is larger, « also increases, therefore the dust temperature
jump has to be further from the centre as well as wider to compen-
sate the increase in flux at r ~ rg, and decrease in flux for » > ry. The
anti-correlations between 19 and 7tjump, and Tp and 74jump come from
the fact that a decrease in 74jump increases the flux at short radii which
has to be offset by either a decrease of Ty or 1y to conserve the flux.

The anti-correlation between 7y and Ty comes from the fact that the
emission is proportional to the column density of dust and the dust
temperature, albeit through B,. The anti-correlations between p and
the two dust tempearatures (Tp and Tey) come from the fact that B has
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Figure 4.37 — Cross histograms for the parameters in the continuum fit.
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an impact on the relative fluxes between the different wavelengths,
with large values of beta favouring short wavelengths, which is the
opposite effect of the temperature. Thus to maintain the same ratio
between the fluxes at different wavelengths a decrease in  has to
be offset by an increase in either Tj at small radii or or Tex at large
radii. The remaining correlation, that between  and 7y comes from
the fact that an increase in column density requires a decrease in
dust temperature to maintain the same emission, and therefore with
a decrease in dust temperature  has to increase to maintain constant
the flux ratio between the different continuum wavelengths.

4.2.5 ALIco/MCMC fitting of HCN, H®*CN and HC'™™N spectra

As demonstrated in Section 4.1.3.2 a complex source model is needed
to accurately reproduce the hyperfine anomalies of HCN. For this rea-
son we have chosen to use the parametric functions described therein
to model the variations of the density, velocity and non thermal broad-
ening of L1498. The sole difference is the HCN abundance profile.
Here we choose a simple step function to test the possibility of deple-
tion of HCN towards the centre of the core as proposed by Padovani
et al. (2011). The abundance profile of the HCN isotopologues was
taken to be a multiple of the HCN abundance profile under the as-
sumption that HCN is co-spatial with its isotopologues.

We have chosen to fit all spectral lines simultaneously as different
lines provide probes for different aspects of the source model. The
H"CN and HC™®N J = 1 — 0 emission is expected to be close to be
optically thin, therefore these species are the best probes for the pres-
ence of a depletion hole as well as the non thermal velocity dispersion
at the core centre (0p). The HCN | = 1 — 0 emission is extremely
optically thick as demonstrated by the self-absorption features seen
in its spectra, therefore this spectral line is expected to probe the ex-
ternal most parts of the core. The probing of the external part of the
core is essential to the determination of the collapse velocity profile
and non thermal velocity dispersion profile as those show significant
variation only at large radii. Finally the HCN | = 3 — 2 emission
is sensitive to the abundance of HCN as its two satellite hyperfine
components (F =2 — 2 and F = 3 — 3) are expected to be at most
moderately optically thick and their hyperfine ratio is one of the most
sensitive to changes in the abundance of HCN (Figure 4.20).

In the end the MCMC fit to the spectra with ALico/MCMC has 12
free parameters:

1. 0p, the non thermal velocity dispersion at » = 0, in km/s.
2. Oext, the non thermal velocity dispersion at r = oo, in km/s.

3. 1j, the position where the transition between ¢p and oext occurs,
in normalised radial units.
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4. Arj, the characteristic width of the transition between oy and
Oext OCcurs, in normalised radial units.

5. V., the peak collapse velocity, in km/s.

6. ry, the position where the peak collapse velocity occurs, in nor-
malised radial units.

7. Ary, the dispersion of the collapse velocity profile, in normalised
radial units.

8. Xo(HCN), the abundance of HCN at r = 0 up to rx,, abundance
relative to H..

9. rx,, the radius at which the abundance of HCN changes from
Xo(HCN) to X1(HCN), in normalised radial units.

10. X;(HCN), the abundance of HCN radii larger than rx,, abun-
dance relative to H..

11. X(HCN)/X(H'CN), the abundance ratio between HCN and
HCN.

12. X(HCN)/X(HCPN), the abundance ratio between HCN and
HC™™N.

The best fitting values as of the writing of this manuscript can be
found in Table 4.12. The best fit models are displayed along with the
observations in Figures 4.38 to 4.41.

These results contradict the results of Padovani et al. (2011) who
suggested that there is a depletion hole for HCN in L1498 with a
size of 8 x 10'® cm where the abundance of HCN drops by several
orders of magnitude. The small drop in abundance towards the cen-
tre can be explained by the fact that towards the central position the
large beam of the IRAM-30M telescope for the | = 1 — 0 transi-
tions (HPBW ~ 28”) also samples the emission from the compacted
side of the core towards the northwest, thus decreasing the average
column density inside the beam. In fact other studies regarding the
abundance of HCN in prestellar cores have found no evidence of
HCN depletion. Sohn et al. (2004) mapped HCN ] =1 — 0 towards
six prestellar cores and found that the intensity of the F = 0 — 1
component correlated strongly with the intensity of N,H" suggesting
that HCN does not suffers depletion. In accordance to that Lee et al.
(2007) found that the abundance of HCN relative to H, in L694 — 2
appears to be constant at 7 x 1077 and in L1157 it shows a tendance
to increase inwards, from 1.7 to 3.5 x 10~°. Recently Spezzano et al.
(2017) did a map of the H!¥CN J = 1 — 0 emission towards the very
dense prestellar core L1544 (central density ~1x10” cm 3, Keto and
Caselli, 2010), in this map it is clearly seen that HCN does not deplete
from the gas pahse even in the most dense parts of prestellar cores.

The HCN abundance obtained from Arico/MCMC translates into
a column density of 1.25 x 10* cm™3, this value is slightly larger
than the value obtained with RADEX+NsLaB and this difference can
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Table 4.12 — Best fit values for the ALtco/MCMC fit to the emission of HCN
and its isotopologues in L1498.

Parameter Value Unit Fixed
no 1.00 £0.16x10° cm 3 yes
ext 5x10? cm 3 yes
7o 47 £5 arc second yes
w 22+0.1 yes
Tyin 10 K yes
o0 0.046f8:83§ km/s no
Ooxt 0.25 £0.08 km/s no
rj 320+ 14 arc second no
Ar; 78+ 14 arc second no
V. —0.26 £0.02 km/s no
rv 290 + 8 arc second no
Ary 55+8 arc second no
Xo(HCN) 26+02x107° relativeto H, no
rx, 3318 arc second no
X1(HCN) 6.14+0.4x 1077 relativeto H, no
X(HCN)/X(H"®CN) 45+3 no

X(HCN)/X(HCPN) 338 +28 no
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be understood by the fact that LVG analysis tend to underestimate
the column density of optically tracers such as HCN. Nevertheless
the isotopic ratios obtained with Arico/MCMC are consistent within
one sigma with the isotopic ratios obtained with RADEX+NsLaB. This
confirms that RADEX+NSLAB can be used as a inexpensive first guess
generator for the more expensive Arico/MCMC runs. One other
interesting point is that the LTE derived HCN/HC!®Nratio is also
consistent with the ALico/MCMC ratio as long as we assumed that
HCN is fractionated in carbon with 12C/13C = 45, which is the value
we find for the 2C/13C ratio in HCN with Arico/MCMC.

4.2.6  Article on HCN/HC'N in L1498

The work done on the isotopic ratio of nitrogen in L1498 is soon
to be submitted to a peer reviewed journal. The current status of the
draft is included in the following pages.
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1. Introduction

The link between the chemical composition of the protoso-
lar nebula and of the interstellar medium (ISM) may be more
direct than previously thought. Recent work on the comet
67P/Churyumov-Gerasimenko done with data obtained by the
ROSINA instrument on the ESA/ROSETTA spacecraft shows
that the presence and abundance of O, and S, on the coma of this
comet are consistent with a prestellar origin for these molecules
within cometary ices (Bieler et al. 2015; Calmonte et al. 2016).
The origin of the materials seen in comets is indeed particularly
relevant as comets are thought to be pristine records of the proto-
solar nebula (PSN) (Bockelée-Morvan et al. 2015). Two scenar-
ios are possible: one in which the interstellar grain structure and
composition is only marginally altered during comet formation.
In this scenario, O, and S, would be produced by radiolysis of
H,O and H,S, respectively, during the prestellar phase (Taquet
et al. 2016; Mousis et al. 2016a, 2017). In the other scenario, the
icy components rearrange themselves in clathrates during comet
formation, thus trapping gases from the PSN inside the grains
(Mousis et al. 2016a,b). In contrast with the first scenario, some
mixing is thus expected place between the ice and the gas phases
during comet formation.

One possible clue to decide which is the best scenario lies in
the isotopic ratio of nitrogen in comets. The nitrogen isotopic ra-
tio in solar system comets is basically uniform, “N/N ~ 144,
and independent of the molecular carrier (NH,, CN, HCN) and
comet family (Mumma & Charnley 2011; Shinnaka et al. 2016;
Hily-Blant et al. 2017a). Yet this ratio is three times lower than
that of the bulk in the PSN, “N/!SN = 441 (Marty et al. 2011),
a sharp difference which raises questions regarding the forma-
tion of comets. Such discrepancy also tells us that there were
at least two distinct reservoirs of nitrogen in the PSN when
comets formed, a primary one, sampled by the Sun and Jupiter,
and a 'N-rich, secondary one, sampled by the comets. These
two reservoirs may have an interstellar origin or the secondary
reservoir may have been created in situ during the comet for-
mation stage. Interestingly, the comparison of the CN/C'>N and
HCN/HC N ratios measured in several close-by protoplanetary
disks has revealed that two reservoirs —the bulk with an ele-
mental ratio 323 + 30, and a fractionated reservoir with a ratio

111+ 19— are present in these PSN analogues with precisely the
same 3:1 ratio as in the primitive solar system (Hily-Blant et al.
2017a).

To explore the pre-solar origin of these two reservoirs, it is
necessary to measure the isotopic ratio of nitrogen at different
stages of the star formation process. In the prestellar stage, iso-
topic ratios from nitrogen hydrides —NH3 and NH,D, N,H"—
which are presumably chemical descendants of N, (Hily-Blant
et al. 2010, 2013a), have been measured directly yielding a
weighted average of 336 + 16 (Hily-Blant et al. 2017a), hence
compatible with the elemental ratio of 323+30. On the other
hand, species in the nitriles family —CN, HCN, and HNC—
likely chemical descendants of atomic nitrogen (Hily-Blant et al.
2010, 2013a) present a big challenge for direct measurement of
their isotopic ratios as the opacity of the main isotopologue is
too great for an accurate measurement of their column densities
in the dense ISM. In some instances, the hyperfine splitting of
the rotational lines provide optically thin transitions, as in CN,
which may be used to infer the total column density, hence al-
lowing direct measurements (Adande & Ziurys 2012). However,
departures of the hyperfine intensity ratios from single excitation
temperature predictions are often met in cold cores which trouble
the process (Guilloteau & Baudry 1981; Walmsley et al. 1982;
Adande & Ziurys 2012). A common work-around is the dou-
ble isotopologue method, in which the main isotopologue is re-
placed by its less abundant '*C-isotopologue, (Ikeda et al. 2002;
Hily-Blant et al. 2013b,a), as in the case of HCN, for which the
nitrogen isotopic ratio derives from

HCN
HCN

12C H13CN

= e X Hotn M
C HC"N

where it is assumed that HCN/H'*CN is equal to the elemental
carbon isotopic ratio. A usual value for the latter in the present-
day solar neighbourhood is '>C/'*C=70 (Milam et al. 2005).
Nevertheless, chemical models suggest that the carbon isotopic
ratio in nitriles may be far from the elemental one (Roueff et al.
2015), namely, the HCN/H'3CN ratio in dense and cold cores
is predicted in the range from 90 to 140. Therefore isotopic ra-
tios in the dense ISM based on the double isotopologue method
should be regarded with a grain of salt.
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Table 1. Summary of the line observations. The reference position is (e, 6) 2000=04:10:52.2, +25:10:20.

Line Rest. Freq. ov Tree Tyys rms Program
MHz kms?! K K mK][Tmb]
HCN(1-0) 88631.6022 0.066 115 50 031-11
0.066 100 20 008-16
HCN(3-2) 265886.4339  0.022 170 36 105-16
HBBCN(1-0)  86339.9214 0.068 90 10 007-16
HCN(1-0)  86054.9664 0.068 90 10 007-16

In some instances, however, the '2C/!3C ratio can be mea-
sured in the carrier of interest. Taniguchi & Saito (2017) mea-
sured the isotopic ratio of nitrogen in HC3N and HCsN in the
cyanopolyyne peak of TMC-1 (see Hily-Blant et al. 2017b, for a
review). The HCsN/HC lgN abundance ratio was measured both
indirectly and directly, leading to ratios "*N/N = 323 + 80 and
“N/I>N = 344 + 53 respectively. The isotopic ratio of nitrogen
in HC;sN is thus in harmony with the elemental ratio of 323+30
(Hily-Blant et al. 2017a). For HC3N, the indirect and direct
methods also agree within 1o, and the derived average value
is 264+40. This ratio is only marginally compatible with the
local ISM, suggesting a secondary reservoir of nitrogen in the
ISM. For the double isotopologue method, the values of '?C/!3C
were measured for all carbon atoms in either HC5N or HCsN
(Taniguchi et al. 2016), making the determination more robust
than would be otherwise expected.

The chief objective of the present work is the direct mea-
surement of the nitrogen isotopic ratio in a nitrile (HCN) in a
prestellar core, 1.1498 located at a distance of 140 pc, at the
South-West end of the Taurus-Auriga complex. To achieve our
aims, we use the emission of the / =1 - Qand J =3 — 2
rotational transitions of HCN and the / = 1 — 0 transition of
H'3CN and HCN, along a cut through L1498. The synthetic
spectra where generated using our Accelerated Lambda Iteration
COde, ALICO, a python wrapping over the 1Dart code (Daniel &
Cernicharo 2008). ALICO handles line overlaps, including hyper-
fine transitions, which is fundamental for the reproduction of the
HCN spectra from cold cores (Gottlieb et al. 1975; Guilloteau
& Baudry 1981; Gonzalez-Alfonso & Cernicharo 1993). In the
process, a physical model of the source (density, dust tempera-
ture) is required, which is obtained by fitting the Herschel/SPIRE
and IRAM30m/MAMBO continuum maps at 250, 350, 500, and
1250 pum simultaneously.

2. Observations

Our observations can be divided in two datasets: spectra of HCN
and its isotopologues, used to infer the abundances of HCN and
its isotopologues; and a set of continuum maps used to derived
the radial density profile of L1498.

2.1. HCN and its isotopologues

All our observations of HCN and its isotopologues were ob-
tained at the IRAM-30m telescope, albeit in different runs (see
Table 1 for a summary). All spectra have been reduced and an-
alyzed using the IRAM GILDAS/CLASS software. Bandpass
calibration was measured every 15 min using the standard three-
steps method implemented at IRAM-30m. The typical receiver
and system temperatures are 100 and 170 K at 89 and 266 GHz
respectively. The obtained rms (main-beam temperature scale)
are 10 mK for the H”CN and HC'"N(1-0), 20 to 50 mK for
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HCN(1-0), and 36 mK for HCN(3-2). Pointing and focus were
checked regularly on a one to two hours basis, leading to a point-
ing accuracy of typically 1-2” at all frequencies. Finally, residual
bandpass effects were removed by subtraction of low-order poly-
nomials (up to degree 3). Table 1 summarizes the observation se-
tups and performances. Spectra were brought into a main-beam
temperature scale using tabulated beam efficiencies appropriate
at the time of observations. Figures ?? and ?? show the final set
of spectra.

2.2. Continuum

We retrieved the Herschel/SPIRE maps at 250, 350 and 500
pm, from the Gould Belt Survey (André et al. 2010) available
from the Herschel public archive. We retrieved Level 3 data
which were calibrated following the standard extended source
procedure of pipeline SPG v14.1.0. In the process, an offset was
added to the images to comply with ESA/Planck absolute inten-
sities. The continuum map at 1.25 mm was obtained at IRAM-
30m telescope with the MAMBO 37-channels bolometer array
(Tafalla et al. 2002). The continuum maps (in MJy/sr) can be
seen in Fig. 1. For the Herschel maps, the statistical noise was
computed as the quadratic sum of the calibration noise (as es-
timated by the pipeline and taken from the file header) and the
contribution from the spatially varying contribution from cirrus-
like emission, showing up in histograms of the intensity as a
broad, low-level, Gaussian. Indeed, two-Gaussian fits to these
histograms recover well the calibration uncertainty. At 1250 um,
the noise was estimated in a similar fashion although a single
Gaussian was sufficient. The final noise are 4.1, 2.2, 1.0, and 0.6
MJy/sr at 250, 350, 500, and 1250 um respectively.

3. Physical model of L1498 from the dust emission

The line radiative transfer calculations of the lines of HCN and
its isotopologues towards L1498 compute the populations at the
hyperfine level, in spherical geometry, assuming density, tem-
perature, and velocity profiles, as well as a profile of the ve-
locity dispersion. The number of free parameters can become
outrageously large in such simulations, but in principle all these
parameters could be minimized —at least after adopting some
simple parametrization for each— using the various transitions
at the several locations along the cut. Nevertheless, we have used
maps of the dust-dominated continuum emission towards L.1498
(Fig. 1) to obtain independent constraints on the density profile
which is critical to the calculation of the molecular excitation.
The present analysis encompasses and extends beyond earlier
works (Tafalla et al. 2006), by considering the dust emission at
four wavelenghts, which allow us to derive constraints on the
density and dust temperature profiles. In the process, the spec-
tral index is also measured, and found in very good agreement
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Fig. 1. Herschel/SPIRE and IRAM30m/MAMBO maps of the continuum emission (in MJy/sr) at 250, 350, 500, and 1250 ym. The HPBW
are 18, 24, 35, and 11” respectively. Contours are evenly spaced between 20 to 90% of the maximum intensity. The reference position is

(@, 6)2000=04:10:52.2, +25:10:20.

with comprehensive studies. We here review the basic model and
assumptions used in the analysis of the dust emission maps.

3.1. Dust emission

From Kirschoff’s law, the emissivity of the dust is directly re-
lated to the absorption coefficient, noted «, (in cm? g—1) at fre-
quency v, which we hereafter express by gram of dust and gas,
assuming a standard gas-to-dust mass ratio of 1%. The modeling
of the dust emission then follows a standard approach (Bergin &
Tafalla 2007) in which the optically thin dust emission is treated
as a graybody radiation

1 =2 [ ko g B Ta(0ld @)
where the integral extends over the line of sight. In our nota-
tion, my is the mass of one hydrogen atom, py, = 2.8 is the
mean molecular weight per H, molecule, assuming 10% of He-
lium atoms with respect to total hydrogen nucleii. B,(Ty) is the

emission of a blackbody at temperature T4 and frequency v. Note
that in our formulation, «, is assumed homogeneous, but the dust
temperature is allowed to vary along the line of sight.

The frequency dependence of the dust absorption coefficient
is described by a power-law

3)

This parametrization appears to hold reasonably well at the sub-
mm to mm wavelengths of concern in our analysis, although the
value of kj and of the spectral index 8 are known to vary with the
temperature and composition of the dust particles (Juvela et al.
2015a; Demyk et al. 2017). With such a parametrization of «,,
[ primarily constrains the long wavelength, Rayleigh-Jeans, do-
main of the emission where B, o v**£. On the other hand, the
value of kp fixes the dust column density but not the shape of
the SED. Typical values of S that are appropriate for dense gas
are in the range 1.5-3, with 8 = 2 being a commonly adopted
value which describes the asymptotic behaviour of «, at long
wavelength. Comprehensive multiwavelengths analysis of dust

Ky = K250(2/250 pm) ™
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Fig. 2. HCNJ = 1 — 0 (left) and J = 3 — 2 (right) spectra at several positions towards L1498 (RA-DEC offsets from the continuum peak position
are in seconds of arc). The systemic velocity for each of the hyperfine components is indicated (dashed blue lines).
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Fig. 3. Same as Fig. 2 for the J = 1 — 0 transition of H'>CN (left) and HC'N (right).

emission from cold, starless, cores find 8 ~ 1.9 + 0.3 for dust
temperatures ~ 16 + 2 K (Juvela et al. 2015a, Fig. 27).

In our analysis, «, is assumed homogeneous throughout the
core and we adopted ko590 = 0.1 cm? g—1, which appears well
suited to our study of a dense starless core (see Table 2). The
spectral index 8 was also assumed uniform, but was let as a free
parameter in the minimization process.

3.2. Density profile

The density profile was parameterized in a form that describes
an inner plateau of constant density surrounded by a power-law
envelope (Bacmann et al. 2000; Tafalla et al. 2002):

no
L+ (r/ro)*
where ny, (r) is the H, number density at radius r. The plateau

has a radius ry and a constant H, density ng, while the density
in the envelope decreases as r~®. This type of profile is well

“

ny,(r) =
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suited to describe starless cores in which the pressure gradient
evolves on timescales longer that the sound crossing-time, such
that these cores evolve quasi-statically towards collapse, well be-
fore the formation of the first hydrostatic core (Larson 1969;
Lesaffre et al. 2005). As will be described later, L1498 is pre-
cisely in such a state. Indeed, this profile was adopted in previous
studies of the chemical structure of L1498 (Tafalla et al. 2006).
This density profile eventually merges with the ambient medium
with typical H, density 500 cm™ (Hily-Blant & Falgarone 2007;
Lippok et al. 2016). However, with the typical values of ry and
no that describe L.1498, such a density is obtained at large radii
(beyond 200”) and need not be considered in our dust emission
fitting (see Fig. 4).

3.3. Dust temperature profile

The gas in a prestellar core such as L1498 with relatively small
central density (= 10° cm™) is, to a good approximation, con-
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Fig. 4. The physical structure adopted for the continuum map fit-
ting. Top panel: the density and dust temperature (inset scale) profiles.
Bottom panel: normalized continuum intensity at 250, 350, 500, and
1250 pm along the HCN cut (see Fig. 1).

Table 2. Compilation of values of the mass absorption coefficient «,
(in cm? g—1, expressed per gram of gas and dust) used in dense core
studies. The values assume 8 = 2 (see Eq. 3). Numbers in parentheses
are powers of ten.

250 um 350 um 500 um 1250 um  Reference
0.10 51(-2)  2.5(-2)  4.0(-3) (1)
0.125 6.4(-2) 3.1(-2)  5.0(-3) 2)
0.14 7.1(-2)  3.5(-2)  5.6(-3) 3)
0.09 4.6(-2) 2.2(-2)  3.6(-3) @f
0.05 2.6(-2) 1.3(-2) 2.0(-3) (5)*
0.10 5.2(-2)  2.6(-2) 4.0(-3) 5)*F
0.2+0.1 1.0(-1) 5.0(-2) 8.0(-3) (6)
0.2+0.1  9.2(-2) 4.1(-2)  4.9(-3) (6)*
0.06 3.1(-2) 2.5(-2)  2.4(-3) This work

References: (1) Hildebrand (1983) (2) Tafalla et al. (2004) (3)
Roy etal. (2014) (4) Juvela et al. (2015b) (5) Demyk et al. (2017)
(6) Chacén-Tanarro et al. (2017). Notes: T Using their relation
7(250) = 2.16 X 1072 Ny cm?/H and assuming 10% of He atoms
with respect to hydrogen nucleii. & Values are from their model
calculations (their Table 1); values from the synthesized samples,
which are probably more emissive than interstellar dust grains,
are larger by factors of 4 to 10. § Using 8 = 2.3 as obtained from
their study of the dust emission at 1.2 and 2 mm.

stant and close to 10 K as long as CO cooling is sufficient (Zuc-
coni et al. 2001; Tafalla et al. 2006). In the inner parts where
the density is large, collisions become efficient in thermalizing
the gas and the dust to temperatures close to and below 10 K
(Makiwa et al. 2016). However the dust temperature is known to
increase outwards from typically below 10 K to approximately
15 K or more (Lippok et al. 2016; Bracco et al. 2017). Indeed,

our attempts to fit simultaneously the dust emission at the four
wavelengths with a constant dust temperature did not converge.
To allow for a radial increase, we have adopted a simple radial
profile of the form

Tou — Tin r—rq
——— |1 + tanh
2 ( M AL )

Td(r) =T, +

(&)

which describes a continuous increase from T;, to Ty, at a ra-
dius 7, and over a characterstic scale Ar,. In the following, Ty,
Tou> 74, and Ar, are considered free parameters. Having a non-
uniform dust temperature but uniform spectral index 5 may seem
contradictory, is variations of 8 with T4 have been reported in
starless cores (Juvela et al. 2015a). Yet, our study is focused to-
wards the determination of the density profile in view of an accu-
rate measurement of the abundances of HCN and isotopologues.
We therefore decided to keep the number of free parameters as
low as possible. Moreover, the variations of 8 with Ty still re-
main elusive (Bracco et al. 2017).

3.4. Results

With the above assumptions on the dust emissivity and on the
adopted density and dust temperature profiles, we performed a
minimization calculation using a MCMC approach to explore
the 8-dimension parameter space. The fitting of the graybody
emission was calculated in a spherical geometry, by integrating
along lines of sight at offsets evenly spaced along the South-West
cut from the continuum peak, where line integrations have been
performed (see Fig. 1 and the bottom panel of Fig. 4). Our calcu-
lation is thus similar to those of Roy et al. (2014); Bracco et al.
(2017). However, we did not attempt to compute the derivative
of the intensity to obtain ny,B,, but instead adopted a forward
approach in which the various parameters (density, temperature,
pB) are free to vary within pre-defined intervals (with uniform
probability) and the emergent intensity was computed assum-
ing optically thin dust emission. A typical minimization takes
30 minutes.

The best fit parameters are summarized in Table 3, while
the probability distribution for the parameters can be seen in
Fig. A.1. The corresponding best fit models are compared to the
observed radial intensity profiles in Fig. 5.

Our results may be compared with the core properties ob-
tained in previous studies (Tafalla et al. 2004). The main differ-
ence is the slope of the density profile in the envelope, which we
find significantly shallower, with @ = 2.2. Our value is closer
to what would be expected from theoretical considerations of
spheres experiencing gravitational collapse, either isothermal or
not, which predict that the envelope density profile of such cores
tend towards an exponent of 2 (Larson 1969; Lesaffre et al.
2005). Previous studies, based solely on the 1.3 mm map, sug-
gested significantly steeper profiles (@« = 3.5). However, the
1.3 mm emission best traces the cold dust emission from the
innermost regions of the core rather than the warmer envelope,
hence emitting at smaller wavelength. In addition, compared to
Herschel/SPIRE, the dual-beam observing mode used with the
IRAM30m/MAMBO instrument makes it less sensitive to the
extended, shallow, regions. The decrease of a towards the theo-
retical value of 2 is therefore expected from both observational
and theoretical considerations.

The other parameters of the density profile are close to those
from the analysis of Tafalla et al.. The plateau in our study is
smaller, rp = 47" instead of 75”, can be explained by the fact
we used a non-uniform dust temperature. Indeed, attempts with
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Fig. 5. Continuum fit results along with the radial profiles for the continuum emission. a) The emission at 250 ym, b) the emission at 350 um, c)
the emission at 500 ym and d) the emission at 1.25 mm. The black lines represent the emission computed from the best fit model, while the red
dots represent the average continuum intensity inside the elliptical rings described in Section 3, the error bars displayed are the quadratic sum of
the mean RMS noise for each map and the standard deviation of all the pixels within each ring UPDATE.

a uniform temperature, although not satisfactory, give a plateau
size of 65”. What happens is that a large plateau is needed to
compensate for the lower temperature in the envelope than in
our non-uniform temperature profile.

The spectral index we obtain is S=1.6. This low value is
still within the expected range of 1.6 to 2.4 for prestellar cores
(Makiwa et al. 2016), but is significantly lower than the value
of 2.3 + 0.4 measured in a more evolved core, L1544 (Chac6n-
Tanarro et al. 2017). In a comprehensive analysis of the 1.2 and
2 mm dust emission from prestellar to protostellar cores, a broad
range of B was obtained, with a trend towards a decrease with
evolutionary stage (Bracco et al. 2017). This may be indicative
of variations of the dust size distribution and/or composition, al-
though degeneracy with variations of the mass absorption coef-
ficient can be excluded. Interestingly, low values encompassing
B = 1.6 are found in one of the prestellar core (Miz-2). We also
note that low values of 8 may be associated with dust tempera-
tures above 10 K, in agreement with what we obtain in L1498.
Indeed, dust temperatures in L1544 are found to be lower than
10 K throughout, a difference with L1498 which may be at-
tributed to the tenfold lower density in the latter core.
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4. Line radiative transfer of HCN and isotopologues

The physical model of the source obtained from the analysis of
the dust emission maps is now used to model the emission of
HCN and its isotopologues. The aim is to reproduce the spec-
tra observed along a southwest cut from the continuum peak.
Our model shares similarities with the previous study of Lee
et al. (2007) who computed the HCN(1-0) spectra emerging
from a gently contracting starless core, with properties similar
to L1498. Indeed, our physical setup (density and velocity pro-
file) is very similar to theirs. However, the isotopologues and
HCN(3-2) bring additional, and very sensitive, constraints.

5. Line radiative transfer model

One important aspect that we need to include in our radiative
transfer model of L1498 is the presence of a foreground layer of
material that is seen towards 1.1498 (Tafalla et al. 2006), Section
?? explains how we treat this foreground and how it is applied to
the models. Furthermore, except for the kinetic temperature of
the gas which we assume to be a constant of 10 K through the
prestellar core, based on ammonia temperature measurements
from Tafalla et al. (2004), all other inputs for the radiative trans-
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Table 3. The L1498 source model (density, dust properties, velocity
field and line broadening) from the MCMC minimization. Note that
50"~ 0.04 pc at 140 pc. Quoted are the median values, while the uncer-
tainties are the 16% and 86% quantiles.

velocity profiles, and how these different profiles affect the HCN
J=1-0andJ =3 — 2 transitions.

In models with no collapse velocity it can be seen that the
HCN J = 3 — 2 line profiles are fairly well reproduced with

Component Parameter Value Unit

Dust 1o 1.00+0.16x10° cm™3
o 47+6 arcsec
a 2.2+0.1
T; 9.8+0.5 K
Tout 14.6+0.3 K
rg 61+3 arcsec
Ary 2620 arcsec
B 1.56+0.04

Gas Hext 500 cm™3

Tkin 10 K
V. -0.26+0.02 km s
ry 290+8 arcsec
Ary 55+8 arcsec
oo 0.046+0.03 km s™!
Text 0.25+0.08 km s™!
rj 320+14 arcsec
Ar; 78 + 14 arcsec
X(HCN) 6.1+0.4x107°
X(HCN)/X(H'"*CN) 4543
X(HCN)/X(HC"N) 338+28

fer models were chosen to be a smooth function of the model
radius, and are described in the following sections. For Sections
5.2 and 5.3 we use a reference model whose parameters can be
found in Table ??, varying only the parameters relative to the
collapse velocity profile and non thermal broadening profile re-
spectively.

5.1. Density profile

For our H, radial density profile we have adopted the
parametrization of Eq. 4 to which a constant external density ey
was added which represents the density in the ambient molecular
cloud.

To determine the values of the parameters governing our den-
sity profile we have fitted the continuum emission of L1498 with
a continuum emission model. The description of how this fit was
done can be found in Section 3

5.2. Collapse velocity Profile

For the collapse velocity profile we chose an approximation of
the profile described in Lesaffre et al. (2005) for a prestellar core.
We assumed the following mathematical description for such a
profile:

_(rry 2

V(r)=Vee *v,

(6)

with V. the maximum collapse velocity, ry the radius at
which the collapse is equal to V, and 6ry the dispersion of the
collapse velocity profile. The choice of such a profile is corrob-
orated by the absence of dynamical signatures, such as red blue
asymmetries on HCN J = 3 — 2 spectra, while these effects are
present in the HCN J = 1 — 0 spectra. In Figure 6 we can see
examples of spectra produces by ALICO with different collapse

minimal residuals whilst the HCN J = 1 — 0 line profiles are
not reproduced at all with each hyperfine component displaying
2 peaks, leading to very important residuals. On the other hand
models with a constant collapse velocity fail to reproduce the
features of HCN J = 3 — 2 line profiles by introducing red
blue asymmetries in the strong satellite hyperfine component at
1.8 km/s and making the strongest peak 2 times stronger than it
should be, all of this while the HCN J = 1 — 0 synthetic spec-
tra display the red-blue asymmetry seen in the observations even
though the intensities are exaggerated by a factor of 2 in the cen-
tral hyperfine component at 0 km/s, which can be compensated
by different abundances and density profiles. Lastly models fol-
lowing the profile described in equation 6 can reproduce the fea-
tures of both HCN J = 3 — 2 and HCN J = 1 — 0 line profiles
with minimal residuals, as long as reasonable values for ry and
Ary are chosen.

5.3. Non-Thermal dispersion profile

The line width of the J = 1 — 0 transition of HC'*N at L1498 is
very narrow (full width at half maximum, FWHM = 0.2 km/s).
This indicates that the turbulence inside this core is very small,
as if we assume Ty;,, = 10 K, the non thermal velocity disper-
sion seen in the HC'P'N J = 1 — 0 transition is ~0.05 km/s.
This is very different from the situation seen in the surrounding
Taurus molecular cloud, which has very broad line widths for
the material surrounding L1498 (FWHM ~ 0.63 km/s, Tafalla
et al. 2006). To conciliate this very discrepant line widths we
have adopted a smooth radial profile for the non thermal veloc-
ity dispersion:

V—Vj
Arj ’

where o is the non thermal velocity dispersion at the centre
of the core and oy, is the non thermal velocity dispersion in the
ambient cloud. The transition from the low dispersion to the high
dispersion regime is centred at a radius r;, with a characteristic
width Ar;.

In panels a) and d) of figure 7 we can see that the a con-
stant o, cannot reproduce well the observed J = 1 — 0 and
J =3 — 2 line profiles. The J/ = 3 — 2 hyperfine components
are under produced while the / = 1 — 0 hyperfine components
have incorrect line profiles: a big self-absorption dip at V = 0
km/s and the line ratios between the hyperfine components are
not anomalous, i.e. the line ratios between the hyperfine compo-
nents are within the expected ratios (1/5> F =0 - 1/F =2 —
1<land3/5>F =1—- 1/F =2 — 1< 1). On the other hand a
linear expression for oy, is also not capable of reproducing the
line profiles. The J = 3 — 2 hyperfine components are slightly
under produced, while the J/ = 1 — 0 hyperfine components are
severely under produced and the line ratios between the hyper-
fine components is even more anomalous than the observed ones
(panels b) and e) ). While finally in panels c) and and f) we have
a good reproduction of the profiles of both transitions, by using
the profile described in eq. 7.

The big differences seen between the different types of oy
profiles can be understood if we take into into account the over-
lap of hyperfine components that happens in HCN rotational

Text — 00

N

onn(r) = 0 +

X + arct
— + arctan
2
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broadening profiles. constant oy, (panels a) and d)), linear o, (panels b) and f) ) and the profile described in eq. 7 (panels c) and f))

transitions with Jypper > 1 (Gottlieb et al. 1975; Guilloteau &
Baudry 1981; Gonzalez-Alfonso & Cernicharo 1993). Due to
the small line widths seen in L1498 (FWHM ~ 0.2 km/s) un-
der a constant and small o, there is very little overlap between
hyperfine components. In this case the excitation temperatures
of the hyperfine components of the / = 1 — 0 transition follow
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the expected trend, the very optically thick F = 2 — 1 compo-
nent (7 ~ 72) is thermalized at the center of the model, with the
excitation temperature decreasing in the outer layers, the other
hyperfine components are less thick, (r ~ 14 and 7 ~ 43 for
F=0-1and F =1 — 1 respectively, and therefore further
from thermalization (Figure 8 panels b) and c) ). In this scenario
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Fig. 8. Relative rotational level populations (panel a)), cumulative total rotational opacities (panel b)) and excitation temperature for the hyperfine
components of the / = 1 — 0 transition for the different kinds of o, profiles described in Figure 7. Blue lines correspond to the profile in eq. 7,
red lines to a linear function for o, profile and the orange lines correspond to constant oyp,.

there is no extra pumping of population to J = 2 and J = 3 lev-
els due to the radiative trapping caused by the hyperfine overlap,
thus making the J = 3 — 2 excitation temperature low (average
J =3 — 2 T~3.6 K) which in turn under produce the line
emission.

Now in the case of a linear increase of o,y with radius we
see that there is some radiative pumping of / = 2 and J = 3
caused by the hyperfine component overlap, leading to J = 2
and J = 3 being more populated here than in the case of constant
onn (Figure 8 panel a) ). This creates an excitation temperature
imbalance in the / = 1 — O transition at small radii, the F =
2 — 1 component becomes suprathermal while the FF = 1 — 1
has an excitation temperature smaller than ' = 0 — 1. Yet due
to the fact that o, keeps increasing at a certain point photons
can scape easily in transitions J =2 — 1 and J = 3 — 2 leading
to a fast depopulation of this levels, leading to a fast drop of the
excitation temperature of the F = 2 — 1 component which due
to its high opacity (r ~48, Figure 8 panel b) ) becomes heavily
self-absorbed thus explaining the extreme hyperfine anomalies
seen in panel b) of Figure 7.

The oy profile described in eq. 7 solves the problems pre-
sented by the other two profiles in a simple way. The small in-
crease in the non-thermal broadening with radii at small radii
allows for the pumping of the / = 2 and J = 3 levels to pro-
ceed to larger radii, creating the observed J = 1 — 0 hyperfine
anomalies and keeping the / = 3 — 2 excitation high enough
to account for the observed intensities (average J = 3 — 2
Tex~4.7 K).

6. Fitting of the line profiles of HCN and its
isotopologues.
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7. Discussion

outside in collapse mention sohn et al 2007 with the fact that
they discovered hen traces more collapse than other molecules,
probable reason: HCN traces the outside in collpase while N2H+
traces only inner collapse. due to the diff in optical depth and
excitation.

8. conclusions
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Appendix A: Dust emission fitting
Appendix A.1: Correlations between the fitting prameters

One interesting thing to note about Figure A.1 is the presence of
correlations and anti-correlations between some of the fit param-
eters. The loose anti-correlation between ng and ry can be under-
stood from the fact that an increase in any of them increases the
dust column density and thus the emission, so as one parame-
ter increases the other has to decrease to preserve the observed
emission. The positive correlation of ngy and @ comes from the
fact that there is a need for some minimal emission at larger radii,
so as « increases, decreasing the line of sight column density at
larger radii, nex has to increase to preserve it. Not surprisingly
the tight anti-correlation of ney and Tex comes from this same
necessity, as Tex is decreased nex has to be increased to maintain
the emission and vice versa. On the other hand the positive cor-
relation between ry and « is related to the slope of the emission
profile decay. Larger values of r(y have to be coupled with larger
values of « to preserve the slope seen on the radial profiles.

The anti-correlation between Ty and Ty can be explained
from the fact that the emission increases with both temperatures
through the term B, (T 4,5 (7)) in equation 2, therefore if T is in-
creased T has to be decreased to conserve the flux. The anti-
correlation between ny and Ty also comes from the fact that the
emission increases with 7y while also being proportional to ng
through equation 4, thus if 7 is increased ng has to be decreased
to conserve flux. The constrains leading to the correlation be-
tween ry and Ty come from the emission at large offsets from
the source, where it is dominated by 7y and Tex, but also hav-
ing a contribution from the tail of the term dependent on ry in
equation 4, so if flux is to be conserved an increase in ry has to
be offset by a decrease in Tex. The correlations between Ty and
ro and T and ny; arise from the anti-correlation between 7Ty and
Texe acts upon Ty which due to its anti-correlations with rey
and ryp make in turn ry and nex correlated to Tjy. The loose pos-
itive correlation of ney and ry may arise from the fact that both
next and ry present correlations with T and anti-correlations with
Text, thus they are forced to vary together by the strength of these
correlations.

The anti-correlations between  and the temperatures (7 and
Text) come from the fact that 8 has an impact on the relative
fluxes between the different wavelengths, with large values of
beta favoring short wavelengths, which is the opposite effect of
the temperature. Thus to maintain the same ratio between the
fluxes at different wavelengths a decrease in 8 has to be offset
by an increase in either T or Tey. The remaining correlations,
that between S and the desnity parameters (g, 7ex; and ry) come
from the fact that an increase in column density requires a de-
crease in the dust temperature to maintain the same emission,
and therefore with a decrease in dust temperature 8 has to in-
crease to maintain the flux ratio between the different continuum
wavelengths.
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Fig. A.1. Probability density distribution for the parameters in the continuum MCMC fit, along with the scatter plots between each possible pair

of probability density distributions. It is clearly visible from the scatter plots that several parameters are correlated.
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THE N /N RATIO IN PROTOSOLAR NEBULA
ANALOGS

5.1 INTERFEROMETRIC OBSERVATIONS

The region immediately adjacent to a protostar, the warm circum-
stellar material in a embeded protostar or the protoplanetary disk
around a T Tauri or Herbig A star, is the analog to the protosolar
nebula. These regions have sizes of the order of a few hundred astro-
nomical units. Even in the case of the closest known protoplanetary
disk, the disk around TW Hya which is at 59+1 pc as recently mea-
sured by the ESA /Gaia satellite, such sizes require spatial resolutions
of the order of 1" to be resolved. Single-dish observations at high fre-
quencies may achieve a spatial resolution of the order of a few arc
seconds (7.4” at 340 GHz at the IRAM-30m telescope). Yet this is not
enough to accurately resolve these regions. The solution is to use
interferometers.

Radio interferometers work by correlating the electric field mea-
sured by pairs of antennas. Each pair of antenna defines a baseline,
whose projection on the sky corresponds to a given spatial scale in the
brightness distribution on the sky. Each sample is called a visibility.
The visibility is what a radio interferometer actually measures: it is
one component of the Fourier transform of the sky brightness distri-
bution. The best way to gauge the quality of the sampled visibilities
is to look at the so-called uv coverage of an interferometric observa-
tion (Figure 5.1). The uv coverage is a graphical representation of the
sampling of the spatial frequencies sampled by the baselines of an in-
teferometre. The name uv comes from the coordinates in the Fourier
plane which are usually noted u and v.

The Fourier transform of the uv coverage is the so-called dirty
beam. The dirty beam is the interferometre’s sensitivity to a point
source in the sky. Which is to say that a point source in the sky ap-
pears in an interferometric image as a dirty beam which is scaled by
the flux of the point source.

To visualise interferometric data in a more familiar way, the visi-
bilities are Fourier-transformed to obtain a representation of the sky
plane that is called a dirty image (Figure 5.2). To accurately reproduce
the sky brightness distribution it is necessary to sample as many spa-
tial frequencies as possible. The dirty image—so-called because the
plane of the sky is convolved with the dirty beam—generally contains
artifacts. Actually, the Fourier transform of the visibilities is only pos-
sible if the phase of the visibilities is known. In the optical domain

125



126 THE 14n/1°n RATIO IN PROTOSOLAR NEBULA ANALOGS

UV PLANE
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Figure 5.1 — uv coverage of an artificial interferometer (top panel) and the re-
sulting dirty beam obtained from the Fourier transform of the
uv coverage. Notice the side lobes produced in the dirty beam

by the blanks in uv coverage. Images produced with APSYN-
SIM (Marti-Vidal, 2017).



5.1 INTERFEROMETRIC OBSERVATIONS

DIRTY IMAGE

3.52e-02 |Jy/beam
Aa= 0.00/A6= 0.00
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Figure 5.2 — Dirty image produced by the synthetic observation of two point
sources with the uv coverage in Figure 5.1. Image produced
with APSYNSIM (Marti-Vidal, 2017).

this information is lost, and therefore a source geometrical model has
to be assumed in order to produce an image. In the radio domain the
signal correlators are capable of keeping track of the phase of a visi-
bility, thus no geometrical source model is required to reconstruct a
dirty image reducing the systematic errors in the analysis of the data.

To reduce the number of artifacts seen in a interferometric image
a process called cleaning is applied to the dirty images to create an
image that is as free as possible from artifacts. The CLEAN algorithm
for cleaning the dirty image is an iterative procedure, introduced by
Hogbom (1974) which can be summarised as follows:

1. Normalise the dirty beam to a fraction of the intensity of the
maximum intensity in the dirty image;
2. Subtract the normalised dirty beam from the dirty image at the

location of maximum intensity.

3. Find the point of maximum intensity in the new dirty image,
this may or may not be the same point as before, and repeat the
tirst two steps;
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Figure 5.3 — Results of CLEAN when applied to the dirty image in Figure
5.2. Image produced with APSYNSIM (Marti-Vidal, 2017).

4. Continue the process iteratively until the maximum intensity in
the dirty image is comparable to the noise.

5. Produce a final "cleaned" image by returning all the components
removed in the previous stages in the form of "clean beams"
with appropriate positions and amplitudes. The clean beams
are typically chosen to be Gaussian with similar widths to the
central response of the dirty beam.

Figure 5.3 shows the effects of CLEAN in the dirty image shown in
Figure 5.2.

5.1.1  Self-calibration

The process of interferometric calibration—amplitude, frequency,
and phase—is certainly the most crucial part of the data processing.
It involves various calibration sources and procedures. Due to its
complexity the final calibrated data set may still present significant
spread in phase and amplitude with time. To improve the phase and
amplitude calibration, the idea behind so-called ’self-calibration” is
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to use the structure of the source itself that is generated during the
cleaning process. It is thus an iterative procedure. Indeed, the clean-
ing process creates so-called clean components which are the iteratively
dirty-beam-subtracted images.

These clean components can then be Fourier-transformed to pro-
duce a model set of visibilities. The phase and amplitude of the
model visibilities can be compared to the observed visibilities to ob-
tain a best fit solution to correct the observed visibilities. The cor-
rected observed visibilities are then imaged and cleaned producing a
new set of clean components that can be used to further improve the
model visibilities. This process is done iteratively until the differences
between two consecutive steps becomes lower than some threshold,
or if it decreases the image quality.

The principal requirement for this method to work is that the ob-
served visibilities have sufficient signal-to-noise ratio (snr), generally
50 or more, to allow a good fitting of the phases and amplitudes
to the model visibilities. This is usually not possible with spectral
lines which have too small an snr, due to their small frequency width.
This is normally circumvented by observing the continuum in paral-
lel to spectral line observations. Continuum data usually have much
better snr than spectral data sets. Moreover, because continuum ob-
servations are usually observed in parallel to the spectral ones, they
are similarly affected by phase and amplitude drifts. In practice, self-
calibration is thus perfomed using the solutions obtained by the clean-
ing of the continuum. Figure 5.4 displays the effects of self-calibration
to continuum observations of TW Hya.

5.2 DIRECT EVIDENCE OF MULTIPLE RESERVOIRS OF VOLATILE
NITROGEN IN A PROTOSOLAR NEBULA ANALOGUE

The last link on the star formation process before a complete so-
lar system is the protoplanetary disk stage. With that in mind we
have set to investigate the isotopic ratio of Nitrogen in the closest
protoplanetary disk to Earth, TW Hydra. A proposal was submitted
by Pierre Hily-Blant for ALMA cycle 2 with the intention of directly
measuring the CN/C™°N ratio in this disk. The proposal was granted
time under the ALMA project 2013.1.00196.S.

The TW Hya observations were carried out in three epochs and
the data was delivered in July 2015. The data was calibrated and
concatenated by me at the IRAM headquarters in Grenoble. Follow-
ing the concatenation the data was self-calibrated by me with the
aid of a self-calibration script (Chunhua Qi private communication).
The self-calibration process took two rounds of phase self-calibration
and one round of amplitude self-calibration. This lead to a three
fold increase of the signal noise ratio of the continuum and its ef-
fects can be seen in Figure 5.4. All the data reduction was conducted
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Figure 5.4 — Continuum emission of TW Hya at 340 GHz before and after
self-calibration (top and bottom panels respectively). Notice
the reduction of residuals and the increase in flux after self-
calibration. Maps in Jy/beam.
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in CASA (The Common Astronomy Software Applications package), under
version 4.2.2. All the visibilities were then converted form the CASA
format to the GILDAS\mapping UV table format (GILDAS software). In
GILDAS\mapping the visibilities of the optically thin hyperfine compo-
nents of CN were integrated in frequency to obtain integrated inten-
sity UV tables of these lines. The same was done to the visibilities of
C®N.

The MWC 480 data we used to derived the H>*CN/HCN ratio
were retrieved from the ALMA science archive since they are already
open to public access. Similarly to the TW Hydra CN data, these data
were calibrated and self calibrated by me using CASA version 4.2.2.
The strong continuum of MWC 480 allowed for a 5 fold increase in
the signal to noise ratio during self-calibration. The self-calibration
took two rounds of phase self-calibration iterations and one round
of amplitude self-calibration. After the self-calibration the data was
exported to to the GILDAS
mapping UV table format. In GILDAS\mapping these UV tables were
integrated in frequency to provide integrated intensity UV tables for
the subsequent analysis.

The analysis of the UV plane data lead to the derivation of 10% un-
certainty isotopic ratio for CN in TW Hya. The detailed steps of this
analysis are described in the appendixes of Hily-Blant et al. (2017).
Hily-Blant et al. (2017) is presented in its integral form in the follow-
ing pages as it is one the main results of this thesis.
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ABSTRACT

Isotopic ratios are keys to understanding the origin and early evolution of the solar system in the context of Galactic nucleosynthesis.
The large range of measured '“N/'>N isotopic ratios in the solar system reflects distinct reservoirs of nitrogen whose origins remain
to be determined. We have directly measured a C'*N/C'N abundance ratio of 323 + 30 in the disk orbiting the nearby young star
TW Hya. This value, which is in good agreement with nitrogen isotopic ratios measured for prestellar cores, likely reflects the primary
present-day reservoir of nitrogen in the solar neighbourhood. These results support models invoking novae as primary >N sources as
well as outward migration of the Sun over its lifetime, and suggest that comets sampled a secondary, ’N-rich reservoir during solar

system formation.

Key words. astrochemistry — ISM: abundances — galaxies: abundances — Galaxy: evolution — comets: general

1. Introduction

Understanding the formation of the solar system is a prereq-
uisite to a comprehensive theory of our origins, while provid-
ing essential clues for the birth of planetary systems in gen-
eral. Early solar system bodies, such as comets and asteroids,
provide a detailed view of the composition of the protosolar
nebula (PSN) 4.6 billion years ago (Mumma & Charnley 2011;
Bockelée-Morvan et al. 2015). The physical and chemical con-
ditions prevailing in the PSN were set up in the collapsing proto-
Sun, which were themselves products of the conversion, over a
few million years, of diffuse and mostly atomic interstellar gas
into a dense, gravitationally unstable, molecular prestellar core
(Ceccarelli et al. 2014). A key question from both astrophysical
and planetary science perspectives is to know to what extent the
reservoirs of volatiles (namely, gas and ice) in planetary systems
are of interstellar nature or if chemistry was reset in the PSN at
the epoch of planet formation.

Isotopic ratios are a powerful tool to evince the chemical her-
itage preserved during this secular evolution. For example, the
large D/H ratio in terrestrial water may indicate that it likely en-
coded the interstellar history of the solar system (Cleeves et al.
2014). In contrast, the origin of nitrogen, the most reactive
and abundant heavy nuclei, together with carbon and oxygen,
has not been elucidated for two main reasons: i) the elemen-
tal "“N/">N isotopic ratio of nitrogen in the present-day solar
neighbourhood (which we denote Ry) is poorly constrained;
and ii) the primary repository of nitrogen in star and planet
forming regions is unknown, such that chemical model pre-
dictions are highly uncertain. Constraints on the origin of ni-
trogen in the PSN derive from laboratory and in situ analysis

Article published by EDP Sciences

of primordial solar system materials (Rubin et al. 2015), and
from observations of solar-type star-forming regions in the so-
lar neighbourhood within a few 100 pc (Hily-Blant et al. 2013a).
The primary reservoir of nitrogen in the PSN had a '*N/!>N ra-
tio Ry = 441 as measured in Jupiter’s atmosphere and in the
solar wind (Fiiri & Marty 2015) but values as low as 50 are
observed today in some primitive cosmomaterials (Bonal et al.
2010). Comets, observed in CN, HCN, and NH,, show a strik-
ingly uniform ratio of ~140 regardless of their orbital parameters
(Mumma & Charnley 2011; Shinnaka et al. 2016, and Fig. A.1),
suggesting that they recorded a secondary nitrogen reservoir or
that the main reservoir of nitrogen has not yet been seen in
comets.

A central question is to establish whether the different reser-
voirs of nitrogen that are observed today in the solar system
were inherited from the interstellar phase, or if they result
from fractionation processes within the PSN or in parent bod-
ies (Hily-Blant et al. 2013a; Fiiri & Marty 2015). A first step in
addressing this issue would be to demonstrate the existence of
multiple reservoirs in protoplanetary disks, which serve as ana-
logues for the PSN. This is a primary objective of the present
work.

The origin of nitrogen in the solar system is actually a
problem in both space and time, as it involves the compari-
son of the composition of the PSN, formed at some location
in the Galaxy 4.6 billion years ago, to that of present-day star-
forming regions at a galactocentric radius rg = 8.5 kpc. One
key point is the chemical homogeneity of the local interstellar
medium (LISM) within ~1 kpc (Sofia & Meyer 2001), which
makes nearby protoplanetary disks representative of planetary
formation at rg ~ 8.5 kpc. Qualitatively, the elemental '*N/'>N

L6, page 1 of 14
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in the Galaxy is expected to decrease with time, and to in-
crease with increasing galactocentric radius, as a result of stellar
nucleosynthesis (Audouze et al. 1975; Matteucci 2012). Never-
theless, predictions of Galactic chemical evolution (GCE) mod-
els can vary significantly depending on the specific assumptions
concerning the nuclear processes leading to N, the Galactic
star formation history, and the initial mass function of newly
born stars (Romano & Matteucci 2003; Minchev et al. 2013).
Moreover, the birthplace of the Sun remains poorly known
(Martinez-Barbosa et al. 2015). Measuring Ry would provide the
reference value needed to establish the heretofore missing link
between the PSN and present-day planet-forming disks orbiting
young stars. The value of R is the other aim of the present study.

However, measuring Ry is challenging because the primary
reservoir of nitrogen in cores, protostars, and protoplanetary
disks — presumably N or N, (or perhaps icy ammonia in the
densest parts) — cannot be observed directly. Therefore, Ry must
be inferred from trace species (e.g. HCN, NHj, etc.) usually
with the aid of chemical models (Le Gal et al. 2014; Roueff et al.
2015). Moreover, radiation from >N isotopologues is intrinsi-
cally weaker than from the main isotopologue by typically two
orders of magnitude thus requiring excellent sensitivity.

It is well established that evolved protoplanetary disks are
bright CN line sources (Guilloteau et al. 2013) and that, even for
the strongest CN sources among disks, some hyperfine transi-
tions of CN are optically thin (Kastner et al. 2015; Punzi et al.
2015). This species hence potentially affords a direct means to
infer N isotope ratios in disks, without the need to resort to as-
sumptions concerning secondary elemental isotopic ratios or line
optical depths.

2. Observations

With this as motivation, we have undertaken ALMA obser-
vations of the C'*N(3-2) and C'”N (3-2) rotational emission
at 340 and 330 GHz respectively (see Table A.l1) from the
molecule-rich disk orbiting TW Hya, a nearby (d = 59.5(9) pc),
nearly pole-on T Tauri star and disk system that displays excep-
tionally bright, narrow CN line emission (Kastner et al. 2015;
Teague et al. 2016).

Observations of TW Hya were performed in Decem-
ber 2014 and April 2015, using the Atacama Large Mil-
limeter/submillimeter Array (ALMA) interferometer (proposal
2013.1.00196.S). The Fourier plane was sampled by 47 anten-
nas, covering baselines from 15 to 343 m. The CN and C'°N
rotational lines N = 3—2 were observed simultaneously with a
channel spacing of 61 kHz (or 0.107 kms™! effective velocity
resolution at 340 GHz). The rest frequency for the CBN(3E-2)
hyperfine transitions were taken from the CDMS spectroscopic
catalogue (Miiller et al. 2005), with 1o uncertainties of 90 kHz.
The CDMS frequencies for the CN(3—-2) set of hf lines have
much reduced uncertainties of a few 10 kHz only. Flux calibra-
tion was performed using Callisto as an absolute reference, while
bandpass and phase calibrations were obtained by observing the
J1256-0547 and J1037-2934 QSOs respectively. After a first
round of calibration using the CASA software (version 4.2.2),
the phase calibration was improved using a self-calibration pro-
cedure based on the continuum, line-free, emission, from large
bandwidth observations performed in parallel to the spectral line
observations. The self-calibrated output was then applied to both
CN and C!SN. Cross-calibration uncertainties were mitigated by

! Here and elsewhere, 10~ uncertainties are given within brackets in
units of the last digit.
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Fig. 1. Spectra, averaged within the dashed circle in Fig. 2, of the en-
tire C'*N a) and of the two sets of hyperfine lines of C'°N b) and c).
The hyperfine splitting and relative strengths of the hf components are
indicated below the spectra.

the simultaneous observation of the two isotopologues, while the
small (3%) difference in lines frequency ensures nearly identical
Fourier plane coverages, continuum emission, and absolute in-
tensity calibration. The calibrated data were then exported to the
GILDAS? package format for imaging and analysis.

The CN hyperfine (hf) transitions are well resolved and de-
tected with a high signal-to-noise ratio (S/N) (see Figs. 1 and 2).
Specifically, our CN detections include four hf lines with relative
intensities 0.054 and 0.027 (see Table A.1). Of the four hf com-
ponents of the C'’N (N = 3-2) rotational transition included in
our frequency setups, three were successfully detected and are
optically thin, while the weakest was only tentatively detected
(see panels b and c of Fig. 1).

2 http://www.iram.fr/IRAMFR/GILDAS
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Fig. 2. Integrated intensity maps towards TW Hya with ALMA. a) C'*N
emission summed over the four weakest hyperfine components. b) C'’'N
from 329835.5 to 329838.5 MHz, with spatial resolution degraded to
2.3”. The phase center is at 11"01™51.875°%, —34°42'17.16" (J2000).

To produce the images shown in Fig. 2, deconvolution was
performed using the Hogbom algorithm as implemented in
the GILDAS/MAPPING software. The clean beam at 340 GHz
was 0.90” x 0.53” and with a position angle of 86°, and
the final sensitivity is between 1.8 and 3.6 mJy/beam/channel.
The continuum peak and integrated flux at 340.0465 GHz
are 378.0(3) mJy/beam and 1.426(2) Jy respectively, in agree-
ment with observations at nearby frequencies (Qi et al. 2013;
Nomura et al. 2016). To increase the S/N of the C’N, ro-
bust weighting was applied providing good compromise be-
tween beam size and secondary lobes level. The synthesized
beamwidth is 2.3”, and the sensitivity was between 5.3 to
6.4 mJy/beam/channel.

The CN map shows a ring structure of deconvolved inner and
outer half-maximum radii of roughly 15 and 70 AU respectively,
as derived from a very simple model (Figs. 2 and 3), consistent
with previous studies based on molecular and continuum emis-
sions (Qi et al. 2013; Teague et al. 2016; Nomura et al. 2016).
The very high S/N channel maps of the optically thin CN hy-
perfine transitions at 340.020 and 340.265 GHz are shown in

T T T
Average profile
Gaussian—ring model
Optically thin CN
Optically thick CN

0.5 | \ =

Normalized flux

(arcsec)

o - o

100 200 (AV)
Radius

Fig. 3. Azimuthally averaged radial profiles of the integrated flux for
the 7 hyperfine (hf) components of C'*N, four of which are optically
thin, the remaining three being optically thick (Fig. 2). The average of
the 7 hf components is shown in red. The black line shows the result of
a sharp inner-ring model plus Gaussian decrease outwards, convolved
by the synthesized beam. The unconvolved ring has a radius of 0.7 or
42 AU, and a full-width at half-maximum of 54 AU (at a distance of
59.5 £ 0.9 pe).

Fig. A.2, illustrating both the well-known kinematic pattern of
Keplerian disks and the ring-like emission pattern.

3. The CN/C'°N abundance ratio in TW Hya

The disk-averaged CN/C'N abundance ratio was derived from
the integrated visibilities of optically thin hf components of each
isotopologue. The chosen CN hf transition at 340.020 GHz is
readily shown to be optically thin by considering the total opac-
ity of the CN line, which is of order 4-5 (Kastner et al. 2014),
and recognizing that this hf line carries 5.4% of the total inten-
sity. The low optical depth is confirmed by hyperfine analysis of
the ALMA spectra and by the identical lineshapes of the disk-
averaged spectra of the 4 weakest hf transitions with relative
intensities 2.7 and 5.4% (see Fig. C.1 and Appendix C for de-
tails). Because C'N is typically a hundred times (or more) less
abundant than CN, its detected hf lines are also optically thin.
The visibilities of the CN hf line and of the overlapping C'>N
hf transitions at 329.837 GHz were integrated over a 2kms™!
velocity interval, to optimize S/N, and tapered before fitting in
the uv plane by a two-dimensional Gaussian distribution. In do-
ing so, the geometrical parameters were indeed obtained from
the high S/N CN map, and then applied to the C'°N visibilities
letting the C'>N integrated flux as the unique free parameter.

The derived integrated flux ratio was translated into a column
density ratio by assuming a single excitation temperature for
both isotopologues. This assumption is strongly supported by the
common excitation temperature of ~20-25 K for the CN(3-2)
(see Appendix C) and CN(2-1) transitions (Teague et al. 2016).
Thermalization is most likely ensured by the high density re-
gions responsible for the CN emission, as inferred from the
low kinetic temperatures traced by the narrow CN lines (see
Appendix C).

After propagating the various sources of uncertainty, the
disk-averaged CN/C'>N abundance ratio is

Ren = 323(30). (D

4. Two isotopic reservoirs of nitrogen in disks

This direct determination of the CN isotopic ratio in TW Hya
can be compared to the indirectly measured ratio in HCN in the
nearby (d = 140 pc) protoplanetary disk orbiting MWC 480.
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Table 1. Results of the uv-plane analysis (see the text for details) using visibilities within a v radius of 60 m.

Center position FWHM (") Area Flux®

ORA () o6Dec (") major minor arcsec? Jy kms™!

CN -0.65(1) -0.13(1) 2.55(12) 2.54(2) 7.33(8) 2.02(2)
CBPNT  —0.65(0) -0.13(0) 2.55(0)  2.54(0) 7.33(0)  0.166(13)
CPN*  —0.71(11) -0.05(12) 2.46(35) 2.13(33) 5.93(126) 0.150(20)

Notes. The center of the 2D-Gaussian is given with respect to the phase center position at RA, Dec coordinates 11"01™51.875%,34°42/17.16"
(J2000). Number in brackets are uncertainties in units of the last digit. ® Fluxes integrated over the CN(3 7/2 5/2 — 2 5/2 5/2) and the two
CN(3 7/2 — 2 5/2) transitions. The quoted uncertainty does not include the calibration uncertainty (3%). 7 uv-fit results with fixed, circular,
Gaussian disk taken from the CN fit.  up-fit results without imposing the size of the Gaussian disk.

We have applied the same uv plane analysis described above to
archival H3CN and HCN data for MWC 480 (Guzman et al.
2015), obtaining

H3CN/HCPN = 1.88(34) 2

which improves on, but is consistent with, the 2.8(1.4) value for-
merly derived. The improvement over the previous analysis is
most likely due to our fitting approach which involves fewer free
parameters by assuming identical disk properties for both iso-
topologues. Indeed, our ratio for the MWC 480 disk also agrees
well with recent re-analysis of the data (Guzmén et al. 2017).

Assuming that the abundance ratio HCN/H'3CN is equal to
the elemental '2C/!3C isotopic ratio, and adopting 68(15) for the
latter (Milam et al. 2005), we obtain an isotopic ratio of nitrogen
in HCN in MWC 480 of

RHCN = 128(36) (3)

The chemical composition of the solar neighbourhood being ho-
mogeneous (Sofia & Meyer 2001), it follows that the elemen-
tal, hence primary, reservoir of nitrogen in both TW Hya and
MWC 480 should have the same isotopic ratio. Consequently,
the distinct ratios in CN and HCN demonstrate that, in addi-
tion to the elemental reservoir, at least one of these two disks
contains another reservoir of nitrogen, which is fractionated and
SN-rich. Although the HCN/H'3CN in disks is not known, the
foregoing conclusion would hold true unless this ratio was larger
than 132. In the context of prestellar cores, such high ratios have
been predicted by recent chemical models (Roueff et al. 2015),
but are inconsistent with observations which lead to a ratio of 30
(Daniel et al. 2013). Combined with GCE models predicting that
the enrichment in >N through stellar nucleosynthesis over the
last 4.6 billion years implies Ry > 232 (Romano & Matteucci
2003), our result demonstrates that HCN in MWC 480, and in
the disks studied in Guzman et al. (2017), traces a heavily frac-
tionated, hence secondary, reservoir of nitrogen.

From our study, it appears that CN and HCN in disks are not
tracing the same reservoirs and therefore that the detected CN
is not a photodissociation product of HCN. This would imply
that CN emission is not dominated by the upper, UV-exposed,
disk layer, as is usually assumed (Teague et al. 2016). In con-
trast, CN emission from cold and UV-shielded regions seems
to be favoured. This is further supported by the narrow CN
linewidths which constrain the kinetic temperature to be lower
than 20-25 K within the CN ring and beyond (see Appendix C).
Observations of both CN and HCN at high spatial resolution in
a sample of disks spanning a range of viewing geometries, cou-
pled with comprehensive radiative transfer models, are required
to fully address the question of the specific origin of the CN
emission in disks.
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5. The "*N/°N isotopic ratio in the present-day ISM

In the following, we provide arguments that the CN/C!'3N abun-
dance ratio we have directly measured in the disk orbiting
TW Hya is in fact also a measurement of the elemental '“N/">N
isotopic ratio in the present-day LISM.

The CN abundance measured in the TW Hya disk ratio
agrees very well with the average ratio in NH3 of 321(36) to-
wards Barnard 1, and in NoH" of 365(135) towards L1689E.
Although ratios up to ~1000 have been obtained using NoH™*
(Bizzocchi et al. 2013), the weighted average of direct measure-
ments performed in prestellar cores is 336(16) (see Table D.1)
and is in very good agreement with our CN ratio in TW Hya.
If one adopts the predictions from selective photodissociation
disk models (Heays et al. 2014), CN in TW Hya would be en-
riched in °N by ~80% with respect to the elemental reservoir.
The elemental ratio in TW Hya, and hence in the LISM, would
be Ry ~ 600, thus larger than in the PSN 4.6 Gyr ago, at odds
with galactic evolution chemical model predictions. This would
require ammonia and dyazelinium (N,H") in dense cores to be
similarly enriched by 80%, in sharp disagreement with predic-
tions of chemical fractionation models (Hily-Blant et al. 2013b;
Roueff et al. 2015; see Appendix D). This suggests that the ef-
ficiency of selective photodissociation may be much lower in
TW Hya.

Given the concomitant ratios in TW Hya and in prestellar
cores, a more likely interpretation is that CN, NH3, and N,H™,
are tracing a single reservoir of nitrogen. Furthermore, this reser-
voir would be the primary one, therefore reflecting the elemental
isotopic ratio in the present-day solar neighbourhood. This sce-
nario is in good agreement with the HCN/HC!’N and CN/C'>N
ratios in the diffuse LISM (see Fig. 4 and Table D.1). Ratios
derived from CN lines in the ultraviolet (UV) show a large scat-
ter, with ratios as high as 452(107), but yield an average ratio
of 274(18) — although not compatible with one lower limit at
312. Absorption spectroscopy using the (1-0) rotational line of
HCN in translucent clouds (Ay = 1-4 mag, Gliick et al. 2017)
yield a similar average of 276(34) (Lucas & Liszt 1998). In
these clouds, CN is efficiently produced by photodissociation of
HCN, and both species most likely originate from a single reser-
voir of nitrogen, presumably in atomic form (Boger & Sternberg
2005). Chemical mass fractionation is inefficient in these clouds
(T, > 15-30 K), but selective photodissociation is predicted to
enhance N by 10% in CN and HCN (Heays et al. 2014). The
low ratios in diffuse clouds would thus correspond to an elemen-
tal ratio of 304(37), in agreement with, although at the lower end
of, the CN ratio we have measured in TW Hya.

The conclusion that CN in TW Hya traces the prima-
ry reservoir of nitrogen also is in accord with predictions
from galactic models. According to purely dynamical models,
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Fig. 4. Present-day nitrogen isotopic ratio in the solar neighbourhood compared to Galactic Chemical Evolution models predictions. Shaded
areas: ALMA measurements of the CN/C'N and HCN/HC'"N ratios in TW Hya and MWC 480 respectively. Symbols: directly measured ratios
(i.e. not using double-isotopic ratios) in the present-day solar neighbourhood at rg = 8.5(10) kpc (references are provided in Table D.1). Black
curves: GCE model predictions Romano & Matteucci (2003) scaled to a PSN ratio of R, = 441, with '>N as a primary (full line, their model 2)
or secondary product (dashed lines, their models 3s an 3n). Blue curve: GCE model 2 including a 2 kpc outward Sun migration (see the text for
details). The weighted average isotopic ratios in comets of 144(3) (see also Fig. A.1) and of 111(19), from H'*CN/HC">N observations in 5 disks

(Guzman et al. 2017), are also indicated.

the Sun most likely did not migrate from its birthplace
(Martinez-Barbosa et al. 2015), and the proposed current ra-
tio Ry = 323(30) would indicate a ""N-enrichment by up to
38(13)% above Ry, over the last 4.6 Gyr. This agrees, although
marginally, with GCE calculations including "N synthesis
through novae outbursts (Fig. 4), and especially with models
treating >N as a primary product (Romano & Matteucci 2003).
The agreement is much better with dynamical GCE models
which instead predict that the Sun migrated outward by 0.3 to
3.6 kpc (Minchev et al. 2013). Indeed, applying the present-day
galactic gradient dR/dR = 22.1 kpc™' (Adande & Ziurys 2012)
to the Milky Way at 4.6 Gyr in the past, our CN/C°N ratio
would correspond to an outward migration of the Sun by ~2 kpc
from its birth location, within the range predicted by dynamical
GCE models. It is worth noting that, in addition to provide an
explanation for the anomalously high solar metallicity with re-
spect to young, local, B-type stars (Nieva & Przybilla 2012), the
outward migration hypothesis would also bring the '>C/"3C el-
emental isotopic ratio from GCE models (Romano & Matteucci
2003; Milam et al. 2005) into a better agreement with the PSN
value of ~90.

6. The origin of nitrogen in the solar system

Our inference that a fractionated reservoir of nitrogen is present
at the time of comet formation in PSN analogues sheds new light

on the history of nitrogen in the solar system. The presence of
such a fractionated nitrogen reservoir in the primitive solar sys-
tem would indicate that parent body evolution is not required
to explain the average cometary ratio of 144(3) (see Fig. A.1).
A more likely explanation is that atomic nitrogen, from which
HCN presumably derives (Hily-Blant et al. 2013a), is a sec-
ondary repository of nitrogen at the PSN stage, supporting
the usual assumption that N, constitutes the primary reservoir
(Schwarz & Bergin 2014; Fiiri & Marty 2015). In this interpre-
tation, the isotopic ratio of 140 in NH3 in comets (Shinnaka et al.
2016) could indicate that cometary ammonia was primarily
formed by hydrogenation of atomic nitrogen in CO-rich inter-
stellar ices (Fedoseev et al. 2015). In addition, the ring-like dis-
tribution of CN in TW Hya, which encompasses the giant planet
and Kuiper-belt regions, suggests that the primary reservoir was
present in the comet-forming zone. Yet, the uniform isotopic
ratio of 144 in all comets and the low N,/CO abundance ra-
tio in comets Halley and 67P/C-G (Rubin et al. 2015) strongly
suggest that the primary reservoir was lost, or not captured, by
comets, although the underlying mechanism remains an open
question. An alternative would be that the bulk of nitrogen in
comets has still escaped detection. It is also striking that the
ratio of the CN- and HCN-derived nitrogen isotopic ratios in
disks, 323:111 (=2.9), are in the same proportion as the mean
PSN ratio, 441:144 (~3.1), as measured in the Sun and comets.
This further suggests that the fractionation processes building
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the two isotopic reservoirs of nitrogen, evinced in present-day
PSN analogues, were equally active in the PSN, or in the prestel-
lar core where it formed, 4.6 Gyr ago.

A picture emerges in which dinitrogen was the primary reser-
voir of nitrogen in the PSN, with an isotopic ratio of 441,
whereas atomic N formed a secondary reservoir characterized
by R ~ 140. Earth’s atmosphere appears intermediate (R = 272),
which could reflect a mixture of the two reservoirs of volatile ni-
trogen, or a third reservoir in its own right (Fiiri & Marty 2015).
The remarkably uniform ratio in comets (see Fig. A.1) suggests
that both reservoirs were homogeneously distributed in the PSN.
Disentangling the origin of the fractionated reservoir, between
processes in the PSN and an interstellar origin, as suggested
by the HCN isotopic ratios in prestellar cores (Hily-Blant et al.
2013a), requires high-sensitivity maps of the isotopic ratio in
cores and especially of disks spanning a broad range of physical
conditions. However, the small scatter of the HCN/HCISN ratios
indirectly measured towards a sample of disks (Guzman et al.
2017) spanning a broad range of ages and masses — hence likely
representing a range of dust size distributions and UV radia-
tion fields — argues in favour of a prestellar origin. Moreover,
HCN/HCN isotopic ratios as low as 140 were indirectly ob-
tained in prestellar cores (Hily-Blant et al. 2013a). Nevertheless,
direct measurements of HCN/HC'N in prestellar cores remain
the missing clue to put the interstellar origin of the fractionated
reservoir on a firmer ground. If the scenario presented here holds,
we would predict that the HCN/HC'®N ratio in prestellar cores
should indeed be lower than the cometary ratio of 144, and closer
to the average ratio in disks of 111(19), as a result of galactic
chemical evolution.

7. Conclusions

Measurements of nitrogen isotopic ratios are keys to understand-
ing the origin and evolution of the solar system in the context of
Galactic nucleosynthesis. The large range of measured N/ N
isotopic ratios in solar system bodies, from =440 in the Sun
and Jupiter to ~140 in comets, may reflect the presence of dis-
tinct reservoirs of nitrogen that have recorded interstellar initial
conditions, chemical fractionation processes in the PSN, and/or
secular elemental abundance evolution over the past 4.6 bil-
lion years. In this paper, we have presented the first direct mea-
surement of the volatile C'*N/C'>N isotopic ratio within a pro-
toplanetary disk. The ratio of 323(30), obtained with the ALMA
interferometer, is in good agreement with the ratio measured for
prestellar cores. The CN/C'N abundance ratio in the TW Hya
disk therefore likely reflects a non-fractionated reservoir of ni-
trogen that is representative of the present-day elemental ratio of
nitrogen in the solar neighbourhood. The comparison with the
indirectly derived HCN/HC'®N ratio in other disks demonstrate
that disks at the comet formation stage already contain a heav-
ily fractionated reservoir. The measurement of the HCN/HC'SN
ratio in TW Hya would provide a striking confirmation of this
finding. On a broader perspective, our results support galactic
chemical evolution models invoking novae outbursts as primary
14N sources as well as significant outward migration of the Sun
over its lifetime, and furthermore suggest that, whereas the Sun
and Jupiter incorporated mass from the PSN’s main nitrogen
reservoir, solar system comets recorded a secondary, fraction-
ated reservoir of nitrogen.
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Appendix A: Supplementary materials

Table A.1. Spectroscopic properties and relative intensities (R.I.) of the hyperfine CN and C'*N (NJF — N’J’F’) transitions.

Species Group NJF? N'J'’F’  Rest frequency Ay’ g.f  RI
(MHz) )
CN b 35/25/2 23/25/2 340008.13 6.197 x 107> 6 0.054
35/23/2 23/23/2 340019.63 9.270 x 1073 4 0.054
35/27/2 23/25/2 340031.55 3.845 x 1074 8 0445
35/23/2 23/21)2 340035.41 2.887 x107* 4 0.167
35/25/2 23/23)2 340035.41 3.231 x 107* 6 0.281
a 37/27/2 25/25/2 340247.77 3.797 x 10~* 8 0.307
37/29/2 25/27/2 340247.77 4131 x107* 10 0417
37/25/2 25/23)2 340248.54 3.674 x 1074 6 0.222
37252 252572 34026177  4479x 105 6 0.027
371272 25/27/2 340264.95 3.350 x 1073 8 0.027
CPN 3522 2321 329623.32 3.155 x 1074 5  0.159
3523 2322 329625.98 3.508 x 107* 7 0.247
3723 2522 329837.13 3.583 x 1074 7 0.253
3724 2523 329837.65 3.764 x 1074 9 0.341

Notes. ¥ Quantum numbers: N is the rotational angular momentum, J = N + 1/2 describes the electronic spin coupling, and F = J + I describes
the nuclear spin coupling (I = 1 for “N, and 1/2 for N).  Einstein coefficient for spontaneous radiative decay. ® Upper level degeneracy
(including fine and hyperfine splitting). ® Normalized to a total of unity per fine structure group.

HCN

200 |-

CN

NH2

14413

100

Fig. A.1. Compilation of all isotopic ratios in comets. The observed carrier is indicated above each measurement. Although it is clear that
NH, is a photodissociation product of ammonia in the coma, the origin of CN is less certain. Data were taken from Jehin et al. (2009) and
Bockelée-Morvan et al. (2015). The weighted average ratio is 144(3). For each carrier, the average ratios for Jupiter Family Comets (JFC) and
Oort Cloud Comets (OCC), are indicated, where the distinction between JFC and OCC was based only on the periodicity of the comets being
respectively lower and higher than 200 yr (Shinnaka et al. 2016).
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Fig. A.2. Channel maps (in Jy/beam) of the optically thin hyperfine lines of CN at 340.020 GHz (left) and 340.265 GHz (right). The LSR velocity
is indicated (in kms~") in each panel. Offsets are in arcsec, with respect to the phase center. The half-power beamwidth is 0.89” x 0.53"".

Appendix B: uv-plane analysis

The integrated visibilities of CN and C!'>N were fitted with two-
dimensional Gaussian while applying a cutoff radius (equiva-
lent to smoothing in the direct plane), from 60 to 120 m. In
particular, with cutoffs smaller than 100 m, the central hole is
smeared out and the Gaussian-disk model is mechanically ap-
propriate. The fitting was performed using the UV_FIT task of
the GILDAS/MAPPING software. The 6 free parameters of the CN
fit are the center, major and minor axis, the position angle of the
Gaussian disk, and the total flux. The geometrical parameters
of the CN disk are applied to the C'°N visibilities thus leaving
the flux as the only one free parameter. The results depend very
marginally on the cutoff radius, although the residuals of the CN
fits obviously show an increasing contribution from the central
hole as the spatial resolution improves. The results of the fitting
procedure for a cutoff uv radius of 60 m are shown in Fig. C.2
and summarized in Table 1.

To validate the procedure, we also performed a Gaussian fit
to the C'N visibilities while letting all parameters as free, lead-
ing to geometrical parameters which agree with the CN fit to
within 1o or less (see Table 1). To estimate the contribution
of the geometrical assumptions to the final uncertainties of the
fluxes and flux ratio, we performed a series of uv minimizations,
in which the same (either elliptical or circular) Gaussian shape
was imposed to both CN and C'>N, with the center and size pa-
rameters randomly and independently chosen within 20~ around
the previous CN fit result. The resulting fluxes and flux ratios
vary by typically 0.1c, showing that the uncertainty is domi-
nated by the 10% statistical fluctuations of the C'>N visibilities.

Of the above assumptions, the co-spatial distribution of CN
and CN is likely the most difficult to firmly assess, as it ide-
ally rests on self-consistent physico-chemical models of disks,
in a time-dependent fashion to properly take into account the
complex interplay between physical and chemical processes act-
ing on comparable timescales. Moreover, radiative transfer ef-
fects can lead to different distribution-to-emission relation even
for co-spatial species. However, having optically thin lines in
hand greatly alleviates such issues. Still, even if the main pro-
duction and destruction pathways of isotopologues are the same,
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specific reactions may proceed at different rates, giving rise to
fractionation. The co-spatial assumption is therefore species-
and environment-dependent. In the case of CN in TW Hya, the
potential fractionation processes are chemical reactions and se-
lective photodissociation. Chemical fractionation is most likely
negligible for CN, because of inefficient fractionation reactions
(Roueff et al. 2015) and/or because freeze-out is damping out
gas-phase processes (Heays et al. 2014). Selective photodisso-
ciation could be a radially variable process, since it is driven by
UV photons while being expectedly sensitive to the dust size
distribution, two properties which depend on the distance to the
central protostar and height above the midplane. The outcome of
both effects is far from straightforward, and could even cancel
each other, with for example dust growth at large radii compen-
sating for geometrical dilution of the UV photons from the cen-
tral protostar (if dominating the UV flux).We note that the maps
in Fig. 2 suggest that the C'°N integrated intensity is shifted
Nort-West with respect to the CN map. However, we stress that
these maps require deconvolving the visibilities which always
introduces artifacts, especially when the S/N is not high, as is
the case for C!°N, and no strong effort (apart from using robust
weighting) was made to try and improve its deconvolution. In-
deed, the C'>N map was not used in this work.

Appendix C: Excitation of CN and C'N

One key feature of our derivation of the CN/C!>N abundance
ratio is the detection, with high S/N, of the two weakest hy-
perfine transitions of CN, at 340.262 and 340.265 GHz, thus
providing direct access to its total column density with no re-
quirement for radiative transfer calculations. Being able to mea-
sure the CN/C'SN abundance ratio directly from the main iso-
topologue also improves significantly over previous observations
in prestellar cores using the C'*N/C'”N double isotopic ratio
(Hily-Blant et al. 2013b).

We estimated the optical depth of the hf components of the
CN rotational transitions by extracting deconvolved CN spectra
at different locations accross the disk (see Fig. C.3). In what fol-
lows, the hf lines of the fine structure group at rest frequencies
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Fig. C.1. Disk-averaged four weakest hf transitions of CN(3-2) (see
Table A.1) are superimposed after being scaled by their theoretical rel-
ative intensities.

around 340.3 GHz are labelled as a, while b refers to those
around 340.0 GHz (see Table A.1). At each position, each group
of hf lines was fitted simultaneously, using the HFS fitting proce-
dure (Hily-Blant et al. 2013a) of the GILDAS/CLASS software. In
doing so, the fluxes were brought into the specific-intensity scale
by applying a 44 mJy/K conversion factor. The fitting algorithm
assumes that the excitation temperature is equal for all hf lines
within each group (see below). The results are shown in Fig. C.3.
Towards the central parts of the disk, where Keplerian smearing
increases, the minimization becomes poorer than towards the ex-
ternal parts where the lines are very well fitted. Fitting each fine
structure set of lines provides a consistency check of the results.

The derived total opacity is ~3.4-5.4 for groups a and
b lines, confirming previous studies (Kastner et al. 2014). The
weakest hf CN lines, in group a, which carry 2.7% of the total
intensity (see Table 1), is thus less than 0.15, well into the op-
tically thin regime. Figure C.1 shows a comparison of the disk-
averaged spectra of the four weakest hf transitions of CN scaled
by their relative intensities. The very good match of the spectral
profiles indicates that they are all optically thin, as no opacity
broadening can be noticed although the relative intensities vary
from 2.7 to 5.4%. The detected C'3N hf lines can safely be as-
sumed optically thin. This is further supported by the observed
relative strengths of these two hf lines (see Fig. 1).
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Fig. C.2. Results of the uv-plane analysis (see the text for details) for C'*N (top) and C'>N (bottom). On each row, panels a) an b) show the dirty
image and the fitted Gaussian disk (Jy/beam), and panel ¢) shows the residuals (in mJy/beam). For C'*N, contours in panels a) and b) are 0.1 to
0.7 by 0.1 Jy/beam, and for C"*N from 0.02 to 0.07 by 0.01 Jy/beam. Values of local extrema are indicated in the residuals. The C°N fit assumes

the Gaussian disk from C!*N. The results are summarized in Table 1.
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Fits and their residuals to hyperfine structure (see Appendix C for details) are shown for each hf transition (green and red, resp.). Only reduced

Fig. C.3. Spectra of the hf lines of CN (a group, left, b group right) at different locations in the disk (top panel; integrated emission, in Jy/beam).
velocity intervals centered on the hf lines are shown.
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Fig. C.4. Locus of constant kinetic temperature (in K) and total number
density (in cm™) from the physical TW Hya model of (Qi et al. 2013).

For optically thin lines, going from line intensity ratios to
abundance ratios only requires the spectroscopic properties and
excitation of each line to be taken into account, based on the
usual relation between the total column density and the inte-
grated opacity:

8mv®  eB/Me (T

Niot = Aulguc3 1 — e~(Eu—ED/kTex

7, dv = f(ul, Tex) f‘rvdv,
(C.D

where Ty is the excitation temperature of the u — [ hyperfine
transition characterized by its Einstein coefficient A,; and up-
per level degeneracy g, (see Table A.1). The partition function
Q is also a function of the excitation temperature, and is cal-
culated through a linear interpolation accross the tabulated val-
ues from the CDMS catalogue (Miiller et al. 2001). Accordingly,
the CN/C'®N column density ratio is proportional to the ratio of
the integrated opacity scaled by a species-dependent prefactor
f(ul, Tex) which depends upon the excitation temperature of each
transition. In the following, we demonstrate that a single excita-
tion temperature can be adopted for both sets of optically thin hy-
perfine lines of CN and C'SN. We also estimated the uncertainty
associated to this assumption.

On general terms, the excitation state of each molecule re-
sults from the competition between radiative and collisional pro-
cesses, which may vary significantly within the disk as the den-
sity and kinetic temperature depend on the radius R and height Z
above the midplane (see Fig. C.4). However, it must be empha-
sized that our measurement of the isotopic ratio does not require
absolute determinations of the column densities of each isotopo-
logue. Instead, it is important to guarantee that the single excita-
tion temperature assumption holds.

We examined in more details the assumption that all hf lines
are characterized by a single excitation temperature. This is sup-
ported by the relatively small total opacity of each group of hf
lines. Moreover, the excitation temperature of the CN rotational
transition, as obtained from the HFS fits, are 17-27 K for both
fine structure groups (see Table C.1). In our analysis, spectra
labelled 4 and 5 in Fig. C.3, for which the fits are the poorest
because the main hf transitions overlap, have the highest opaci-
ties (total T of 6.1). At any given location, the opacity of each
group are consistent to better than 15%. The excitation tem-
peratures are also in very good agreement with the 25 K value
of the CN(2-1) lines at 100 AU (Teague et al. 2016). This pro-
vides is a very strong indication that the CN(2—1) and (3-2)

lines are thermalized, or very close to be so. The derived excita-
tion temperatures are higher than in our single-dish study, con-
firming the suggestion that the beam dilution was not properly
taken into account (Guilloteau et al. 2016). The corresponding
total CN column density is ~10'* cm™2, although we stress that a
robust determination of the CN column density should await for
a self-consistent modelling of the CN(2—1) and CN(3-2) lines
observed with ALMA.

The single excitation temperature assumption is further sub-
stantiated by the FWHM of the CN lines which indicate that the
emission originates from regions with high density. At any lo-
cation, the FWHM measured through Gaussian fitting to each
hf component, is due to the combined effects of Keplerian mo-
tion and non-thermal (e.g. turbulence) plus thermal broadenings,
and therefore provides an upper limit on the kinetic temperature
through o, = FWHM/2.35 > (2kT,/w)'/?, with u = 26 amu
for the CN molecule. The maps of the FWHM of the group a
hf transitions (see Table A.1) are shown in Fig. C.5. The asso-
ciated upper limit on the kinetic temperature assuming purely
thermal broadening are also indicated. The quoted FWHMs have
not been deconvolved from the autocorrelator transfer function.
The Keplerian smearing associated to the 7° disk inclination was
also not subtracted, so that the upper limits on 7} are conserva-
tive ones. The FWHMs of the optically thin hf lines at 340.008
and 340.020 GHz correspond to kinetic temperature lower than
20-25 K within the CN-ring (i.e. with convolved radii $90 AU,
see Fig. 3). These upper limits further decrease at larger radii,
reaching Ty < 15 K beyond 120 AU.

Based on a model of the physical structure of the TW Hya
disk (Qi et al. 2013), the 20-25 K upper limit corresponds to a
lower limit on the density of a few 10’ cm™ for radii comprised
in the range 60 to 120 AU. The non-equilibrium statistical pop-
ulations of the CN and C'’N hyperfine levels were calculated
under the escape probability formalism using the RADEX code
(van der Tak et al. 2007) and collision rates coefficients, for CN
and CN, at the hyperfine level (Hily-Blant et al. 2013b). At
several radii from 60 to 120 AU, level populations were com-
puted as a function of height above the disk midplane for physi-
cal conditions appropriate to the TW Hya disk. Figure C.6 shows
the results at R = 60 and 85 AU, which correspond to up-
per limits on Ty of ~25 and 20 K respectively. At each den-
sity and kinetic temperature, a range of CN column densities
from 10'2 to 10" cm™ was explored while that of C'°N was
a factor 300 or 441 lower. The value of the isotopic ratio was
not found to change the following results. At heights such that
Tr < 20-25 K, the excitation temperature of the 340.020 CN line
and the 329.837 C'°N line are equal to better than 3%. At higher
kinetic temperatures, the density decreases and both transitions
start to deviate from thermalization, although very moderately.
The present excitation study includes locations well within the
CN ring (Fig. 3), and is thus representative of the excitation of
the bulk of the CN emission. In addition to provide strong sup-
port to the single excitation temperature assumption, our analy-
sis suggests that the CN emission does not originate in the upper,
warm, layer. Yet, 2D radiative transfer calculations are required
to demonstrate this claim.

At each radius and height with 7 < 20 K, the prefactors in
Eq. (C.1) were finally computed, leading to a prefactor ratio of

Sfial fis = 26.5(8). (C.2)

The uncertainty in Eq. (1), including all aforementioned contri-
butions, is finally dominated by the statistical uncertainties on
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Fig. C.5. Maps (fop) and histograms (bottom) of the raw FWHM (in kms™!) of three CN hf lines obtained from Gaussian fits to each spectrum.
Only spectra with an area S/N larger than seven were kept. The contours (fop panels) show the locus of constant kinetic temperature (15, 20, 25 K)
adopting FWHM]/2.35 = (2kT,/u)"/*. The distance to the source is 59.5 pc and the effective velocity resolution is 107 m/s.

Table C.1. Results of the HFS fits (total opacity, and excitation temper-
ature), for groups a and b, at each location (see Fig. C.3).

# R T, Tex,a T1p Tex,b
(AU) (K) (K)

1 126.2 34 20 34 17
2 1063 4.2 24 43 21
3 86.5 4.8 27 49 24
4t 62.0 54 32 6.2 28
5t 744 6.1 29 5.0 27
6 942 54 25 4.3 23
7 101.8 5.1 24 4.1 22
8 121.8 4.5 20 32 19

Notes. (¥ Main hf components overlap.

the C'N visibilities:

1/2
o _ (6(f14/f15))2 X (55 ,4)2 X (6s15 )2] w3
R fial f1s S Sis

Appendix D: Fractionation in cores and disks

Here, we examine further the possibility that the consistency be-
tween the isotopic ratio in CN in TW Hya on the one hand, and in
ammonia and dyazenilium in prestellar cores on the other hand,
represent the elemental ratio rather than the result of fraction-
ation processes. Since the elemental ratio is the same in these
objects, the potential fractionation processes would have to be

L6, page 12 of 14

equally efficient although under significantly different disk- and
core-like physical conditions. Indeed, disks have much larger
density and are exposed to higher UV fields compared to prestel-
lar cores, which are exposed to a higher flux of ionizing cosmic-
rays than disks (Henning & Semenov 2013; Cleeves et al. 2014).
Hence, fractionation processes in disks and cores, if efficient, are
likely of a different nature, respectively selective photodissocia-
tion or chemical mass fractionation.

Chemical fractionation through gas-phase reactions is a
temperature-driven process, and for nitrogen, it is expected to
become efficient at temperatures significantly lower than 30 K
(Terzieva & Herbst 2000). At large density (>107 cm™), for ex-
ample, close to the disk midplane where considerable freeze-out
of gas-phase species takes place, species-dependent depletion
may strongly enhance fractionation (Charnley & Rodgers
2002), although the resulting amount of ammonia in ices is out-
rageously large with respect to observations of interstellar ices
(Bottinelli et al. 2010) and even comets (Mumma & Charnley
2011). At the lower densities typical of prestellar cores
(~10* cm™), the fractionation level may reach 25% on short
timescales, and ~10% at steady-state (Terzieva & Herbst 2000;
Hily-Blant et al. 2013b; Roueff et al. 2015). Regardless the
discrepancies between chemical model predictions in prestellar
cores, ammonia and dyazenilium are consistently found to be
marginally affected by fractionation. Selective photodissociation
is also negligible in such environments where the amount of
internally-generated UV photons is not sufficient to promote N;
over NN (Heays et al. 2014). Altogether, this strongly suggests
that NH; and N,H* species are tracing the elemental ratio.
Nevertheless, measuring their isotopic ratios is not as direct as
for CN in TW Hya, because radiative transfer effects can not be
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Fig. C.6. Physical structure and excitation temperatures of CN(v =
340.265 GHz) and C'N, within the CN-ring, at radii of R = 60 (top)
and 85 AU (bottom). The total proton number density and kinetic tem-
perature profiles are taken from (Qi et al. 2013). The corresponding
cumulative column density, increasing towards the midplane, is also
shown (right scale). The excitation temperatures 7x of the CN and CBN
hyperfine components (star triangles and open circles, resp.) considered
in our uv-plane analysis (see Sects. A.2 and A.3) were obtained in the
escape probability formalism using the RADEX code (van der Tak et al.
2007), and adopting a FWHM of 0.25 km s~ For each density and tem-
perature, a range of CN total column densities were adopted, from 10
to 10" cm™2, with C*N being 300 times less abundant. Also shown is
the CN/C'N isotopic ratio (open triangles, inset scale) obtained by use
of Eq. (C.1) when adopting the CN and C'°N excitation temperatures
from the non-LTE calculations.

neglected and spatial information, which is critical to disentan-
gle between line excitation and abundance gradients, is usually

lacking due to the intrinsic weakness of the '°N isotopologues
(Bizzocchi et al. 2013). On the other hand, the total column den-
sity of ammonia often relies on assumptions regarding its ortho-
to-para ratio (Lis et al. 2010).

In contrast, models of UV-irradiated disks predict signifi-
cant enrichment of CN and HCN in °N, at heights of 20 to
40 AU above the midplane at R = 105 AU, with CN/CPN
column density ratio reaching 250 relative to an elemental ra-
tio of 441 (Heays et al. 2014). A simple scaling indicates that
the Ren = 323 in TW Hya would require an elemental ratio of
Ro = 575. However, such a high elemental ratio would disagree
with GCE models which predict an enrichment in I5N with time,
hence a present-day elemental ratio lower than R, = 441 (or
lower than =500 in the outward Sun migration hypothesis). This
high value of Ry would also require gas-phase NH; and N,H*
to be significantly (~65-95%) fractionated in prestellar cores
envelopes, at odds with model predictions (Terzieva & Herbst
2000; Hily-Blant et al. 2013b; Roueff et al. 2015). Last, such a
high elemental ratio would also imply that CN and HCN are also
strongly enriched in '’N in diffuse molecular clouds, in which
the ratios in these species are as low as 250 (see Table D.1),
while the same model predicts instead a depletion of ~10% at
most at visual exctinction below 2 mag.

It appears more likely that the efficiency of N, selective pho-
todissociation has been overestimated in disk models. Indeed,
we note that these models predict CN and HCN column density
ratios of 250 and 90 respectively, which are a factor of 1.3-1.4
smaller than the ratios observed in TW Hya and MWC 480. Yet,
selective photodissociation is primarily sensitive to UV propa-
gation and hence to the radial and vertical profiles of density
and dust size distribution and, probably to a lesser extent, to the
kinetic temperature and the ionization fraction of the gas. To ex-
plain the observed CN and HCN ratios with these models and
Ro = 441 would thus require to reduce the efficiency of selec-
tive photodissocation by ~30%. However, this would, in turn,
imply that ammonia (R = 321) is significantly enriched in >N in
prestellar cores (40%), a possibility that models of fractionation
in prestellar cores consistently rule out. It appears that contra-
dicting consequences are obtained when assuming that the iso-
topic ratio observed in disks and cores derive from a present-day
elemental ratio of 441, even when allowing for uncertainties on
disk and prestellar core fractionation models. Nevertheless, a
definitive proof that selective photodissociation has been over-
estimated in published disk models requires thorough explo-
ration of the wide parameter-space of models selective photodis-
sociation in disks is timeley, with particular attention drawn on
the impact of the dust size distribution and mass of the central
protostar.
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Table D.1. Direct measurements of the '“N/'>N isotopic ratio in the local ISM (at a distance d to the Sun), derived from direct X*N/X'*N
abundance ratios using various molecular carriers and techniques.

Carrier Environment Source Gal. coord.  d (pc) 4N/BN Reference
HCN Diffuse B0415+379% 161.7,-8.8 <1000 244(89) Lucas & Liszt (1998)
HCN Diffuse B0415+379 161.7,-8.8 <1000 282(37) Lucas & Liszt (1998)
CN Diffuse HD 73882 260.2,0.64 <1000 234(35) Ritchey et al. (2015)
CN Diffuse HD 154368 350.0,3.22 <1000  452(107) Ritchey et al. (2015)
CN Diffuse HD 169454 17.5,-0.67 <1000 283(22) Ritchey et al. (2015)
CN Diffuse HD 210121 56.9,-44.5 <1000 >312 Ritchey et al. (2015)
NH; Prestellar Barnard 1 159.2,-20.1 235 334(17) Lis et al. (2010)
NH; Prestellar Barnard 1 159.2,-20.1 235 307(50) Daniel et al. (2013)
NH,D  Prestellar Barnard 1 159.2,-20.1 235 255(80) Daniel et al. (2013)
NoH* Prestellar 116923E 353.9,15.8 125 365(135) Daniel et al. (2016)
N,H* Prestellar L1544 178.0,-9.7 150 1080(160) Bizzocchi et al. (2013)
CN Disk TW Hya 278.7,23.0 59.5 323(30) This work
CN — Interpolation* — 0 290 + 40 Adande & Ziurys (2012)

Notes. Uncertainties are at the 1o level. These data correspond to Fig. 4. ¥ Two velocity components were detected towards this source. ) Galactic
gradient obtained from several source types.
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14N /15N IN PROTOSTELLAR ENVIRONMENTS

The main reservoir of nitrogen in the dense ISM is not known, al-
though it is likely that one of the main reservoirs of nitrogen in the
dense ISM are NH; ices. The abundance of NHj; in ices is estimated
to be between 5and20% the abundance of water in the ice mantles of
grains. However the nitrogen isotopic ratio has never been measured
in them. Which means that the isotopic ratio of one the main reser-
voirs of nitrogen in the ISM remains to be measured. The fact that
comets preserve at least part of their interstellar heritage (Section 1.3)
means that the nitrogen isotopic ratios we see in comets today may
be a reflexion of the isotopic ratios of nitrogen in the ices at the PSN.

With this in mind we set out to measure the nitrogen isotopic ratio
of interstellar ices by observing the sublimation of ices that occurs
at the protostellar phase (Section 1.1.2). In the warm region close
to the protostar, the abundances of NH; and NH,D are expected to
be greatly enhanced due to evaporation from the ices (Aikawa et al.,
2012) and the N/°N isotopic ratio in gas-phase NH,D is thus es-
sentially that in the ice. Under the assumption that gas-phase frac-
tionation takes place on a timescale longer than the desorption from
the ices. This is a most likely assumption given that the timescale of
the protostar phase (< 10° yr Section 1.1.2) is much shorter than the
chemical timescale, ~ 3 x 10° yr Hily-Blant et al., 2013b.

We targeted three well studied protostars IRAS 03282 + 3035 (To-
bin et al., 2015), IRAS 16293 — 2422 (Zapata et al., 2013; Favre et al,,
2014; Jorgensen et al., 2016) and VLA 1623 — 2417 (Murillo et al., 2015)
(henceforth IRAS03282, IRAS16293 and VLA1623). Towards this three
protostars we observed the 111 — 1; transition of singly deuterated
ammonia (NH;D) along with the same transition of the 15N substi-
tuted isotopologue, 0—1°NH,D. We also observed in parallel the
HCN and HC®N ] = 1 — 0 transitions thanks to the proximity
in frequency of this transitions to the o — NH;D 1; ; — 1 o transition
at 85.926 GHz.

The choice of NH,D was motivated by the fact three facts: ammo-
nia is the major known ice-repository of nitrogen Boogert, Gerakines,
and Whittet, 2015, the transitions of NH,D can be observed with both
ALMA and NOEMA and NH;D has already been used to derive nitro-
gen isotopic ratios successfully (Gerin et al., 2009; Daniel et al., 2013).
Also of help is the hyperfine structure of NH,D which gives rise to
spectrally resolved hyperfine components in its transitions, that can
be used to gauge its opacity. In the following two sections we present
preliminary results of this project.
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Table 6.1 — Detected species and transitions with NOEMA towards
IRAS 03282.

Species Transition detected

HBCN J=1-—0 Yes

HCPN J=1-0 Yes
o—NHD 117 — 1p, Yes
0—PNH,D 111 — 1o, No

6.1 NH;DIN 1RAS03282

The observations of IRAS03282 were conducted with the NOEMA
inteferometer under project WisAH. W15AH was a result of a pro-
posal with V. S. Magalhées as the P.I. (Table C.1). The data reduc-
tion was executed at the IRAM headquarters at Grenoble using the
interferometric data reduction software CLIC (GILDAS software). Self-
calibration of this data set has proved difficult due to the low signal
to noise ratio of the continuum (~60). Due to time constrains the
data has been fully reduced up to the cleaned images, but has not
yet been completely analysed. The integrated intensity clean images
of o — NH,;D and H'®CN are presented in Figures 6.1 and 6.2 along
with their integrated spectra. The integrated spectrum of 0—1°NH,D,
a non detection, is shown in Figure 6.1 while the integrated spectrum
of HC®N is shown in Figure 6.2. Table 6.1 presents a summary on
the detections towards IRAS03282.

6.2 THE NITROGEN ISOTOPIC RATIO IN VLA1623 AND IRAS16293

The observations of VLA1623 and IRAS516293 were conducted with
the ALMA inteferometer under project 2016.1.01468.5, P.I. V. S. Mag-
alhdes (Table C.1). This project with ALMA targeted the same tran-
sitions as the project with NOEMA but also included the p — NH,D
111 — 1y transition to enable us to also measure the ortho to para
ratio of NH;D in these two protostars. The data reduction of this
project was the subject of the M1 stage of Mark Brionne, under my
supervision. The stage consisted in then calibration followed by the
self-calibration of the data sets from ALMA The stage was success-
ful and M. Brionne was capable of delivering the self-calibrated data
sets. Due to time constraints this data set has not been completely
analysed yet.

In Figure 6.3 we display the integrated intensity map of o0 — NH;D
111 — 110 towards VLA1623. Figure 6.4 displays the spatially in-
tegrated spectra of o — NH;D 1,7 — 119, p — NHzD 1,7 — 159
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Figure 6.1 — Top panel: 0 — NH;D 1;; — 1; o integrated intensity map to-

wards IRAS03282 along with contours indicating the contin-
uum emission of IRAS03282 at 86 GHz. Intensity of the inte-
grated intensity map in Jy /beam. The continuum contours start
at 2 mJy/Beam and go up to 18 mJy/beam in 4 mJy/beam inter-
vals. Middle panel: 0 — NH,D 11 — 1; spatially integrated
spectrum inside the black circle in the top panel. Bottom panel:
0—1NH;D 177 — 17 spatially integrated spectrum inside the
black circle in the top panel.
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Figure 6.2 — Top panel: H>CN | = 1 — 0 integrated intensity map to-

wards IRAS03282 along with contours indicating the contin-
uum emission of IRAS03282 at 86 GHz. Intensity of the in-
tegrated intensity map in Jy/beam. The continuum contours
start at 2 mJy/Beam and go up to 18 mJy/beam in 4 mJy/beam
intervals. Middle panel: H>*CN | = 1 — 0 spatially integrated
spectrum inside the black circle in the top panel. Bottom panel:
HCN ] =1 — 0 spatially integrated spectrum inside the black
circle in the top panel.
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Figure 6.3 -0 — NH;D 1;; — 1;0 integrated intensity map towards
VLA 1623 along with contours indicating the continuum emis-
sion of VLA 1623 at 110 GHz. Intensity of the integrated
intensity map in Jy/beam. The continuum contours start at
5 mJy/Beam and go up to 40 mJy/beam in 5 mJy/beam in-
tervals. The black circle indicates the region of strong NH;D
emission in the envelope of VLA 1623, over which spectra of
NH;D and ®NH,D were integrated. The black circle indicates
the region around VLA 1623 where ice sublimation is expected,
over which spectra of NH;D and I5NH,D were integrated.

and o—°NH,D 111 — 11 towards VLA1623 and the point of peak
0o —NH;D 111 — 11 emission in the envelope. Table 6.2 summarises
the detections made towards VLA1623.

In Figure 6.6 we display the integrated intensity map of 0 — NH;D
111 — 110 towards IRAS16293 along with its spatially integrated spec-
tra towards three positions, the A component, the B component and
the envelope. Also shown in Figure 6.6 is the I5NH,D towards the en-
velope. Figure 6.7 displays the integrated intensity map of p — NH,D
111 — 110 towards IRAS16293 along with its spatially integrated spec-
tra towards three positions, the A component, the B component and
the envelope. Figures 6.8 and 6.9 display the integrated intensity
maps of the H®*CN and HC'®N | = 1 — 0 transitions respectively.
Figures 6.8 and 6.9 also display the spatially integrated spectra of
these two species towards three different positions: the A component,
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Figure 6.4 — Left panels: spatially integrated spectra towards the sublima-
tion region of VLA 1623. Right: spatially integrated spectra to-
wards NH;D emission peak in the envelope of VLA 1623. Top:
o —NH;D 11,1 — 11,0. Middle: p— NH;D 11,1 — 11,0. Bottom:
0—NH,D 177 — 1qp.
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Figure 6.5 — Left panels: spatially integrated spectra towards the sublima-
tion region of VLA 1623. Right: spatially integrated spectra to-
wards NH;D emission peak in the envelope of VLA 1623. Top:
H®BCN ] =1 — 0. Bottom: HC'®N ] =1 — 0.
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Table 6.2 — Detected species and transitions with ALMA towards VLA1623.

Species Transition detected

HCN J=1—0 Yes (envelope)

HC'®N J=1—0 Yes (envelope)
o—NHD 117 — 1g; Yes
0—NH,D 117 — 1o No
p—NHD 1;; = 1p1 Yes (envelope)

Table 6.3 — Detected species and transitions with ALMA towards
IRAS16293.

Species Transition detected

HBCN  J=1-0 Yes

HCP®N J=1-0 Yes
o—NH,D 117 — 1g; Yes
0—NH,D 17 — 1p;1 Yes (envelope)
p—NHD 117 — 1g; Yes

the B component and the envelope. Table 6.3 summarises the detec-

tions made towards IRAS16293.
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Figure 6.6 — Top panel Integrated intensity map of o — NH2D 111 — 119
towards IRAS16293. Middle left panel: spatially integrated
spectrum of 0 — NHoD 1;; — 179 towards the A compo-
nent of IRAS16293 (blue circle in the top panel). Middle left
panel: spatially integrated spectrum of 0 — NH»D 177 — 159
towards the B component of IRAS16293 (yellow circle in the
top panel). Bottom left panel: spatially integrated spectrum of
0o —NH;D 1; 1 — 119 towards the NH,D peak in the envelope
of IRAS16293 (black circle in the top panel). Bottom left panel:
spatially integrated spectrum of 0—"NH,D 17 1 — 1 o towards
the NH;D peak in the envelope of IRAS16293.
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Figure 6.7 — Top panel Integrated intensity map of p — NHoD 1;; — 159
towards IRAS16293. Middle left panel: spatially integrated
spectrum of p — NHD 1;; — 1; towards the A compo-
nent of IRAS16293 (blue circle in the top panel). Middle left
panel: spatially integrated spectrum of p — NHoD 1,7 — 119
towards the B component of IRAS16293 (yellow circle in the
top panel). Bottom panel: spatially integrated spectrum of
p —NH2D 11 — 1; ¢ towards the NHyD peak in the envelope
of IRAS16293 (black circle in the top panel).
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Figure 6.8 — Top panel Integrated intensity map of H®CN | = 1 — 0
towards IRAS16293. Middle left panel: spatially integrated
spectrum of H3CN | = 1 — 0 towards the A component of
IRAS16293 (blue circle in the top panel). Middle left panel: spa-
tially integrated spectrum of H'3CN J = 1 — 0 towards the B
component of IRAS16293 (yellow circle in the top panel). Bot-
tom panel: spatially integrated spectrum of H3*CN J =1 — 0
towards the NH;D peak in the envelope of IRAS16293 (black
circle in the top panel).
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Figure 6.9 — Top panel Integrated intensity map of HC®'N J = 1 — 0
towards IRAS16293. Middle left panel: spatially integrated
spectrum of HC'N | = 1 — 0 towards the A component of
IRAS16293 (blue circle in the top panel). Middle left panel: spa-
tially integrated spectrum of HC'®N J = 1 — 0 towards the B
component of IRAS16293 (yellow circle in the top panel). Bot-
tom panel: spatially integrated spectrum of HC’N J =1 — 0
towards the NHoD peak in the envelope of IRAS16293 (black
circle in the top panel).






DISCUSSION AND PERSPECTIVES

The main objective of this thesis was to identify the different iso-
topic reservoirs of nitrogen at different stages of star formation. To ac-
complished this objective we aimed to obtain accurate measurements
of the nitrogen isotopic ratio in a variety of environments and species.
This aim was fulfilled as we have successfully identified different
isotopic reservoirs of nitrogen at two different stages of star forma-
tion, prestellar cores where we have measured HCN/ HC'>N = 338 +
23 (L1498) and HC;N/HC; N = 400 + 20 (L1544), and protoplane-
tary disks where two reservoirs have been identified, HCN/ HC®N =
111 4+ 19 and CN/C™N = 323 + 30. We also obtained data that will
lead to a study of the isotopic ratios of nitrogen in the protostellar
stage of star formation.

To obtain the results in L1498 we had to reach a good understand-
ing of the mechanisms governing the hyperfine anomalies of HCN,
revisit the physical structure of prestellar cores and develop a way
to efficient explore the parameter space and thus obtain meaning-
ful and non arbitrary uncertainties in our measurements. Here we
demonstrate that the main mechanism needed to create the hyper-
fine anomalies of HCN is that described in Guilloteau and Baudry
(1981). We studied this mechanism in detail in order to understand
the effects of each physical quantity on the hyperfine anomalies. We
studied in detail the effects of kinematics and excitation temperature
on the hyperfine anomalies going one step further from Gonzalez-
Alfonso and Cernicharo (1993) who used constant collapse velocities
and two values for the non thermal dispersion of velocities. This is
also a step further from (Daniel et al., 2013) who did not explore the
effects of kinematics on the spectra of HCN. Using multi-wavelength
continuum analysis we have obtained an improved density profile
for L1498 that also takes into account the variation of the dust tem-
perature. This is a step further from what was done by Tafalla et al.
(2004) who had only one continuum wavelength (1.25 mm) to work
with and therefore had to assume a constant dust temperature. This
simplistic assumption lead to an implausible physical model where
the density at large radii varied with r—3°.

From our study we reach the conclusions that to accurately mea-
sure the HCN/HC™N ratio in prestellar cores we need to combine
spatial information on the spectral lines, multiple rotational transi-
tions, collisional excitation rates at the hyperfine level, a precise den-
sity profile,a detailed study of the non thermal velocity and collapse
velocity profiles and finally a non biased way to explore the parame-
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ter space and therefore obtain meaningful non arbitrary uncertainties.
Spatial information on the spectral lines are essential as variations on
the line profiles along a cut provide clues on the parameter space. The
HCN ] = 3 — 2 transition is the best choice a good signal to noise ra-
tio can be achieved with the IRAM-30m in a short time. 50 mK RMS
can be reach in less than 2 hours under average winter conditions at
the IRAM-30m with a channel spacing of 20 kHz. The late Malcolm
Walmsley pointed us in the correct direction in this matter and we
would like to profoundly thank him for his help. The non thermal ve-
locity and collapse velocity profiles change the escape probability of
the photons and therefore have a big impact on hyperfine anomalies.

7.1 HCN HYPERFINE ANOMALIES

In Section 4.1 we have presented a comprehensive analysis of the
HCN hyperfine anomalies. In this analysis we present a complete
explanation of the pumping mechanism that leads to the hyperfine
anomalies thanks to new and precise HCN hyperfine collisional rates
(Lique et al. in preparation). As part of this analysis we have also
explored the parameter space that controls the hyperfine anomalies
in great detail. The main conclusions of this analysis are:

— The radiative pumping through hyperfine overlap mechanism
to explain the hyperfine anomalies of Guilloteau and Baudry
(1981) is confirmed.

— A gradient of excitation temperature is needed to accurately
reproduce the hyperfine ratios seen in prestellar, confirming the
conclusions of Gonzalez-Alfonso and Cernicharo (1993).

— The HCN J = 1 — 0 hyperfine anomalies are very sensitive
to the velocity field and line widths, therefore the hyperfine
anomalies become a new tool to study the kinematics of cores.

— High ] rotational transitions, such as HCN | = 3 — 2 are es-
sential to constrain the excitation of HCN, and also helps to
constrain the velocity as it probes the velocity field deep inside
the core.

— The hyperfine anomalies are very sensitive to the HCN column
density, thus becoming a reliable tool to measure the HCN col-
umn density provided that the kinematics parameter space is
properly explored.

The addition of the HCN | = 2 — 1 to the analysis would help to
constraint the radiative pumping leading to the hyperfine anomalies.
This was not done since atmospheric absorption due to water does
not allow the HCN | = 2 — 1 transition to be observed with a good
signal to noise ratio in a reasonable amount of time. Reaching a
50 mK RMS noise would take 6.4 hours per position under average
winter conditions at the IRAM-30m with a channel spacing of 20 kHz.



7.2 ACCURATE MEASUREMENTS OF ISOTOPIC RATIOS

This study also led to a better understand of the kinematics of
L1498. The absence of collapse signatures in the line profiles of the
HCN J = 3 — 2 transition rules out the presence of collapse in the
inner parts of L1498. This transition is moderately optically thick
and presents a sharp gradient of excitation temperature. If the col-
lapse were to be taking place in the regions probed by this transition,
red-blue asymmetries would be seen in the F = 3 — 3 hyperfine
component, but this is not the case. The collapse signatures seen in
HCN | = 1 — 0 are more prominent in the more optically thick
hyperfine components, suggesting that the collapse takes places in
the very outermost parts of the core. This is consistent with the col-
lapse profile used by Lee et al. (2007) to reproduce HCN ] =1 — 0.
It is also consistent with theoretical works on core dynamics (Foster
and Chevalier, 1993; Lesaffre et al., 2005; Keto and Caselli, 2010). All
this points to the conclusion that L1498 is in a less advanced state
of evolution compared to L1544, since it has a lower central density,
ng = 10° cm ™3 while it is ~ 107 cm ™3 in L1544 (Keto and Caselli,
2010). Moreover, the collapse only happens in the outer part of the
core (Lesaffre et al., 2005).

The main mechanisms behind the hyperfine anomalies leads us
to anticipate that HCN hyperfine anomalies may not be very promi-
nent in the spectra of protoplanetary disks. The large velocity shear
seen in protoplanetary disks would increase the escape probability
of photons thus damping the radiative pumping through hyperfine
overlaps leading to hyperfine populations closer to the expected LTE
values. Nevertheless the HCN transitions are still expected to have
large optical depths which would hamper the accurate determination
of its column density. This means that resolving the hyperfine com-
ponents of the HCN rotational transitions is essential to accurately
determine its column density in disks. This is probably impossible
for disks seen with large inclinations as the Keplerian motion of the
disk would merge the narrowly separated hyperfine components of
HCN rotational transitions, but it may still be feasible in inclined
disks in the HCN | = 1 — 0 transition. The best prospect for mea-
suring accurate HCN column densities in protoplanetary disk rely on
face on disks such as the disk around TW Hya. To do this we need a
radiative transfer code capable of dealing with all the complexities of
hyperfine structures in 2 dimensions. This will be the starting point
for Avrico 2D.

7.2 ACCURATE MEASUREMENTS OF ISOTOPIC RATIOS

There are only small differences between the HCN/H'®CN mea-
sured in L1498 with three different methods: LTE, escape probability
with RADEX+NsLaAB+MCMC and complete radiative transfer with Ar-
1co/MCMC. The main difference being on the uncertainties. This in-
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dicates that LTE derived H'*CN/HC™N ratios can be trusted up to a
certain degree. In the case of 1.1498 the H'*CN/HC™N ratio obtained
through LTE analysis is consistent with the values obtained with the
non LTE methods. The disagreement between the LTE derived ratio
and the non-LTE derived ratios is close to 10% (8 and 7.5 & 0.8 respec-
tively). In any case it is difficult to ascribe uncertainties to LTE mea-
surements and also they are not reliable to measure absolute column
densities. The total rotational opacity measured for H¥CN J =1 — 0
in LTE is 3.72 which is 33% lower than the opacities derived with the
non LTE methods (5.9 in both cases). The good agreement between
the opacities derived from RADEX+NsLAB+MCMC and those derived
with ALico/MCMC suggest that RADEX+NsLAB+MCMC is a reliable
method to determine the column density of rare isotopologues.

For the case of the main isotopologue the picture is less promising
for escape probability methods. The inability to treat hyperfine over-
laps at the excitation level precludes them from being capable of accu-
rately reproducing the HCN line profiles. The agreement is especially
poor when we consider the higher | transitions such as | = 3 — 2
which are indeed very poorly reproduce by RADEX+NsLa+MCMC.

To completely reproduce the HCN line profiles and consequently
derive accurate measurements of the HCN column density we need
to resort to more complicated radiative transfer analysis, involving
physical structures, such as what is done with Arico. The problem
here is that there are degeneracies between the physical parameters.
Kinetic temperature, density and abundance all affect the emission in
non-linear ways, as they are coupled with each other through the ex-
citation and radiative transfer. In such a case x? statistics fails to prop-
erly measure the uncertainties of the parameters, as it is not intended
to deal with non linear correlations between parameters. Here the
Affine Invariant Markov Chain Monte Carlo Ensemble sampler pro-
vides a more efficient way to sample the parameter space (Goodman
and Weare, 2010), and thus obtain meaningful non arbitrary uncer-
tainties.

The two main sources of uncertainty that affect measurements of
isotopic ratios are: the calibration uncertainties, of the order of 5 to
10% and the uncertainties on the collisional excitation rates, which
is of the order of 20% (Stoecklin et al., 2017). The impact of the un-
certainties on the collisional excitation rates is still not understood
and need to be studied further. The calibration uncertainties may be
mitigated if isotopologues are observed simultaneously. This is not
always possible, and depends on the available receiver setups and ob-
servational performances of these setups. At the IRAM-30m telescope
HCN J = 1 — 0 can not be observed simultaneously with H*CN
J=1-—00r HC®N J = 1 — 0. The frequency spacing between
the transitions of the main isotopologue and that of the rare isotopo-
logues is larger than 2 GHz. The only spectrometer at the IRAM-30m



7.3 HCN ISOTOPIC RATIOS IN L1498

telescope capable of covering such a wide interval of frequencies is
the Fourier Transform Spectrometer (FTS) in the 200 kHz spectral
resolution mode. The problem is that this spectral resolution is not
enough to spectrally resolve HCN | = 1 — 0 in cold environments
which have line widths smaller than that (the FWHM of HC®N in
L1498 is ~ 60 kHz). One possible solution is to cross-calibrate spec-
tra obtained in different runs with the aid of strong spectral lines that
can be observed simultaneously with different setups.

But for now the goals are to obtain calibration-limited accuracy.
This is achieved here by using an MCMC approach to sample the pa-
rameter space. Araki et al. (2016) claim to have gone beyond calibration-
limited accuracy by observing all carbon isotopologues of HC;N si-
multaneously. However, the caveat of their method is that the col-
umn density of the HC;N isotopologues was determined from LTE
considerations using only one rotational transition. They most likely
underestimated the uncertainties of the method by ignoring the pos-
sible excitation temperature differences between the HC;N carbon
isotopologues and the main isotopologue.

7.3 HCN ISOTOPIC RATIOS IN L1498

HCN/HCP"N is measured to be 338 28 in L1498. This value
is consistent with the bulk nitrogen isotopic ratio in the local ISM,
323 £+ 30 (Hily-Blant et al., 2017). Hence HCN is not fractionated
in nitrogen, which agrees with Roueff, Loison, and Hickson (2015).
HCNH'CN is measured to be 45 4 3 which is not consistent with
the bulk local ISM value, '2C/13C = 68 + 15 (Milam et al., 2005). If
we apply the HCN/H'CN ratio of the present study, to previous
HCN/HCNdouble isotopic measurements we get: HCN/HC®N
in protoplanetary disks becomes 71 + 13 (H*CN/HC"N = 1.6 &
0.3, Guzman et al., 2017), HCN/HCN in L1544 becomes 157 + 37
(H®CN/HCPN = 3.5+ 0.8, Hily-Blant et al., 2013a) and HCN/HC"°N
in L183 becomes 131 & 29 (H'">*CN/HC™N = 2.9 + 0.6, Hily-Blant et
al., 2013a). These values are consistent with the directly measured
HCN/HCPN ratio in B1 (165J_rgg) but that were discarded by Daniel
et al. (2013). The authors consider that the column density of HCN
could not be reliably estimated in Bl. In this study we have reliably
estimated the column density of HCN and therefore are confident of
our direct isotopic ratios. The new values for HCN/HC'N are consis-
tent with a secondary reservoir of nitrogen in the gas phase in L1544
and L183. Moreover, this secondary reservoir would be consistent
with the expected cometary value, which is approximately one third
of the bulk value (Hily-Blant et al., 2017). Nevertheless, confirmation
of these low isotopic ratios require further studies, as a confirmation
of the existence of a secondary reservoir of nitrogen in the gas phase
would have profound significance for the formation of comets. We

163



164

intend to proceed our studies by using Arico to measure the HCN
isotopic ratios in L183 and L1544.

However HCN is fractionated in carbon with HCN/H"CN = 45 +
3. Such a low ratio was also found by Daniel et al. (2013) HCN/ HBCN
=30"7. In both case HCN is enriched in *C when compared to the
bulk of carbon >C/13C = 68 + 15 (measured in CO, H,CO and CN,
with similar results by Milam et al., 2005). This is not consistent
with Roueff, Loison, and Hickson (2015) who predict HCN/ HCN =
93-168, a impoverishment in 13C.

The ratio between the two rare isotopologues, H'>*CN/HC"N =
7.5+ 0.8, is also in disagreement with Roueff, Loison, and Hick-
son (2015) being twice the predicted value (2.6-4.3). This ratio is
also ~ 40% larger than the value measured by Daniel et al. (2013)
(HCN/H"CN= 5.5+ 1). This could be easily checked for a large
sample of sources including cores and protostellar envelopes at dif-
ferent stages of evolution This will be done in the near future using
RADEX+NsLAB+MCMC.

7-4 WHERE WHEN AND HOW ARE THE TWO RESERVOIRS OF NI-
TROGEN SEEN IN PROTOPLANETARY DISKS SEPARATED?

The answer for this question is still not known but there are four
main possibilities:

— In the gas phase of prestellar cores through fractionation reac-

tions during the collapse.

— In the circumstellar material around protostars during the hot

core/corino phase.

— During the planet formation epoch in protoplanetary disks.

— Through isotopic exchange reactions during the star formation

process.

The answer to this question may lie in the isotopic ratio of nitro-
gen in ices. Therefore is of fundamental importance to conduct the
analysis of our ALMA and NOEMA data on the isotopic ratio of nitro-
gen in the circumstellar environments of IRAS03282, IRAS16293 and
VLA1623. The James Webb Space Telescope slated to be launched
in 2019 may also contribute to these measurements. Although it is
uncertain if it will be capable of measuring the abundance of rare
isotopologues in ices. The picture will also be clearer when we have
a direct measurement of the nitrogen isotopic ratio in protoplanetary
disks. Which may be feasible with ALMA towards the face on disk of
TW Hya. The answer may also be found in the spatial variation of iso-
topic ratios in prestellar cores. To do such a measurement we need to
assume a radial profile of abundance that varies independently with
radius for each isotopologue. One possible parametrisation would be
to assume a power law like abundance profile such as that in Lee et al.

(2007).
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SOFTWARE WRITTEN AND EXAMPLE INPUT FILES

A.1 NSLAB

A.1.1 Source code for Nslab

#! /opt/local/bin/python

import argparse

import numpy as np

import num_lte as nl

import pyfi as fh

#from matplotlib import pyplot as plt

def gauss(x,tau_atcenter, fwhm, lcenter):
a = tau_atcenter
sigma = fwhm/2.355
gaussian = axnp.exp(-1l.x(x-lcenter)**2/(2.+xsigmax*x*2))
return gaussian

def emergingTb(tex,tau,nu):
return nl.jnu(texl,nu)*(l-np.exp(-1xtau))

parser = argparse.ArgumentParser(description="N Slabs
emergent spectrum")
parser.add_argument ("input", type=str, help="File containing
the parameters for the N slabs. Format:\n"\
+"#nu in GHz, ex:\n88.631\n"\
+"#for line 1 2 etc\n#Tex1 Tau1 Vel1 FWHM1 Tex2
Tau2 Vel2 FWHM2 etc\n"\
+"#Layer1\n3.4 1.0 0.0 0.3 5.0 1.5 1.2 0.3\n"\
+"#Layer2\n4.0 1.0 0.0 0.3 2.5 1.5 1.2 0.3\n"\
)

parser.add_argument ("output", type=str, help="File for
outputting the spectrum")

parser.add_argument ("—b",
Background spectrum”)

parser.add_argument ("—v", "——velres", type=float, default
=0.01, help="Change spectral resolution (km/s) Default = 0.01
km/s")

n

——bgspec", type=str, help="
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parser.add_argument("—1","——vlims", type=str, default=None,
help="Velocity limits for spectrum, Default = —6+fwhm,6+
fwhm")
parser.add_argument("—c", "——tbg", type=float, default

=2.7325, help="Temperature of the background radiation (K)
Default = 2.7325 K")

parser.add_argument("—s","——show", action="store_true",
default=False, help="Show the spectrum at the end")
parser.add_argument("—n","——noplot", action="store_true",

default=False, help="Does not mak plots of the spectra.")

parser.add_argument("—i","——nspec", type=int,default=1, help
="number of spectra in BG spectrum file.")

args = parser.parse_args()
if not args.noplot:
from matplotlib import pyplot as plt

with open(args.input) as filein:
striped = fh.strip_off_comm(filein)
fllines = fh.float_file(striped)
striped = None

nu = fllines[0][0]

nlines = 0

if len(fllines[1])%4 == 0:
nlines = int(len(fllines[1])/4)

else:
print "Incorrect number of parameters for the desired number

of spectral "

"lines.\nExpected 4 per spectral line."
exit()

vel,sig, tau,tex=[1,[],[1,[]

for i in range(nlines):
tex.append([item[0+4xi] for item in fllines[1:]1])
tau.append([item[1+4xi] for item in fllines[1:]1])
vel.append([item[2+4xi] for item in fllines[1:]1])
sig.append([item[3+4xi] for item in fllines[1:]])

minvel = np.min(vel)
maxvel = np.max(vel)
maxsig = np.max(sig)
if args.bgspec != None: ## Using background spectrum

rx = np.loadtxt(args.bgspec, unpack=True, usecols=[0,])
velims = [rx[0], rx[-1]]
nvel = len(rx)
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vaxis = rx
rx = None
# exit()
else: ## starting from CMB
if args.vlims is None:
velims = [minvel - 6 x maxsig, maxvel + 6 * maxsig]
else:
velims = [float(lim) for lim in args.vlims.split()]
nvel = int((velims[1] - velims[0]) / args.velres) + 1
vaxis = np.linspace(velims[0], velims[1l], num=nvel,
endpoint=True)
yaxis = np.empty(len(vaxis))
yaxis.fill(nl.jnu(args.tbg, nu))

nspec = args.nspec
outyaxis=[]
for 1 in range(l,nspec+l):
if args.bgspec !'= None: ## Using background spectrum
ry = np.loadtxt(args.bgspec,unpack=True,usecols=[1])
yaxis = ry
ry = None

else: ## starting from CMB
yaxis = np.copy(vaxis)
yaxis.fill(nl.jnu(args.tbg,nu))

for layer in fllines[1:]:
tausum = np.zeros(nvel)
lineemi = np.zeros(nvel)
for j in range(nlines):
linepar = layer[4xj:4+4x%j]
tex1, taul,vell,sigl = linepar
taunu = gauss(vaxis,taul,sigl,vell)
tausum += taunu
jethline = nl.jnu(texl,nu)*(1l-np.exp(-1xtaunu))
lineemi += jethline
yaxis = lineemi+yaxis*np.exp(-tausum)
outyaxis.append(yaxis)
outstr = "
for i in range(len(vaxis)):
outstr+= "{o:.4e}".format (vaxis[i])
for j in range(nspec):
outstr += "\t{o:.4e}".format (outyaxis[j1[i])
outstr += "\n"
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strout = "#V(nu={o:5f} GHz) (km/s) Intensity (K)\n". format (nu)
strout += outstr

filout = open(args.output,’w’)

filout.write(strout)

filout.close()

if not args.noplot:
plt.step(vaxis,yaxis,where="mid’)
plt.xlabel("Velocity (km/s)")
plt.ylabel("Intensity (K)")
idot = args.output.rfind(".")
plt.savefig(args.output[:idot]+".png’)

layers = range(1l,len(fllines[1:])+1)

fig2 = plt.figure(figsize=(10, 8))

plt.subplot(221)

plt.xlabel("Layer")

plt.ylabel("Opacity")

plt.xlim([layers[0]-0.2, layers[-1]+0.2])

plt.ylim([np.min(tau)-0.1xnp.max(tau), np.max(tau)+0.1x
np.max(tau)l)

for 1 in range(len(tau)):
plt.step(layers,tau[i],where="mid’, label="Line {o:d} .

format (i+1))
plt.legend()

plt.subplot(222)

plt.xlabel("Layer")

plt.ylabel("Excitation Temperature (K)")

plt.xlim([layers[0]-0.2, layers[-1]+0.2])

plt.ylim([np.min(tex)-0.1xnp.max(tex), np.max(tex)+0.1x
np.max(tex)1)

for i in range(len(tex)):
plt.step(layers,tex[i],where="mid’, label="Line {o:d} .

format (i+1))
plt.legend()

plt.subplot(223)

plt.xlabel("Layer")

plt.ylabel("Velocity (km/s)")

plt.xlim([layers[0]-0.2, layers[-1]+0.2])

plt.ylim([np.min(vel)-0.1xnp.abs(np.max(vel)), np.max(
vel)+0.1lxnp.abs(np.max(vel))])

for i in range(len(vel)):
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plt.step(layers,vel[i],where="mid’, label="Line {o:d} .
format(i+l))
plt.legend()

plt.subplot(224)

plt.xlabel("Layer")

plt.ylabel ("FWHM")

plt.xlim([layers[0]-0.2, layers[-1]+0.2])

plt.ylim([np.min(sig)-0.1xnp.max(sig), np.max(sig)+0.1x
np.max(sig)1)

for i in range(len(sig)):
plt.step(layers,sig[i],where="mid’, label="Line {o:d} .

format (i+1))
plt.legend()

fig2.set_tight_layout(True)
plt.savefig(args.output[:idot]+"_struct.png’)
if args.show:

plt.show()

A.1.2  Nslab input

### Frequency on which to compute the spectrum (in GHz)
88.6310
### Parameters corresponded to three lines in each slab:
### Texl Taul VO_1 DV1 Tex2 Tau2 VO_2 DV2 Tex3 Tau3 VO_3
DV3
### Slab 1
3.58 2.13 -7.1759 0.23 3.02 3.25 -0.11 0.23 3.02 2.69
4.7303 0.23
### Slab 2
5.32 0.71 -7.1959 0.19 5.63 2.34 -0.13 0.19 4.9 0.98
4.7103 0.19
### Slab 3
5.32 0.71 -6.9359 0.19 5.63 2.34 0.13 0.19 4.9 0.98
4.9703 0.19
### Slab 4
3.58 2.13 -6.9559 0.23 3.02 3.25 0.11 0.23 3.02 2.69
4.9503 0.23

A.1.3  Nslab output

#V(nu=88.63100 GHz) (km/s) Brightness temperature (K)
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-8.5759e+00 1.1364e+00
-8.4757e+00 1.1364e+00
-8.3755e+00 1.1364e+00
-8.2754e+00 1.1364e+00
-8.1752e+00 1.1364e+00
-8.0750e+00 1.1364e+00
-7.9748e+00 1.1364e+00
-7.8747e+00 1.1364e+00
-7.7745e+00 1.1364e+00
-7.6743e+00 1.1364e+00
-7.5741e+00 1.1368e+00
-7.4740e+00 1.1553e+00
-7.3738e+00 1.4417e+00
-7.2736e+00 2.3113e+00
-7.1734e+00 2.5010e+00
-7.0733e+00 1.9981e+00
-6.9731e+00 1.9233e+00
-6.8729e+00 1.9173e+00
-6.7727e+00 1.5025e+00
-6.6726e+00 1.1669e+00
-6.5724e+00 1.1372e+00
-6.4722e+00 1.1364e+00
-6.3720e+00 1.1364e+00
-6.2719e+00 1.1364e+00
-6.1717e+00 1.1364e+00
-6.0715e+00 1.1364e+00
-5.9713e+00 1.1364e+00
-5.8712e+00 1.1364e+00
-5.7710e+00 1.1364e+00
-5.6708e+00 1.1364e+00
-5.5706e+00 1.1364e+00
-5.4704e+00 1.1364e+00
-5.3703e+00 1.1364e+00
-5.2701e+00 1.1364e+00
-5.1699e+00 1.1364e+00
-5.0697e+00 1.1364e+00
-4.9696e+00 1.1364e+00
-4.8694e+00 1.1364e+00
-4.7692e+00 1.1364e+00
-4.6690e+00 1.1364e+00
-4.5689e+00 1.1364e+00
-4.4687e+00 1.1364e+00
-4.3685e+00 1.1364e+00
-4.2683e+00 1.1364e+00
-4.1682e+00 1.1364e+00
-4.0680e+00 1.1364e+00




-6

.9678e+00
.8676e+00
.7675e+00
.6673e+00
.5671e+00
.4669e+00
.3668e+00
.2666e+00
.1664e+00
.0662e+00
.9661e+00
.8659e+00
.7657e+00
.6655e+00
.5653e+00
.4652e+00
.3650e+00
.2648e+00
.1646e+00
.0645e+00
.9643e+00
.8641e+00
.7639e+00
.6638e+00
.5636e+00
.4634e+00
.3632e+00
.2631e+00
.1629e+00
.0627e+00
.6254e-01
.6236e-01
.6218e-01
.6201e-01
.6183e-01
.6166e-01
.6148e-01
.6131e-01
.6113e-01
.0954e-02

3.9222e-02
1.3940e-01
2.3957e-01
3.3975e-01
4.3993e-01
5.4010e-01

L T =T SR S

N NNRRRBRRFBERPRRRRPBRRRREBRRRRFBRRRRBRRRRBRRPRRRRBRRRRBRR B -3

.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1364e+00
.1386e+00
.2394e+00
.1709e+00
.8834e+00
.1239e+00

.4915e+00
.4495e+00
.6390e+00
.3097e+00
.1420e+00
.1365e+00

A.1 NSLAB
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6.4028e-01 1.1364e+00
7.4045e-01 1.1364e+00
8.4063e-01 1.1364e+00
9.4080e-01 1.1364e+00
1.0410e+00 1.1364e+00
1.1412e+00 1.1364e+00
1.2413e+00 1.1364e+00
1.3415e+00 1.1364e+00
1.4417e+00 1.1364e+00
1.5419e+00 1.1364e+00
1.6420e+00 1.1364e+00
1.7422e+00 1.1364e+00
1.8424e+00 1.1364e+00
1.9426e+00 1.1364e+00
2.0427e+00 1.1364e+00
2.1429e+00 1.1364e+00
2.2431e+00 1.1364e+00
2.3433e+00 1.1364e+00
2.4434e+00 1.1364e+00
2.5436e+00 1.1364e+00
2.6438e+00 1.1364e+00
2.7440e+00 1.1364e+00
2.8441e+00 1.1364e+00
2.9443e+00 1.1364e+00
3.0445e+00 1.1364e+00
3.1447e+00 1.1364e+00
3.2448e+00 1.1364e+00
3.3450e+00 1.1364e+00
3.4452e+00 1.1364e+00
3.5454e+00 1.1364e+00
3.6456e+00 1.1364e+00
3.7457e+00 1.1364e+00
3.8459e+00 1.1364e+00
3.9461e+00 1.1364e+00
4.0463e+00 1.1364e+00
4.1464e+00 1.1364e+00
4.2466e+00 1.1364e+00
4.3468e+00 1.1368e+00
4.4470e+00 1.1550e+00
4.5471e+00 1.4460e+00
4.6473e+00 2.2154e+00
4.7475e+00 2.1122e+00
4.8477e+00 1.5192e+00
4.9478e+00 1.4428e+00
5.0480e+00 1.5048e+00
5.1482e+00 1.3201e+00
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5.2484e+00 1.1474e+00
5.3485e+00 1.1366e+00
5.4487e+00 1.1364e+00
5.5489e+00 1.1364e+00
5.6491e+00 1.1364e+00
5.7492e+00 1.1364e+00
5.8494e+00 1.1364e+00
5.9496e+00 1.1364e+00
6.0498e+00 1.1364e+00
6.1499e+00 1.1364e+00
6.2501e+00 1.1364e+00
6.3503e+00 1.1364e+00

A.1.4 Nslab help

$nslab.py -h
usage: nslab.py [-h] [-b BGSPEC] [-v VELRES] [-1 VLIMS] [-c
TBG] [-s] [-n] [-i NSPEC] input output

N Slabs emergent spectrum
positional arguments:

input File containing the parameters for the N slabs.
Format: #nu in GHz, ex: 88.631 #for line 1

2 etc #Texl

Taul Vell FWHM1 Tex2 Tau2 Vel2 FWHM2 etc #
Layerl 3.4

1.0 0.0 0.3 5.0 1.5 1.2 0.3 #Layer2 4.0
1.0 0.0 0.3

2.51.51.2 0.3
output File for outputting the spectrum

optional arguments:
-h, --help show this help message and exit
-b BGSPEC, --bgspec BGSPEC
Background spectrum
-v VELRES, --velres VELRES
Change spectral resolution (km/s) Default
= 0.01 km/s
-1 VLIMS, --vlims VLIMS
Velocity limits for spectrum, Default =
-6xfwhm, 6xfwhm
-c TBG, --tbg TBG Temperature of the background radiation
(K) Default =
2.7325 K
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-s, --show Show the spectrum at the end
-n, --noplot Does not mak plots of the spectra.
-1 NSPEC, --nspec NSPEC
number of spectra in BG spectrum file.

A2 ALICO/1DART
A.2.1  1DART input files

A.2.1.1  Physical model input file

I Parameter file for the MTCSRE code a.k.a mali !

I The Commented lines must be kept !

I The blank Lines must be kept !

I The physical model an other parameters are described by
the variables in this file !

"r7_185_hcn.pop’
'r7_185_hcn.dat’

(<]

.0000E+00 ! XHe Helium abundance
.0000E+00 ! XHI Atomic hydrogen abundance

(<]

1 ! Number of vibrational Levels
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8 000 0 ! Number of rotational levels per vibrational
level

0 1.D-12 1.0 !

"HCN_hyp’, 5 ! Molecule, Collisional rates selection

1.0 ! Abundance factor, proxy for isotopic ratios

140.0 ! Distance [pc]
16.000000000000000 ! Angular diameter of the source in arc
minutes

1! LI: 0, ALI-J: 1, ALI-GSu: 2, ALI-GSud: 3

0 ! Interpolation type : Linear 0, Parabolic 1 ! obsolete

1, 200 ! ?NG? Acceleration No: 0; Yes 1, First application

1 ! Take hyperfine overlap into account

50 ! Number of layers in the model

1150 ! Additional layers | Number | every N layer | Total

number

0 0 0! Include Dust (0 No, 1 yes)

1.D-1, 500 ! Stop criteria, Maximal relative variation and
number of iterations

2 ! Number of LVG iterations to inicialize populations !
Obsolete

1 0 ! Output info to screen ! Obsolete

| Iterations in which the counter are voided (Obsolete) !

1000000,
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20 ! Number of radiative directions
30 ! Number of velocity bins in a line

0.000000 ! Central source radius in unitary radius

31 1=1 temp. per line; 2 = Single temp.; 3 = Grey body (
Central temp., Opacity, Freq?, ?)

1.0,100.,150.,1.

-0.000000 -0.000002 -0.000007 -0.000024 -0.000078 -0.000234
-0.000647 -0.001651 -0.003898 -0.008507 -0.017164
-0.032017 -0.055219 -0.088046 -0.129796 -0.176903
-0.222912 -0.259690 -0.279706 -0.278530 -0.256428
-0.218265 -0.171762 -0.124966 -0.084059 -0.052275
-0.030056 -0.015977 -0.007852 -0.003568 -0.001499
-0.000582 -0.000209 -0.000069 -0.000021 -0.000006
-0.000002 -0.000000 -0.000000 -0.000000 -0.000000
-0.000000 -0.000000 -0.000000 -0.000000 -0.000000
-0.000000 -0.000000 -0.000000 -0.000000 -0.000000
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I Physical Model: Unit. Rad. | Density | Kin. Temp. | Turb.
Vel. | Abun. | dust Temp. !

0.0196078431373 8.80128066E+04 10.000 0.05048 5.146E-09
10.0 0. 0. 0. 10.0

0.0392156862745 8.71477094E+04 10.000 0.05071 5.146E-09
10.0 0. 0. 0. 10.0

0.0588235294118 8.32577915E+04 10.000 0.05095 5.537E-09
10.0 0. 0. 0. 10.0

0.0784313725490 7.38031662E+04 10.000 0.05121 5.537E-09
10.0 0. 0. 0. 10.0

0.0980392156863 5.89975223E+04 10.000 0.05148 5.537E-09
10.0 0. 0. 0. 10.0

0.1176470588235 4.28244840E+04 10.000 0.05176 5.537E-09
10.0 0. 0. 0. 10.0

0.1372549019608 2.92833260E+04 10.000 0.05207 5.537E-09
10.0 0. 0. 0. 10.0

0.1568627450980 1.96317962E+04 10.000 0.05240 5.537E-09
10.0 0. 0. 0. 10.0

0.1764705882353 1.32616182E+04 10.000 0.05274 5.537E-09
10.0 0. 0. 0. 10.0

0.1960784313725 9.15908778E+03 10.000 0.05312 5.537E-09
10.0 0. 0. 0. 10.0

0.2156862745098 6.50900179E+03 10.000 0.05352 5.537E-09
10.0 0. 0. 0. 10.0

0.2352941176471 4.76989864E+03 10.000 0.05395 5.537E-09
10.0 0. 0. 0. 10.0

0.2549019607843 3.60461407E+03 10.000 0.05441 5.537E-09
10.0 0. 0. 0. 10.0

0.2745098039216 2.80641087E+03 10.000 0.05491 5.537E-09
10.0 0. 0. 0. 10.0

0.2941176470588 2.24776458E+03 10.000 0.05546 5.537E-09
10.0 0. 0. 0. 10.0

0.3137254901961 1.84879239E+03 10.000 0.05605 5.537E-09
10.0 0. 0. 0. 10.0

0.3333333333333 1.55848506E+03 10.000 0.05669 5.537E-09
10.0 0. 0. 0. 10.0

0.3529411764706 1.34360350E+03 10.000 0.05740 5.537E-09
10.0 0. 0. 0. 10.0

0.3725490196078 1.18204988E+03 10.000 0.05818 5.537E-09
10.0 0. 0. 0. 10.0
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0.3921568627451 1.05884887E+03 10.000 0.05905 5.537E-09
10.0 0. 0. 0. 10.0

0.4117647058824 9.63667258E+02 10.000 0.06001 5.537E-09
10.0 0. 0. 0. 10.0

0.4313725490196 8.89253968E+02 10.000 0.06109 5.537E-09
10.0 0. 0. 0. 10.0

0.4509803921569 8.30440592E+02 10.000 0.06230 5.537E-09
10.0 0. 0. 0. 10.0

0.4705882352941 7.83489451E+02 10.000 0.06367 5.537E-09
10.0 0. 0. 0. 10.0

0.4901960784314 7.45661015E+02 10.000 0.06523 5.537E-09
10.0 0. 0. 0. 10.0

0.5098039215686 7.14922196E+02 10.000 0.06703 5.537E-09
10.0 0. 0. 0. 10.0

0.5294117647059 6.89746646E+02 10.000 0.06913 5.537E-09
10.0 0. 0. 0. 10.0

0.5490196078431 6.68976085E+02 10.000 0.07159 5.537E-09
10.0 0. 0. 0. 10.0

0.5686274509804 6.51722708E+02 10.000 0.07452 5.537E-09
10.0 0. 0. 0. 10.0

0.5882352941176 6.37299646E+02 10.000 0.07805 5.537E-09
10.0 0. 0. 0. 10.0

0.6078431372549 6.25170844E+02 10.000 0.08236 5.537E-09
10.0 0. 0. 0. 10.0

0.6274509803922 6.14914510E+02 10.000 0.08771 5.537E-09
10.0 0. 0. 0. 10.0

0.6470588235294 6.06196218E+02 10.000 0.09444 5.537E-09
10.0 0. 0. 0. 10.0

0.6666666666667 5.98748896E+02 10.000 0.10300 5.537E-09
10.0 0. 0. 0. 10.0

0.6862745098039 5.92357812E+02 10.000 0.11394 5.537E-09
10.0 0. 0. 0. 10.0

0.7058823529412 5.86849216E+02 10.000 0.12770 5.537E-09
10.0 0. 0. 0. 10.0

0.7254901960784 5.82081666E+02 10.000 0.14425 5.537E-09
10.0 0. 0. 0. 10.0

0.7450980392157 5.77939366E+02 10.000 0.16255 5.537E-09
10.0 0. 0. 0. 10.0

0.7647058823529 5.74327004E+02 10.000 0.18064 5.537E-09
10.0 0. 0. 0. 10.0

0.7843137254902 5.71165726E+02 10.000 0.19669 5.537E-09
10.0 0. 0. 0. 10.0

0.8039215686275 5.68389978E+02 10.000 0.20989 5.537E-09
10.0 0. 0. 0. 10.0

0.8235294117647 5.65945010E+02 10.000 0.22032 5.537E-09
10.0 0. 0. 0. 10.0
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0.8431372549020 5.63784894E+02 10.000 0.22849 5.537E-09
10.0 0. 0. 0. 10.0

0.8627450980392 5.61870944E+02 10.000 0.23492 5.537E-09
10.0 0. 0. 0. 10.0

0.8823529411765 5.60170442E+02 10.000 0.24004 5.537E-09
10.0 0. 0. 0. 10.0

0.9019607843137 5.58655611E+02 10.000 0.24419 5.537E-09
10.0 0. 0. 0. 10.0

0.9215686274510 5.57302785E+02 10.000 0.24759 5.537E-09
10.0 0. 0. 0. 10.0

0.9411764705882 5.56091729E+02 10.000 0.25042 5.537E-09
10.0 0. 0. 0. 10.0

0.9607843137255 5.55005084E+02 10.000 0.25280 5.537E-09
10.0 0. 0. 0. 10.0

0.9803921568627 5.54027910E+02 10.000 0.25484 5.537E-09
10.0 0. 0. 0. 10.0

1.0000000000000 5.53147314E+02 10.000 0.25659 5.537E-09
10.0 0. 0. 0. 10.0

A.2.1.2  Beam convolution input file

1 !Tteration to use

318 !Number of velocity channels

3 !Integration steps in RMAX units

-3.5,3.48097 !Velocity limits

1 !'Number of rotational transitions

10 15 12 ! Transition indexes initial | Final | zero
reference

6 !Number of pointings in the cloud

0.0

11.18

22.36

44.72

67.08

89.44

5 INumber of impact parameters per layer

39 1.0 350 !'main beam HPBW & Main beam efficiency & error
beam HPBW
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A.2.2  Model cloud input file

###Name for the associated files

teste_largura

###Provided physical structure? 0|1 if 1 supply
0

###Run MALI? 0|1

1

###Generate perfil hyp input 0|1
1

###Run perfil-hyp

1

###Number of velocity points
1000

###Lower and Upper velocity limits
-10,10

###Number of lines computed

3

###Line numbers according to NAME.dat 1 per line
132

496

10 15 12

###0bservational parameters 1 per line

### 1d Beam_FWHM_sec MB_eff first side_lobe_dist sec
1 28 0.81 350

2 14 0.68 350

39 0.52 350

### Pointings in sec from center (space separated)

0

### Number of layers, number of additional layers in

between layers , [layer sampling: Lin(def), zen, logl
30,1, zen
### Angular Diameter in arc min
3
### Distance in pc
200
### Number of included rotational levels
8

### Molecule, collisional coefficient selector
HCN_HYP, 1

### Abundance factor (can be used as isotopic ratio)

1

### temperatures (space separated)

10

### radius for previous temperatures (space separated)
0
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### Molecular abundance relative to H2
le-9

### Initial density for power law

0

### Plateau position in fraction of the radius
1

### Turbulent velocity

0.0

### Exponent of the power law x-1

1000

### Exterior density

10000.0

### velocity law

00001.000

A.2.2.1  Model cloud help

$model_cloud.py -h
usage: model_cloud.py [-h] [-q] [-b] [-n] [-c] [-o] parfile

Python Wrapper for 1DART.
positional arguments:
parfile Name of the parameter file to be used for the

model.

optional arguments:

-h, --help show this help message and exit

-, --quiet Quiet mode, no output from 1DART.

-b, --bench Produce benchmarking plots.

-n, --no_overlap Ignore Hyperfine structure overlap
effects.

-C, --save_space saves disk space by throwing away
superfluous files and compressing the output.

-0, --override Override abundances in provided physical

structure, does nothing if there is no provided
physical structure

A.2.3  ALICO gridding software

A.2.3.1  Source file

# alpha
3.8
# no
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0.65E+05

# next

le3

#plateau
0.30555555555556
#i## x?7?7

1.0

#distance

140

# size

12

Layers

100,1, lin

## Tk = 10 K from Tafalla et al 2004, NH3 measurements.
10

0.0

A.2.3.2  Molecular file

# molecule
H13CN_hyp,5

# n rot levels
4

#vel bins

727

#vel lims
-10,10

# hf lines

132

# telescope

128 1.0 350

# pointimg

0.0 22.36 44.72 67.08 89.44

A.2.3.3 Grid file

## non thermal dispe

j 0.005 0.265 0.500 0.150; j 0.005 0.265 0.5 0.2; j 0.005
0.265 0.60 0.20; j 0.005 0.265 0.55 0.20

## velocities

a,-0.05; a,-0.06; a,-0.07; a,-0.08

## abundances

1.0000e-11; 1.3335e-11; 1.7783e-11; 2.3714e-11; 3.1623e-11;
4.2170e-11; 5.6234e-11; 7.4989%e-11; 1.0000e-10; 1.3335e
-10; 1.7783e-10; 2.3714e-10; 3.1623e-10; 4.2170e-10;
5.6234e-10; 7.4989%e-10; 1.0000e-09
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## abundance ratios

1

## XXX7?

1

#H#tH#

### initial turbulent broadening from Kbx8/(28+amu)

A.2.3.4 Gridding software help

$ali_gridder_simple.py -h
usage: ali_gridder_simple.py [-h] [-b] [-s] [-n NTHREADS] [-
t] [-cl
[-p PROVIDED] [-0]
root source mol grid

Simple gridder for ALICO.

positional arguments:
root Root name for the grid run.
source File containing the information to construct the
source model.
mol File containing the molecule used and the related
spectroscopy.
grid File containing the grid parameters.

optional arguments:
-h, --help show this help message and exit
-b, --benchmarking
-s, --serial Run grid in serial mode instead of parallel
mode. Resource saving in case of multiple grids.
-n NTHREADS, --nthreads NTHREADS
Defines number of threads to be used by
the grid, if negative, not given, or
larger than Ncpu, it is assumed as
Ncpu -1, in this machine: 7.
-t, --testRun Test run, nothing is done.
-C, --save_space saves disk space by throwing away
superfluous files and compressing the output.
-p PROVIDED, --provided PROVIDED Uses provided physical
structure
-0, --override Overrides abundances in provided physical
structure file, only relevant if provided != None
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A.2.4 ALICO classes

A.2.4.1 Model class

import subprocess

import numpy as np

import subprocess as sp

import os

from matplotlib import pyplot as plt

class Model:
listuseless = ["TB","CFL","FLU"]

def __init__(self,name,velopars,turbpars,denspars,
abunpars,temperature,molecule, layerinfo,distance,size
)
if len(velopars) != 3:
print "Velocity parameters should be 3 and in this order:
print "1 — Peak collapse velocity (km/s)"
print "2 — Position of the collapse peak (Urad)"
print "3 — Width of the collapse profile (Urad)"
raise Exception("Incorrect number of arguments in call"
)
if len(turbpars) != 4:
print "Turbulence parameters should be 4 and in this
order:"
print "1 — Turbulence in the interior (km/s)"
print "2 — Turbulence in the exterior (km/s)"
print "3 — Position of the turbulence jump (Urad)"
print "4 — Width of the turbulence jump (Urad)"
raise Exception("Incorrect number of arguments in call"
)
if len(denspars) != 4:
print "Density parameters should be 4 and in this order:"
print "1 — Central density (cm”—3)"
print "2 — External density (cm”~—3)"
print "3 — Plateau size (Urad)"
print "4 — Slope of density profile"
raise Exception("Incorrect number of arguments in call"

)

if len(abunpars) != 2:
print "Abundance parameters should be 2 and in this
order:"

print "1 — HCN abundance string xo,ro x1,r1 x2,r2 etc"
rint "2 — Abundance factor"
p
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raise Exception("Incorrect number of arguments in call"
)
if not isinstance(molecule,Molecule):
print "Molecule not correctly defined"
raise Exception("Incorrect instantiation")

self.velopars = velopars
self.turbpars = turbpars
self.denspars = denspars
self.abunpars = abunpars
self.molecule = molecule

self.layerinfo = layerinfo
self.distance = distance
self.temperature = temperature
self.size = size

self.name = name

self.inpname = []

if not os.path.isdir(self.name):
os.mkdir(self.name)

self.ran = False

self.inpwrit = False

self.loaded = False

self.chi2 = 0.0

def write_mcloudinp(self,dry=False):
if dry:
return
for iline in range(self.molecule.nlines):

line = self.molecule.line[iline]
mol = self.molecule
outstr = self.name
if iline ==
outstr += "\no\ni\ni\ni\n" # Run mali and
perfil_hyp.
else:
outstr += "\no\no\ni\ni\n" # Run mali and
perfil_hyp.
### line information
outstr += "{o:s}\n{1:s}\n1\n". format(line.nvels, line.
velims)
outstr += "{o:s]\n{1:s}\n". format(line.hypsel, line.
telpars)
outstr += "{o:s}\n".format(line.pos)
### distance + size
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outstr += "{o:s]\n{1:s]\n{2:s}\n". format (self.
layerinfo, self.size, self.distance)

### Molecule info

outstr += "{o:s]\nf1:s},{2:s}\n". format(mol.nrot, mol.
name, mol.colsel)

outstr += "{o:.2f}\n".format(self.abunpars[1])

outstr += "{o:s}\no\n".format(self.temperature)

## abundance changed to abundance string VSM
12/09/2017

## Allowing for depletion holes

outstr += "{o:s}\n".format(self.abunpars[0])

outstr += "{0:.3e}\n".format (self.denspars[0])

outstr += "{o:.5f}\n". format(self.denspars[2])

outstr += "j {0:4f} {1:.4f} {2:.4f} {3:4f}\n". format (xself.
turbpars)

outstr += "{0:.3e}\n".format (self.denspars[3])

outstr += "{0:.3e}\n".format(self.denspars[1])

outstr += "l {0:.4f} {1:.4f} {2:4f]\n". format (xself.

velopars)
if iline ==
fileout = open(self.name + "/" + self.name + "
par", 'w’)
self.inpname.append(self.name + ".par")
else:

n

fileout = open(self.name + "/" + self.name +
_lin{o:d}.par". format (iline+1), 'w’)
self.inpname.append(self.name +"_lin{o:d}.par".
format(iline+1))
fileout.write(outstr)
fileout.close()

self.inpwrit = True
return

def run(self,dry=False):

if dry:
self.ran=True
return

if not self.inpwrit:
print "Input file not written"
raise Exception("A computer only follow orders, if you

give none, I can” procede")

flags = " —q"

with open(os.devnull, 'w’) as devnull:
predir = os.getcwd()
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0s.chdir(self.name)

if os.access(self.name+".INP", os.F_0K):
os.system("rm "+self.name+".INP")

for name in self.inpname:
sp.call(["model_cloud.py " + name + flags],

shell=True, stdout=devnull,stderr=devnull)
os.chdir(predir)
self.ran = True

def clean_up(self):

if self.ran:
predir = os.getcwd()
os.chdir(self.name)
for useless in self.listuseless:

os.system("rm —f %."+useless)

os.system("rm —f forts")
os.chdir(predir)
self.clean = True

else:
print "Cannot clean up, model not run!"
raise Exception("Cannot clean what is not dirty!")

def load(self):
if self.ran:
predir = os.getcwd()
0s.chdir(self.name)
alltrans = []
for i in range(self.molecule.nlines):
transid = self.molecule.line[i].transid
noffs = self.molecule.line[i].noffs
data = np.loadtxt(self.name+ _o’+transid+ .CTB’,
unpack =True)
for j in range(noffs):
data[j+1] -= data[j+1][0]
alltrans.append(data)
self.alltrans = alltrans
0s.chdir(predir)
self.loaded = True
else:
print "Model not run, nothing to load"

def plot(self):
if self.loaded:
predir = os.getcwd()
0s.chdir(self.name)
size = 10
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for i in range(self.molecule.nlines):
plt.clf()
transid = self.molecule.line[i].transid
figure = plt.figure(figsize=(14,10))
noffs = self.molecule.line[i].noffs
nlines,ncolumns = plotfactors(noffs)
for j in range(noffs):
ax = plt.subplot(nlines, ncolumns, j + 1)
for item in ([ax.title, ax.xaxis.label, ax.
yaxis.label]+ax.get_xticklabels() + ax.
get_yticklabels()):
item.set _fontsize(size)
plt.step(self.alltrans[i][0],self.alltrans[i
103+11)
plt.xlabel("Velocity (km/s)", fontsize=size)
plt.ylabel("Intensity (Tmb)", fontsize=size)
figure.set_tight_layout(True)
plt.savefig(self.name+_"+transid+".png’)
os.chdir(predir)
return
else:
print "Model not loaded nothing to plot"

def eval(self, obs,weight=None):
if weight is None:
weight = np.ndarray([len(obs)])
weight.fill(1.0)
chi2sum = 0
if not self.prepared:
print "Model not prepared nothing to evaluate"
raise Exception("How can I evaluate something if it is
not prepared????")
for 1 in range(len(obs)):
iobs = obs[i]
if not isinstance(iobs,Observation):
print "{o:d} observation is not an observation". format
(1)
raise Exception("Your observation is not an
observation...")
elif not iobs.prepared:
print "Observation not prepared, nothing to evaluate
raise Exception("How can I grade your homework if
the answer sheet is not prepared????")

n

else:
if iobs.type=='direct”:
for j in range(iobs.noffs):
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for k in range(iobs.nwindows):
chiarr = (self.cutspec[i]l[]j][k]-iobs.
cutspec[j][k])*x2/iobs.sigmas[j]
chi2sum += weight[i]*np.sum(chiarr)
elif iobs.type=='quantified’:
chiarr = (self.quantified[i]-iobs.quantified)
*x2/iobs.quantifiederrs**2
chi2sum += weight[i]*np.sum(chiarr)
self.chi2 = chi2sum
return chi2sum

def prepare(self,obs):
if not self.loaded:
print "Model not loaded nothing to prepare"
raise Exception("How can I prepare something if I don’t
have the materials?")
cutspec=[]
quantified=[]
for i in range(len(obs)):
iobs = obs[i]
cut_spectra = []
nwindows = iobs.nwindows
noffs = iobs.noffs
for j in range(noffs):
off = []
for k in range(nwindows):
liminf, limsup = iobs.windows[K]
sel = (self.alltrans[i][0] >= liminf) & (self
.alltrans[i][0] <= limsup)
off.append(self.alltrans[i][j+1][sel])
cut_spectra.append(np.array(off))
cut_spectra = cut_spectra

if iobs.type == ’direct’:
cutspec.append(cut_spectra)
quantified.append(False)
elif iobs.type == ‘quantified”:
quant = np.empty([noffs,nwindows,3])
for j in range(noffs):
for k in range(nwindows):
nums = np.arange(len(cut_spectralj]l[k]))
sum = np.sum(cut_spectral[jl[k])
max = np.max(cut_spectral[j][k])
posmax = nums[cut_spectral[j]l[k] == max][0]
quant[j,k,:] = sum, max, posmax
quantified.append(quant)
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cutspec.append(False)
self.cutspec = cutspec
self.quantified = quantified
self.prepared =True
return

def plot_with_obs(self,obs):
if self.loaded:
predir = os.getcwd()
0s.chdir(self.name)
size = 10
for i in range(self.molecule.nlines):
iobs = obs[i]
plt.clf()
transid = self.molecule.line[i].transid
figure = plt.figure(figsize=(14,10))
noffs = self.molecule.line[i].noffs
nlines,ncolumns = plotfactors(noffs)
for j in range(noffs):
ax = plt.subplot(nlines, ncolumns, j + 1)
for item in ([ax.title, ax.xaxis.label, ax.
yaxis.label]+ax.get_xticklabels() + ax.
get_yticklabels()):
item.set_fontsize(size)
residuals = iobs.specs[j] - self.alltrans[i][
j + 1]
plt.plot(iobs.velaxis,iobs.specs[j],color=’
blue’, label="Observation", linewidth=1.5,
drawstyle="steps’)
plt.plot(self.alltrans[i][0], self.alltrans[i
1[j + 11, "——", color="red’, label="Model
linewidth=1.5, drawstyle="steps’)
maxres = np.max(residuals)
plt.plot(iobs.velaxis, residuals-1.5«maxres,”:’
,color="orange’, label="Residuals", linewidth
=1.5,drawstyle="steps’)
plt.xlabel("Velocity (km/s)", fontsize=size)
plt.ylabel("Intensity (Tmb)", fontsize=size)
plt.text(0.1, 0.75, "$\sigma=$" + "{o:.1f}".
format(iobs.sigmas[j] * 1000) + "mK",
transform=ax.transAxes, fontsize=size)
plt.legend(loc="upper left", fontsize=size)
figure.set _tight_layout(True)
plt.savefig(self.name+_with_obs_'+transid+ .png’,
dpi=900)
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0s.chdir(predir)
return
else:
print "Model not loaded nothing to plot"

class Molecule:
def __init__(self,name,line,nrot,colsel):

self.name = name

if isinstance(line,Line):
self.nlines =1
self.line = [line]

else:
self.nlines = len(line)
self.line = line

self.nrot = nrot

self.colsel = colsel

class Line:

def __init__(self,positions,velims,nvels, hypsel,telpars):

self.pos = positions
poswrds = positions.split()
self.noffs = len(poswrds)
self.velims = velims
self.nvels = nvels
self.hypsel = hypsel
self.telpars = telpars
telwrds = telpars.split()
self.transid = telwrds[0]

A.2.4.2 Observation class

from matplotlib import pyplot as plt
import numpy as np

class Observation:

def __init__(self,obsfile,noffs,windows, type):

data = np.loadtxt(obsfile,unpack=True)

self.velaxis = data[0][1:]

specs = []

sigmas = []

for 1 in range(noffs):
specs.append(data[i+1][1:])
sigmas.append(datal[i+1][0])

self.windows = windows
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self.nwindows = len(windows)

self.type = type

self.specs = np.array(specs)

self.sigmas = np.array(sigmas)

self.prepared = False

self.noffs = noffs

self.dvel = abs(self.velaxis[1l]-self.velaxis[0])
return

def prepare(self):
cut_spectra = []
nwindows = len(self.windows)
for j in range(self.noffs):
off = []
for i in range(nwindows):
liminf, limsup = self.windows[i]
sel = (self.velaxis >= liminf) & (self.velaxis
<= limsup)
off.append(self.specs[j]l[sel])
cut_spectra.append(np.array(off))
cut_spectra = np.array(cut_spectra)

if self.type == ’direct’:
self.cutspec = cut_spectra
self.prepared = True
elif self.type == ’‘quantified”:
quantified = np.empty([self.noffs,nwindows,3])
quantifiederrs = np.copy(quantified)
for j in range(self.noffs):
for 1 in range(nwindows):
nums = np.arange(len(cut_spectral[j]l[i]))
sum = np.sum(cut_spectral[j]l[i])
max = np.max(cut_spectral[j]l[i])
if max<3xself.sigmas[j]:
max = 0
posmax = len(nums)/2
else:
posmax = nums[cut_spectral[j]l[i]==max][0]
errsum = self.sigmas[jl*np.sqrt(len(
cut_spectral[jl[i]))
quantified[j,i,:] = sum,max,posmax
quantifiederrs[j,i,:] = errsum,self.sigmas]|j
],self.dvel

self.quantified = np.copy(quantified)
self.quantifiederrs = (quantifiederrs)
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self.prepared = True

else:
print ("unknow type "+self.type)
self.prepared = False

def plot(self,name):
size = 10
nlines,ncolumns = plotfactors(self.noffs)
figure = plt.figure(figsize=(14,10))
for j in range(self.noffs):
plt.clf()
ax = plt.subplot(nlines, ncolumns, j + 1)
for item in ([ax.title, ax.xaxis.label, ax.yaxis.
label] + ax.get_xticklabels() + ax.
get_yticklabels()):
item.set _fontsize(size)
plt.step(self.velaxis, self.specs[j])
plt.xlabel("Velocity (km/s)", fontsize=size)
plt.ylabel("Intensity (Tmb)", fontsize=size)
plt.text(0.1, 0.75, "$\sigma=$" + "{o:.1f}". format(
self.sigmas[j] * 1000) + "mK",
transform=ax.transAxes)
figure.set_tight_layout(True)
plt.savefig(name+’.png’)

return

A.2.4.3 Example code using observation and model classes

from ali_general import Model

from ali_general import Molecule
from ali_general import Line

from ali_general import Observation

name = "example_model"

### density as n® next r@ and alpha

denspars = [8.8e4, 507, 0.09, 2.84]

### Non thermal dispersion as sig@ sigext rj deltarj
turbpars = [0.0488, 0.28, 0.71, 0.042]

### Velocity field as Vc rv deltarv

velopars = [-0.19, 0.55, 0.12]

### Abundance relative to H2, and abundance factor
abunpars = ["6.2e—9", 1]

### Telescope pointings in distance from the model center
in arcseconds
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pointings = "0.0 22.36 44.72 67.08 89.44 111.8"

### selecting the HCN 10 hfs components

hfslOselec = "1 32’

### Telescope properties for HCN 10, number, HPBW, Beff, 1
st side lobe

telescopel® = "1 28 1.0 350"

### selecting the HCN 32 hfs components

hfs32selec = "10 15 12"

### Telescope properties for HCN 32, number, HPBW, Beff, 1
st side lobe

telescope32 = "3 9 1.0 350"

### Number of rotational levels

nrot = '8

### Selecting collisional coefficients (For HCN, 5 =
Hernandez-vera 2017)

P

collisionselector = '5

temp = "10" ### assuming constant temperature = 10 Kelvin
layers = "50,1,lin" ### Number of layers of the model

dist = "140" # distance in parsec

size = "16" ## Diameter of the model in arcminutes

### HCN1O hyperfine components
hcnl001 = -7.0659

hcnl021 = 0.0

hcnl011 = 4.8403

# Windows to compute chi2

hcnlOwin = [[hcnl001-0.5,hcn1001], [hcn1l001,hcn1001+0.5], [
hcnl1021-0.5,hcn1021], [hcnl1l021,hcn1021+0.5], [hcn1011-0.5,
hcnl1011], [hecnl011,hcn1011+0.5]]

hcn32win =
[[-2.6612,-2.0222],[-0.6225,-0.0444],[-0.0444,0.2751],
[0.2751,0.6022],[1.2944,1.7356],[1.7356,2.1312]]

## Initiliaze HCN observations

hcnl0_obs = Observation("hcnio_ascii.dat",6,hcnlOwin,”
quantified")

hcn32_obs = Observation("hcn32_ascii.dat",6,hcn32win,”
quantified")

## Prepare the HCN observations in the chunks defined by
the windows

hcnl0_obs.prepare()

hcn32_obs.prepare()

## Bundle HCN observations together
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hcn_obs = [hcnlO_obs,hcn32_obs]

## Defining Spectral axis for models
hcnlOnpoints = str(int((9. + 7.) / 6.6036e-2)+1)
hcn32npoints = str(int((3.5 + 3.5) / 2.2022e-2) + 1)

hcnlOvelims = "—9,{o:.5f}". format(-9.+(float (hcnl@npoints)-1)
*6.6036e-2)
hcn32velims = "—3.5,{o:.5f}". format(-3.5 + (float(hcn32npoints)

-1)%2.2022e-2)

## Creating the two line objects with the aforementioned
spectral axis

hcnl® = Line(pointings,hcnl@velims,hcnl@npoints,hfslOselec,
telescopel0)

hcn32 = Line(pointings,hcn32velims,hcn32npoints,hfs32selec,
telescope32)

## Using the aforementioned lines to create the complete
molecular spectroscopy used in the model

hcn = Molecule("HCN_hyp", [hcnl®,hcn32],nrot,
collisionselector)

## Initialise model
hcn_model = Model(name+"_hcn",velopars, turbpars,denspars,
abunpars, temp,
hcn, layers,dist,size)

## Write model cloud input file

hcn_model.write_mcloudinp()

## Run model cloud

hcn_model. run()

## Clean up superflous files

hcn_model.clean_up()

## Load the spectra into numpy arrays

hcn_model. load()

## Cut and prepare the observation in chunks just as the
ones in the observations in obs_hcn

hcn_model.prepare(obs_hcn)

## Compute the Chi”2 between the observations and the model
with weights 1.0 and 1.0

hcn_chi2 = hcn_model.eval(obs_hcn,[1.0,1.0])

## Plot the model against the observations for visual
inspection

hcn_model.plot_with_obs(obs_hcn)
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A.3 MCMC TOOLKIT

A.3.1  MCMC toolkit code

from astropy.io import fits

import numpy as np

import corner

from matplotlib import pyplot as plt
import string

import random

import time

def run_corner(prefix,burn_in,legend, savevals=False,
plotlims=1.0):
hdulist = fits.open(prefix + ’fits)
# chains
chain = hdulist[1].data
# likelihood
ndim = len(legend)
answers = []
try:
len(plotlims)
except:
plotlims = np.zeros(ndim)+plotlims
for n in burn_in:

# We need to cut the first steps so that we use the

stationary state’
samples = chain[:, n:, :].reshape((-1, ndim))

’

fig,answer = corner.corner(samples, labels=legend,
quantiles=[0.16, 0.5, 0.84], show_titles=True,
title_kwargs={"fontsize": 28}, title_fmt

=None, range=plotlims)
answers.append(answer)
fig.savefig(prefix + ’_’
if savevals:
outstr = "#Parameters for the run: {o:s}\n". format
prefix)
outstr +="#Burn in: {o:d}\n". format(n)
for i in range(len(answer)):
outstr+="{o:s} = {1:.4f} {2:.4f} +{3:.4f}\n". format (
legend[i], answer[i][1], answer[i][0O] -
answer[i][1],

4

+ str(n) + '_corner.png’)

(

answer[i

1[2] -

answer
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[1
1011)
outfile = open("{o:s}_{1:d}.dat".format(prefix,n),’w”)
outfile.write(outstr)
outfile.close()
return answers

def plot_walkers(prefix, legend):

Plot and save the evolution of the remainingtimeerent
parameters through the markov chain

hdulist = fits.open(prefix+".fits")

chain = hdulist[1].data

adim = chain.shape

nwalkers = adim[0]

nit = adim[1]

ndim = adim[2]

nlines,ncolumn = plotfactors(ndim)

if nlines * ncolumn >= ndim:
X = np.linspace(l, nit, nit)
fig = plt.figure(figsize=(20,20))

if len(legend) != ndim:
print("Watch out for your legend ! \n”)
else:
for j in range(ndim):
plt.subplot(nlines, ncolumn, j + 1)
for 1 in range(nwalkers):
plt.plot(X, chain[i, 0:nit , j])
plt.ylabel(legend[j])
plt.xlabel(‘'number of steps’)
fig.set _tight_layout(True)
fig.savefig(prefix + ’_walkers.png’)
else:
print (‘I need more place to plot\n’)

def savechain(chain,name,steps,totsteps,initial=None):
if initial is None:

if steps == totsteps:
outputchain = chain

else:
adim = chain.shape
nwalkers = adim[0]
ndim = adim[2]
outputchain = np.ndarray([nwalkers,steps,ndim])
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for i in range(nwalkers):
for j in range(steps):
for k in range(ndim):
outputchain([i,j,k] = chain[i,]j, k]
else:
adim = initial.shape
nwalkers = adim[0]
isteps = adim[1]
ndim = adim[2]
totalsteps = steps+isteps
outputchain = np.ndarray([nwalkers,totalsteps,ndim])
for 1 in range(nwalkers):
for j in range(isteps):
for k in range(ndim):
outputchain[i, j, k] = initial[i, j, k]
for j in range(isteps,totalsteps):
for k in range(ndim):
outputchain[i, j, k] = chain[i, j-isteps, k]
hdul = fits.HDUList()
hdul.append(fits.PrimaryHDU())
hdul.append(fits.ImageHDU(data=outputchain)) # save the
markov chain in an array (nwalkers, nit,ndim)
fits_name = name + .fits’
hdul.writeto(fits_name, overwrite=True)

def get_pos_and_chain(fitsfile):
hdulist = fits.open(fitsfile)
chain = hdulist[1].data
adim = chain.shape
nwalkers = adim[0]
pos = [chain[i][-1] for i in range(nwalkers)] # initial
positions for each walker form fits file
return pos,chain

def cut_fits(ifits,ofits,limit):
pos,chain = get_pos_and_chain(ifits)

savechain(chain,ofits,limit, 1e20,None)

def plotfactors(ndim):

if ndim == 1:
return 1, 1

elif ndim == 2:
return 2, 1

elif ndim == 3:

return 3, 1
for i in range(int(np.sqrt(ndim)),1,-1):




def read_input_sel(filein):

def read_legend(filein):

def completepset(theta, fixed, fix, log):
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for j in range(int(np.sqrt(ndim)),1,-1):
if (ixj)==ndim:
return i,j
elif (ixj)<ndim:
if ix(j+1)>=ndim:
return i,j+1
else:
return i+l, j + 1

return -1,-1

pars,prinf,prsup=np.loadtxt(filein,usecols=[0,1,2],unpack
=True)

fix,log = np.loadtxt(filein,usecols=[3,4],unpack=True,
dtype=bool)

itheta = pars[~fix]

fixed = pars[fix]

priorinf = prinf[~fix]

priorsup = prsup[~fix]

ndim = len(itheta)

return itheta,priorinf,priorsup,ndim, fixed, fix, log

legends = np.loadtxt(filein, usecols=[1], unpack=True,
dtype=str,delimiter="1")

fix= np.loadtxt(filein, usecols=[3], unpack=True, dtype=
bool)

legends = legends[~fix]

return legends

ifix = 0

ipar = 0

modelpars = []

for 1 in range(len(fix)):

if fix[i]:
pars = fixed[ifix]
ifix += 1

else:
pars = theta[ipar]
ipar += 1

if log[il]:

pars = 10 **x (pars)
modelpars.append(pars)

return modelpars
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def random_str(size=6, chars=string.ascii_uppercase +

string.digits):
return "’.join(random.choice(chars) for x in range(size))

def etf(start,nit,ntotal):

now = time.time()
duration = now-start
tottime = ntotalxduration/nit
remainingtime = (1.0-1.0xnit/ntotal)x*tottime
if remainingtime < 60:
return "will end in: {0:5.2f} seconds". format (remainingtime
)
elif remainingtime < 3600:
return "will end in: {0:5.2f} minutes". format (remainingtime
/60.)
elif remainingtime < 86400:
return "will end in: {0:5.2f} hours". format (remainingtime

/3600.)
else:
return "will end in: {o:5.2f} days". format (remainingtime
/86400.)

def took(ref):

now = time.time()
diff = now - ref
if diff < 60:

print "it took: {o0:.4f} seconds.\n". format (diff)
elif diff < 3600:

print "it took: {0:.2f} minutes.\n". format (diff/60.)
elif diff < 86400:

print "it took: {o0:.2f} hours.\n".format (diff/3600.)
else:

print "it took: {o0:.3f} days.\n". format (diff/86400.)

def progress(ref):

now = time.time()
diff = now - ref
if diff < 60:

return "Time since start: {0:5.2f} seconds". format (diff)
elif diff < 3600:

return "Time since start: {0:5.2f} minutes". format (diff/60.)
elif diff < 86400:

return "Time since start: {o:5.2f} hours". format (diff/3600.)
else:

return "Time since start: {0:5.2f} days". format (diff/86400.)
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A.3.2 MCMC toolkit example input file

### Example input file for MCMC toolkit

### structure:

### Par name

### initial[0] Priorinf[1] Priorsup[2] Fix[3] logscale[4]
Legend[5]

### Parameters for the gaussian

### Peak intensity

20 0 100 0 O |$AS%

### Center

-30 -50 50 0 0 |$x_0%

### Dispersion

50 1 606 0 0 |$\sigma$
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Table B.1 — Integrated intensities for the hyperfine components of the HCN
J =1 — 0 transition along with the ratios between them, R =
F=0—-1/F=2—=1,Rp=F=1—1/F =2 — 1. Data

extracted from Sohn et al. (2007).

Source F=0—1 F=2-—>1 F=1-—>1 Rop Rq2
(K km/s) (K km/s) (K km/s)

L1498 0.171+0.014 0.1751+0.014 0.147+0.012 0.977+0.114 0.840+0.114
L1495AN 0.218£0.017 0.3051+0.024 0.184=£0.015 0.715+0.111 0.603£0.113
L1521B 0.185+0.015 0.2241+0.018 0.196£0.016 0.826+0.114 0.875+0.115
B217-2 0.336+£0.027 0.495+0.040 0.3061+0.024 0.679F+0.114 0.618+0.113
L1521F 0.2724+0.022 0.2961+0.024 0.237+0.019 0.919+0.115 0.801+0.114
T™MC-2 0.234%£0.019 0.518+0.041 0.3321+0.027 0.45240.113 0.641£0.113
CB22 0.150+0.012 0.2591+0.021 0.15740.013 0.579£0.114 0.606+0.116
TMC-1 0.390+0.031 0.355+0.028 0.304%0.024 1.099F0.112 0.856+0.112
L1i527B-1  0.2601+0.021 0.2401+0.019 0.180+0.014 1.083+0.113 0.750£0.111
CB23 0.122+0.010 0.198+0.016 0.12440.010 0.616+£0.115 0.626+0.114
Liso7A 0.190+0.015 0.2241+0.018 0.1391+0.011 0.848+0.113 0.621F0.113
Li517B 0.1674+0.013 0.2371+0.019 0.1241+0.010 0.705+0.112 0.523+0.114
L1544 0.305£0.024 0.258+0.021 0.2754+0.022 1.182£0.113 1.066+0.114
Lis12a 0.1284£0.010 0.202+0.016 0.125£0.010 0.634+0.111 0.619=£0.113
L1552 0.139+0.011 0.137+0.011 0.1174+0.009 1.01540.113 0.854£0.111
L1622A2  0.3361+0.027 0.4961+0.040 0.243+0.019 0.677+0.114 0.490+0.112
L1622A1  0.322£0.026 0.4061+0.032 0.252£0.020 0.7931+0.113 0.621£0.112
L1696A 0.310+£0.025 0.4441+0.036 0.3021+0.024 0.698+0.114 0.680+0.114
L1696B 0.242+0.019 0.322+0.026 0.211F+0.017 0.752£0.113 0.655+0.114
L204C-2b 0.25140.020 0.6041+0.048 0.332£0.027 0.416+0.113 0.550£0.114
L234E-Sb  0.1831+0.015 0.343%+0.027 0.248+0.020 0.534+0.114 0.723£0.113
L462-2b 0.185+0.015 0.256+0.020 0.3071+0.024 0.723%0.113 1.199£0.111
Lg92 0.27910.022 0.38410.031 0.286+0.023 0.727+0.113 0.745+0.114
L673-7 0.2001£0.016  0.4901+0.039 0.249+0.020 0.408+0.113 0.508+0.113
L694-2 0.108£0.009  0.095+0.010 0.107£0.009 1.1371+0.134 1.126=£0.135
L1155C1  0.135+0.011 0.1821+0.015 0.131£0.010 0.7421+0.116 0.720£0.112
Log4-2 0.0761+0.006 0.1651+0.013 0.089+0.007 0.461+0.112 0.539+0.111
Li1gy 0.125£0.010 0.132+0.011 0.1051+0.008 0.947%£0.116 0.795%0.113
CB246-2b 0.123%+0.010 0.2611+0.021 0.163+0.013 0.471£0.114 0.625+0.113




APPROVED TELESCOPE TIME PROPOSALS

Table C.1 — Approved telescope time proposals submitted by V. S. Magal-
haes during this thesis.

Proposal ID Epoch Observatory
041-15 Summer 2015 IRAM-30m
WI15AH Winter 2015 IRAM-NOEMA
007-16 Summer 2016 IRAM-30m
2016.1.01468.S Cycle 4 ALMA

105-16 Winter 2016 IRAM-30m
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ABSTRACT

The origin of the heavily fractionated reservoir of nitrogen in comets is a key question
in the theory of formation of comets and hence of the solar system. This question was
put on a more general footing by the detection of a similar fractionated reservoir in
nearby protoplanetary disks, suggesting that similar processes, either in the parent
prestellar core, in the protostellar core, or in the disk itself, are responsible for the
enriched reservoir of nitrogen traced by comets. So far, observations of isotopic ratios of
nitrogen in protostars or prestellar cores have not securely identify such a fractionated
reservoir owing to the intrinsic difficulty of direct isotopic ratios measurements. In
this article, we report the detection of 5 rotational lines of HC,N and two rotational

lines of its 1°N isotopologue, toward the L1544 prestellar core obtained in the context
of the ASAT/TRAM-30m large program. The excellent sensitivity of the observations
also allows the detection of the hyperfine structure of the HC;N lines. Based on a
multiline analysis at the hyperfine level, we derive the column densities of HC;N and

HC31 °N and derive an isotopic ratio of 400+20. Uncertainties were obtained using
a MCMC approach to explore the parameter space. The comparison of this value
with those obtained in CN and HCN in the same core suggest that the formation of

HC,N involves two debated pathways, one through CN+ C,H, and another through

dissociative recombination of HC3NH+. The present observations do not allow to
constrain the relative importance of the two pathways.

Key words: Prestellar cores (L.1544) — Astrochemistry — Nitrogen isotopic ratios

1 INTRODUCTION content of molecular clouds in their evolution towards the
formation of stars, planets, and planetary systems bodies.
Observations of sublimating ices from comet 67P/C-G with
spectrometers onboard the ESA/ROSETTA satellite pro-
vide in situ measurements of isotopic ratios of xenon and hy-
drogen, and abundances of S, and O, molecules which con-
sistently support a presolar origin for cometary ices (Altwegg
et al. 2015; Rubin et al. 2015; Calmonte et al. 2016; Marty
et al. 2017). On the other hand, Herschel observations of wa-
ter towards protostars suggest that only a few percents of
interstellar ices may actually sublimate (van Dishoeck et al.
2014), leaving important amounts of pristine interstellar ma-
terial available to build up planetary systems. These findings
motivate the search for an interstellar heritage within the
solar system while providing insights in the composition of
primitive planetary systems in general. Understanding the
* E-mail: pierre.hily-blant@univ-grenoble-alpes.fr link between the chemical composition of prestellar and pro-

From an observational perspective, measuring isotopic ra-
tios from remote observations is a challenging and intrinsi-
cally time-demanding task (Taniguchi & Saito 2017). Deriv-
ing isotopic ratios generally rests upon several assumptions,
some of which being questionable—such as the co-spatial
distribution of isotopologues—while others may be difficult
to assess—e.g. identical excitation temperature. From inter-
stellar medium standards, true accuracies are usually larger
than the calibration uncertainties, typically 10%, and more
likely around 50%. In contrast, laboratory or in situ mea-
surements of cosmomaterial samples have accuracies at the
percent level (Bonal et al. 2010; Marty et al. 2011). Yet,
isotopic ratios are so far the best tool to follow the volatile

(© 2017 The Authors
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tostellar cores and that of comets, which form at the earli-
est stages of the planetary formation sequence, is therefore
of paramount importance. From this perspective, the origin
of nitrogen in the solar system remains elusive. In particu-
lar, the 1N/1N isotopic ratio of nitrogen in comets is an
unsolved problem. Its average value of 144+3 (Jehin et al.
2009; Bockelée-Morvan et al. 2015; Shinnaka et al. 2016;
Hily-Blant et al. 2017) is three times lower than the bulk
ratio of 441+6 in the solar system as measured in the solar
wind (Marty et al. 2011), a sharp discrepancy which ques-
tions our understanding of the formation of comets and of
the origin of nitrogen in the solar system (Fiiri & Marty
2015). Several possibilities could explain the discrepancy:
i) the main repository of cometary nitrogen has not been
observed yet, ) efficient fractionation processes in the pro-
tosolar nebula at the time of comet formation, 44i) efficient
fractionation processes in the parent interstellar cloud, or
iv) exchange processes within cometary ices since their for-
mation. Recently, it was shown that protoplanetary disks
—or equivalently protosolar nebula analogs— carry at least
two isotopic reservoirs of nitrogen, which are found to be in
a 1:3 ratio, similar to the comets-to-bulk ratio (144:441) in
the protosolar nebula, thus ruling out the need for exchange
process in comets.

In this work, we wish to explore the interstellar scenario
for the origin of the heavily fractionated cometary nitrogen.
From an astrophysical perspective, the main issue is observa-
tional in that the main repositories of nitrogen, N or N, are
not directly observable in cold interstellar clouds. The bulk
isotopic ratio is therefore only measurable indirectly, using
trace species such as CN or HNC (Adande & Ziurys 2012).
To which extent the isotopic ratio in these molecules is rep-
resentative of the bulk depends on their formation pathways
and molecule-specific fractionation processes which may, or
may not, favour one of 14N or N in those species lead-
ing to isotopic ratios distinct from the bulk. In cold and
dense clouds, such processes reduce to mass fractionation
associated to zero-point energy differences between the two
isotopologues (Watson et al. 1976; Terzieva & Herbst 2000)
may be efficient (Heays et al. 2014). Therefore, to infer the
bulk isotopic ratio from trace species, chemical models in-
cluding detailed fractionation reactions must be used. Yet,
the chemical mass fractionation decreases with temperature
and observations of warmer gas may then provide better
probes of the bulk ratio. Indeed, consistent isotopic ratios
were obtained in nitrile and hydride species in Barnard 1b
(Daniel et al. 2013), contrary to expectations based on chem-
ical calculations in cold gas (Hily-Blant et al. 2013a). Fur-
thermore, the B1b ratios are in harmony with the directly
measured CN/CIN ratio of 323430 in the TW Hya pro-
toplanetary disk (Hily-Blant et al. 2017) and it is argued
this ratio is indeed representative of the bulk ratio in the
present-day local interstellar medium.

Models of chemical fractionation of nitrogen have been
developed and applied to dense gas, from the typical
10*cm™3 of prestellar clouds where mild effects are pre-
dicted (Terzieva & Herbst 2000), to the much higher den-
sity, 107ecm™>, of protostars (Charnley & Rodgers 2002)
where high degrees of fractionation are promoted by the
heavy depletion of carbon monoxide. Nevertheless, this pic-
ture is not well established. Indeed, chemical calculations
based on the fractionation network of Terzieva & Herbst

(2000) used in combination with the chemical network of
Hily-Blant et al. (2010), significant variations of the iso-
topic ratios are predicted for most of the observable nitro-
genated species, especially HCN (Hily-Blant et al. 2013b).
More recently, the set of fractionation reactions was revised
(Roueff et al. 2015), and the dominant fractionation route
PN+ MNMNHT == MN+ NN, H was disqualified on
energetical grounds. As a consequence, steady-state isotopic
ratios of all trace species fairly well reflect the elemental
ratio. To put these results on a firmer ground, observa-
tions are needed not only to accurately measure isotopic
ratios but also to test the chemical fractionation models.
In particular, isotopic ratios of species containing equivalent
atoms can identify the dominant formation routes (Sakai
& Yamamoto 2013). However, measurements of interstel-
lar isotopic ratios are complicated by the large difference in
opacities among the various isotopologues. Detailed model
calculations (Roueff et al. 2015) have emphasized the pit-
falls of the so-called double isotopic ratios —mnamely the
use of HBCIN/H2CN ratio and the assumption that
HZCUN/HBCHN = 12¢/13C— to circumvent the large op-
tical depth of the primary isotopologue (Hily-Blant et al.
2013a; Guzmén et al. 2017). Direct ratios may be achieved
in some instances, e.g. with doubly substituted molecules
such as NH,D Gerin et al. (2009), or with weak hyperfine
lines (CN, HCN) at high signal-to-noise (Hily-Blant et al.
2017).

In this work, we provide a direct measurement of the
isotopic ratio of the HC;N cyanopolyyne toward the L1544
prestellar core. The obtained ratio is compared to that in
related species (CN, HCN) in L1544 to derive some conclu-
sions on the formation route of HC;N in this source. Our
ratio is also put in perspective with that in HC,N and other
species towards prestellar cores.

Origin of >N anomalies in the Solar System. Review of
values in the ISM and protoplanetary disks. HC%SN detected
recently toward L1527, with [HC,N]/[HC}N]=338+12
(Araki et al. 2016).

2 OBSERVATIONS

The observations for all transitions quoted in Table 1 were
performed at the IRAM-30m toward the dust peak emis-
sion of the L1544 prestellar core (@000 = 05"04™17.21%, 52000 =
25°10r42.8”) in the framework of the ASAI Large Program!
(Lefloch et al. 2017). Observations at frequencies lower than
80 GHz have been performed in December 2015. The EMIR
receivers (Carter et al. 2012) were used in combination with
the Fast Fourier Transform Spectrometer in its so-called
50 kHz configuration, providing us with 49 kHz spectral res-
olution, or typically 0.15 to 0.20 kms™! at the frequency
discussed in this paper. Further details on the observations
an be found in Vastel et al. (2014) and Quénard et al. (2017).
The forward and beam efficiencies of the radiotelesope are
0.95 and 0.81 respectively, and all antenna temperatures
were brought into the main-beam temperature scale by as-
suming no spatial dilution, namely Ty = Fefr/Beft X TZ. Con-
tributions from error-beams where considered negligible for

I Astrochemical Surveys At IRAM: http://wuw.oan.es/asai
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Table 1. Properties of the HC;N and HC315N lines obtained through Gaussian fitting.

Molecule N’ — N  Frequency oy T* Vo FWHM Wr-;ain W}':-f W:'ol
GHz mK K kms™! kms~!  mK kms™! mK kms™!  mK kms™!
HC,N 8-7 72.78382 5 3.78 7.22 0.51 2053 77 2120
9-8 81.88147 5 2.87 7.24 0.53 1633 34 1664
10-9 90.97902 3 2.66 7.32 0.50 1404 30 1430
11-10 100.07639 3 1.84 7.23 0.49 956 16 971
12-11 109.17363 3 1.28 7.22 0.46 626 - 627
HC,°N 98 79.50005 6 0072 7.19 0.18 - - 14(2)
10-9 88.33300 2 0020 723 0.42 - - 9.0(7)
11-10 97.16583 3 - - - - - <1.4
12-11 105.99852 3 - - - - - <1.0
13-12 114.83109 14 - - - - - <4.3

§ Statistical uncertainty, at the 1o level, on the main-beam temperature (in K).

i Peak intensity (main beam temperature).

1 For HC;N, three integrated intensity values are provided: main component, sum of the two weaker hf lines, and the total (main+hf)

flux. For HC315N, only the main component is detected. Upper limits are 1o

HC4N. All the following analysis is performed in this Tiyp
scale. The spectra were reduced and analysed with the CLASS
package of the GILDAS software?.

Charlotte: TSYS ; TREC ; weather ; ... ; inte-
gration time ; periodes d’observation — important
pour Dl’incertitude de calibration ; quelles raies ont
ete observees simultanement ?.

3 RESULTS

3.1 Spectra

The HC,N and HC§5N spectra are shown in Figs. 3.1 and
3.1 respectively. The signal-to-noise ratio of the HC;N lines
ranges from a few hundreds up to more than a thousand. In-
deed, the hyperfine structure of HC;N has been detected in
most cases (see Fig. 3.1), although only the most widely sep-
arated frequencies are resolved leading to essentially three
lines instead of 6. The main line thus consists of 3 overlap-
ping transitions (see Table A1), taking into account that one
hf transition is too low to contribute to the emission. Hyper-
fine lines were also reported for the 5-4 transition of HC;N
(Araki et al. 2016). Intensities of the HC315N lines are typ-
ically a hundred times weaker than the main isotopologue,
and only two lines (9-8 and 10-9) have been detected. This
also explains why no hyperfine structure was detected in
the case of HC; °N. The observed line properties are sum-
marized in Table 1, including the upper limits on the three
undetected HCSK’N lines. The integrated intensities of the
hyperfine lines are given in Table 4.

Although our chief objective is to directly determine the
isotopic ratio of nitrogen in HC4N, the physical conditions
of the emitting gas must also be known to some extent. One
important feature of the present study is the availability
of several rotational lines of each isotopologue, which we
analyse simultaneously, providing strong constraints on the
physical conditions and derived column densities.

2 http://www.iram.fr/IRAMFR/GILDAS
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3.2 Methodology

Our analysis presented below is based on non-equilibrium
radiative transfer calculations. We have used dedicated col-
lisional rate coefficients for both HC;N and HC;5N (Faure
et al. 2016), extended down to 5 K. For HC,;N, two sets of
rates have been used, describing the collisions at the rota-
tional and hyperfine levels respectively. For HC?} 5N, only the
rotational set is needed. The calculations were performed us-
ing the public code RADEX program (van der Tak et al. 2007).

The efficiency of this type of numerical code makes
it possible to perform large grids to explore the four-
dimensional parameter space (density, kinetic temperature,
column densities of both species). Such a frequentist ap-
proach allows minima (both local and global) to be found.
However, determining uncertainties based on a simple y2 ap-
proach usually fails because these parameters are indeed not
independent from each other. Instead, they are coupled with
each other through the complex interplay of the collisional
and radiative excitation processes. To explore and quantify
the correlations between the parameters, we adopted the
widely-used Markov chain Monte Carlo approach to explore
the parameter space in a meaningful and efficient way. In
practice, we used the emcee Python implementation an affine
invariant sampling algorithm, which is freely available and
widely used in the astrophysical community>. We also used
the corner Python library to produce plots of the parameter
distribution and correlation matrix.

In this approach, the parameter space is explored using
several Markov chains which are run in parallel (although
not entirely from a numerical point of view), for typically
~10% steps. In our case, the prior probability was a uni-
form distribution for each parameter, with boundaries in-
fered from physical and chemical considerations. The kinetic
temperature Ty, varies between 6 to 15 K, the logl0 of the
density, HC;N column density, and isotopic ratio, were taken
in the intervals [4: 7], [11:15], and [2: 3] respectively. To

3 The code is available online at http://dan.iel.fm/emcee under
the MIT License.
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Figure 1. Spectra of HC4;N towards L1544 in main-beam temperature scale (left panels). The scale is magnified in the right panels to

show the hyperfine structure.
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Figure 2. Spectra of the detected HCS15N lines in main-beam
temperature scale (left panels).

compute the likelihood of each sample, the uncertainties on
the integrated intensities were taken to be at least 5%, much
larger than the statistical uncertainties obtained from Gaus-
sian fitting. In performing MCMC parameter space explo-

ration, the number of chains —also called walkers— and the
number of steps of each chain, are critically important to en-
sure that the parameter space has been correctly sampled.
It is also important to begin with a physically acceptable
solution, although we have successfully tested that various
initial conditions lead to the same final distributions. By us-
ing multithreading on a 4 CPU laptop, the typical execution
time was 20 min for 10° samples.

3.3 Assumptions

The basic assumption is that both isotopologues are co-
spatial, not only in terms of abundance, but also in terms
of their excitation, such that their emissions come from the
same regions within the core. Based on chemical arguments,
the two species are expected to be formed by the same path-
ways, apart from some potential active specific fractionation
routes. In addition, these two molecules have very similar
spectroscopic properties (spontaneous decay and collision
rates), and hence are most likely to emit from the same
locations in the cloud.

3.4 Physical conditions from the HC4N lines
3.4.1 Rotational analysis

In a first set of calculations, only the high-SNR HC;N lines
are used to determine the physical conditions. The inte-
grated intensity of the main hyperfine (hf) transitions listed

MNRAS 000, 1-11 (2017)
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in Table 1 were used. Since this component represents ~99%
of the intensity (Table A1), it should be directly compared to
the non-LTE predictions based on the rotational collisional
rates only. However, Gaussian fitting of the three sets of hf
lines separately suggest departure from a single excitation
temperature among the hf multiplets, and the two weak hf
lines indeed carry 1.6 to 3.6% of the total flux. The flux pre-
dictions based on rotational collisional rate coefficients were
thus compared to the total observed flux of each rotational
transition.

The results are shown in Fig. 3. As is evident, the set
of 5 rotational lines does not point towards a single solution
but to an ensemble of parameters. Basically, and not sur-
prisingly, the physical conditions are slightly degenerated,
with dense gas corresponding to cold temperatures, while
warmer gas have lower density. The density is constrained
within an order of magnitude, from 10° to 10°cm™3, and
the kinetic temperature within 7 to 14 K. In contrast, the
column density is relatively well constrained within 0.4dex,
and N(HC;N) = (2.3 + 1.0)x10"3 cm™2. This column density
agrees well with previous analysis (Quénard et al. 2017).
The presently determined physical conditions also confirm
those reported by these authors although they broaden the
range of solutions.

8.4.2 Hyperfine analysis

The physical conditions were also derived by including the
hyperfine fluxes into the set of observational constraints.
The analysis was performed using the same tools although
with rotational collision rate coefficients replaced with rates
at the hyperfine level. The analysis is, however, not as
straightforward as in the rotational case, because several
hf transitions are blended within the strongest line. To per-
form the comparison with the RADEX calculations, we thus
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added the opacities of the overlapping lines and computed
the flux assuming a single excitation temperature, namely
Wnain = [Jy(Tex) — Iy (2.73)1 X [1 —exp(— X Te) ] X FWHM x 1.064.
A Gaussian line profile was adopted, an assumption sup-
ported by the opacity of the strongest hf transitions which
remains smaller than 0.5 in all models. We also checked that
the excitation temperatures of the various hf lines within
each rotational transition were effectively equal to within
5%.

The results of the hyperfine analysis are summarized in
Table 2 (model hfs) and shown in Fig. 3. The correlation
between the kinetic temperature and H, density is tighter
than in the rotational analysis. Kinetic temperatures rang-
ing from 6.5 to 8 K are associated with H, densities from
2.5 to 1.0x10% cm™ respectively. The physical conditions are
therefore consistent with those from the rotational analysis,
although with a smaller dispersion around the median values
(see Table 2). Nevertheless, the derived column density of
HC,4N is larger, at the 1o level, in the hyperfine analysis than
from the rotational one, with a value of (8.0+0.4)x10'3 cm™2.
The parameters show similar correlations with each others in
both analysis, and in particular the HC;N column density
increases with the density, and decreases with the kinetic
temperature.

The excitation temperatures of the best solutions from
the rotational analysis are within 7 to 8 K for all transitions,
while somewhat lower values (5-7 K) are obtained from the
hyperfine analysis.

3.5 Nitrogen isotopic ratio in HC;N

To determine the isotopic ratio, the two isotopologues of
HC4N were analyzed simultaneously, using either the total
rotational fluxes or the hyperfine fluxes. The upper limits
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Table 2. Results from the MCMC runs applied to the HC;N and HC315N fluxes from Table 1. Results for different number of steps

and/or initial conditions are compared.

Runld Walkers  Steps Initial conditions’ Results?

Tkin lognH2 logN  logR Tkin lognH2 logN logR
rot® 24 5000 8.0 5.0 13.1 - 9.60(-191,+310)  5.16(-32,+33)  13.30(-13,+21)
hfs’ 24 1000 8.0 5.0 13.1 - 7.18(-24,4-24) 5.20(-9,+10) 13.90(-2,+2)
w24s5000rot 24 5000 8.0 5.6 13.4 2.3 9.44(-183,4+339)  5.24(-36,4+35)  13.30(-14,4+22) 2.32(-5,+ 7)
w24s5000hfs 24 5000 8.0 5.0 131 22 7.18(-22,425) 5.19(-9,4+9)  13.89(-2,+ 2)  2.60(-2,+ 2)

T N is the total column density of HC,N and R is the HC3N/HC?’15N isotopic ratio.
¥ The median value is given with the 16% and 84 % quantiles indicated within brackets in units of the last digit.

§ Physical conditions derived from the HC,N lines only, using either the rotational (rot) or hyperfine (hyp) intensities and the corre-

sponding collision rate coefficients (see also Fig.3).

on the HC?}SN lines were taken at the 5o level, while the

uncertainties for the 5 HC;N and 2 HC31 N detected lines
were, as before, at least 5% of the integrated intensity. Sev-
eral MCMC runs were performed (not shown), with various
numbers of steps and initial parameters, to check for param-
eter space exploration and for convergence towards a con-
sistent set of physical conditions and column densities. The
hyperfine analysis was conducted in the same way as before,
namely by summing the opacities to compute the flux of the
overlapping hyperfine transitions.

The results of the rotational and hyperfine analysis are
shown in Fig. 4 and summarized in Table 2. The correspond-
ing walkers are shown in Appendix (Fig. A2). Overall, the
parameters show similar correlation patterns as in the previ-
ous analysis. In particular, the physical conditions are con-
sistent with the above HC,N analysis, and the difference be-
tween the HC;N column densities from the rotational and
hyperfine analysis is confirmed. This difference translates
into the isotopic ratios: the rotational and hyperfine analysis
lead to R=216+30 and 400+20 respectively. The correspond-
ing HC§5N column densities differ by a factor two, being 9.6
and 19.5x10'%cm™2 respectively.

To compare the two sets of solutions, we computed the
hyperfine fluxes associated with the most probable parame-
ters from each analysis (Table 2). These predictions are then
compared to the observed fluxes by considering their alge-
bric distance from the observed flux measured in units of
the 1o rms. The results are shown in Fig. 5. The flux of the
strongest HC4N lines are well reproduced, within 3¢, by

both analysis. The fluxes and upper limits of HC31 °N are also
well matched. However, the flux of the two weaker hyperfine
lines of the 8-7 transition are underpredicted by more than
100 by the rotational analysis. Similar discrepancies are also
found for the 10-9 and 11-10 transitions. In comparison the
hyperfine analysis solution is able to reproduce all fluxes to
within +50. This suggests that the hyperfine analysis may
be prefered. The underestimate of the weak hyperfine lines
by the rotational analysis is the origin of the discrepancy
on the column density between the rotational and hyper-
fine analysis: since these weak lines are optically thin, the
rotational analysis also underestimates the column density
of HC,N although the excitation temperatures in the rota-
tional analysis are larger (= 7-8 K) than in the hyperfine
solutions.

Another difference between the two analysis is the cor-

Table 3. Compilation of nitrogen isotopic ratios in cyanopolyynes
and the directly related species CN and HCN.

Source Species R Method?® Reference
TMC1(CP) HC,N 270+57  Direct (1-3)
HC;N 257+£54  Indirect (1-2)
HCyN 323+80  Direct (1)
HC, N 344480  Indirect (1)
L1527 HC,N  338+12  Indirect (4)
L1544 HC,;N 400+20  Direct This work
HCN 140-350  Indirect (5)
CN 500+£75  Indirect (6)
TW Hya CN 323+30  Direct

§ Direct methods measure the X ®N/X 4N abundance ratio; in-
direct methods use double isotopic ratios.

References: (1) Taniguchi & Saito (2017) (2) ? (3) Takano et al.
(1998) (4) Araki et al. (2016) (5) Hily-Blant et al. (2013a) (6)
Hily-Blant et al. (2013b)

relation between N(HC;N) and R obtained in the rotational
fitting but not in the hyperfine analysis. Instead, the isotopic
ratio presents no clear correlation with any other parame-
ter. This difference suggests that handling separately the
hyperfine fluxes adds significant constraints which forces the
system towards higher HC;N column densities and removes
the low values. Finally, we note that the excitation temper-
atures are similar to those obtained in the previous analysis
of HC;N only. In particular, the excitation temperatures are
very close for both isotopologues.

The hyperfine MCMC analysis shows that, despite the
degeneracy among the physical conditions, the HC,N col-
umn density and isotopic ratio are well constrained. The
resulting R isotopic ratio is

R =400 + 20. (1)

4 DISCUSSION
4.1 Nitrogen fractionation in HC;N

When compared to the elemental ratio of 323+30 in the so-
lar neighbourhood (Hily-Blant et al. 2017), the present di-
rect determination of the [HC?)N]/[HC?N] ratio in L1544
shows that HC,N is, at the 1o level, enriched in I5N. Re-
cently, the nitrogen isotopic ratio of HC;N was measured to-
wards the cyanopolyynes peak (CP) in TMC-1 and a value of

MNRAS 000, 1-11 (2017)
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Figure 4. Same as Fig. 3 for the simultaneous analysis of the HC;N and HC315N lines summarized in Table 2. Left: rotational analysis

(w24s5000rot). Right: hyperfine analysis (w24s5000hfs).

257 +54 was obtained (Taniguchi & Saito 2017), not consis-
tent with our present determination. However, we note that
the TMC1-CP measurement relies on the double isotopic
ratio using 13C isotopologues of HC;3N, and assumes a sin-
gle excitation temperature. Nevertheless, the two ratios are
not consistent. Because both cores are located within the so-
lar neighbourhood, the elemental isotopic ratio of nitrogen
should be identical, and different isotopic ratios in L1544
and TMC-1 CP thus indicate different dominant chemical
formation pathways in both cores.

The isotopic ratio in HC4N can also be compared to
ratios derived for the other nitrogen bearing molecules in
L1544, namely CN, HCN and N2H+. In CN and HCN, the
ratios were derived indirectly using the 13C14N/12C15N dou-
ble isotopic ratios, leading to 500+ 75 for CN and within 140
to 360 for HCN (Hily-Blant et al. 2013a,b).

is marginally thus suggest that HC,;N could sample the
same pool of nitrogen atoms as CN, but a different one
HCN and HC3N could share a common nitrogen reservoir.
In N2HJr towards L1544, the ratio is 1000+200, which is also
the largest ratio found in any species towards prestellar cores
(Hily-Blant et al. 2017). The ratios in N,H' and HC,;N are
therefore significantly different, at the 30 level, indicating
that they either sample different pools of nitrogen atoms,
or that so-far unknown fractionation reactions are unevenly
partitioning N and N among these two species.

HC4N  depletion was observed towards the L1498
prestellar core (Tafalla et al. 2006). However, the present
analysis points towards dense and cold physical conditions
which may not be compatible with the depletion scenario. In-
deed, the central density towards 11498 is ~ 10°cm™3, which
is of the order of the density traced by HC,;N as the present
analysis suggests. Therefore, one might expect significant
depletion of HC4N as such densities in L1544 as well. Never-
theless, the dynamical state of L1544 is likely more evolved
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towards collapse than for L1498, as evidenced by the two
orders of magnitude lower central density in L1498. Defini-
tive conclusion require maps of the HC;N emission towards
L1544 and radiative transfer calculations taking into account
the density profile of the source (e.g Daniel et al. 2013).

In turn this indicates that some fractionation process
must be at work in the cold and dense gas of prestellar
cores. Whether HC,N inherits the fractionation from a par-
ent molecule or not can only be elucidated by a analysis
for the formation pathways of HC;N (see below). In the
inheritance scenario, our result would contrast with the lat-
est chemical model predictions Roueff et al. (2015) in which
the dominant nitrogen fractionation routes were found to
have activation barriers hence being inefficient at low kinetic
temperature. However, other chemical models (Terzieva &
Herbst 2000; Charnley & Rodgers 2002; Hily-Blant et al.
2013b) do predict fractionation effects in cold cores.

In the following, we examine into further details the
different formation pathways of HC,N, in the light of the
present ratio and recent measurements using °C and °N
isotopologues.

4.2 Uncertainties

Obtaining reliable and as small as possible uncertainties on
column density ratios is certainly one of the main challenge
in remote isotopic ratio measurements such as the one pre-
sented here.

Although the statistical uncertainties on the observed
HC,N integrated intensities are extremely small (Table 1),
they hardly reflect the total uncertainty which must take
into account the influence of the weather, pointing, focus,
and chopper wheel calibration method. At the IRAM-30m
telescope, the overall calibration uncertainty is generally
taken to be 5% to 10%. Given the fact that all lines in
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Table 4. Model predictions for the most probable solutions from the rotational and hyperfine (fluxes and flux ratios) analysis.

Species  Transition®  Observations’ w24s5000rot* w24s5000hfs
w o W W-W|/o w W-W|/o

HC,N 8-7 37.9 1.9 17.8 -10.6 46.4 4.5

2053.0 102.7 1971.3 -0.8 1982.4 -0.7

50.3 2.7 17.8 -12.1 46.9 -1.3

9-8 15.9 2.2 10.9 -2.3 25.2 4.2

1633.0 81.7 1662.4 0.4 1756.9 1.5

21.2 2.2 10.9 -4.7 25.5 2.0

10-9 16.4 0.8 6.2 -12.5 12.3 -5.0

1404.0  70.2  1295.9 -1.5 1474.3 1.0

16.3 0.8 6.2 -12.4 12.4 4.7

11-10 6.4 0.7 3.2 4.5 5.4 .14

956.2  47.8  915.6 -0.8 1091.6 2.8

10.3 0.8 3.2 -9.0 5.5 -6.2

12-11 626.1  31.3  571.9 -1.7 670.7 1.4

HC;°N 9-8 14.1 2.1 12.4 0.8 14.8 0.4

10-9 9.0 0.7 8.8 -0.3 9.1 0.1

11-10 <7 1.4 5.8 3.7 5.0 3.2

12-11 <5 1.0 3.4 1.0 2.5 0.0

13-12 <22 4.3 1.8 -0.8 1.1 -1.0

§ Hyperfine transitions of HC4N are those of Table Al, starting with the main hf group, followed by the other two hf lines, sorted by

increasing frequency.

T The adopted uncertainties are at least 5% of the flux. Upper limits are at 5¢0~. All integrated intensities are in mK kms™!.

£ W is the predicted flux.

our survey were observed in a consistent way and over a
relatively short period of time, we adopt a lower limit of
5% on the flux. Our conservative approach differs from that
of other authors who use the statistical uncertainties (Araki
et al. 2016). Moreover, in their study, these authors use three
lines obtained with different telescopes (GBT and NRO) to
determine the excitation temperature under the SET ap-
proximation. Strictly speaking, the uncertainty on the de-
rived excitation temperature should be propagated into the
column densities and column density ratios. As such, the
5-10% calibration accuracy would certainly dominate the
final uncertainty on the isotopic ratio. In fact, the excita-
tion temperatures of the three 13C isotopologues are only
consistent at the 20% level (their Table 2). ALEX: est-ce
que tu peux relire leur article, parce que c’est leur
methode est difficile a suivre...?.

Although our conclusions would not be affected by such
a choice, uncertainties are crucially important when the iso-
topic ratios are used to infer the existence of fractionated
reservoirs. We thus adopted a conservative value of 5% for
the calibration uncertainty at 1o

In addition to the flux calibration, the analysis method
also carries its own sources of uncertainties. The single exci-
tation temperature (SET) assumption®, allows to compute
column densities from single lines (Hily-Blant et al. 2013a;
Araki et al. 2016; Taniguchi & Saito 2017). If the uncertainty
associated to the assumed value of the excitation tempera-
ture can be quantified—and is actually generally small when

4 This assumption is usually called the LTE assumption, although
it only states that a single excitation temperature describes the
level population of a given molecule or of a set of molecules. The
SET is thus a weaker, and sufficient, instance of the LTE assump-
tion.

dealing with column density ratios, the uncertainty associ-
ated to the SET assumption itself is much more difficult to
estimate.

4.3 Formation of HC3N

The chemistry of HC;N in dense prestellar cores is still
a matter of debate although it has been studied in great
details especially using carbon isotopic ratios. In partic-
ular, isotopic anomalies were observed for HC;N in the
Taurus Molecular Cloud-1 (TMC-1) starless core towards
the so-called Cyanopolyyne Peak (CP) (Takano et al
1998). The column densities of H BCOCCN, HC 13CCN, and
HCC'3CN follow the ratios 1:0:1.0:1.4, respectively, which
was interpreted as a result of the production pathway of
HC4N rather than isotope exchange reactions. The lat-
ter are unlikely because the zero-point energy differences
between the three carbon isotopologues would not pro-
duce predict H13CCCN/HC IBCCN close to 1. Instead,
HC,N is thought to form primarily from a parent molecule
having two equivalent carbon atoms in order to explain
[H3CCCN]=[HC '3CCN]. Currently, three potential forma-
tion routes are considered, through CN, HCN, and HNC (for
a review, see e.g. Taniguchi et al. 2016).

4.8.1 The HCQNH"' route

In this route, the two equivalent carbons are provided by
C, HT:
2542

C,H} +HCN — HC,NH* + H. (2)

This reaction is known to be rapid at room temperature
with a rate coefficient k3 = 3.78 x 107 em®s™! (Iraqi et al.
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ponents are given for all HC,N lines except the 12-11 transition
for which only the main hf line was detected (see Table 1). The
filled triangles indicate the 50~ upper limits on the HC315N rota-
tional transitions.

1990). This reaction is followed by the dissociative recom-
bination (DR) between HC,NHT and electrons. The rate
coefficient and the branching ratios of this DR process have
not been measured but quantum calculations indicate that
all isomers of HC4N, namely HNC,, HCCNC and HCNCC
can be produced at low temperature. If reaction (2) is a ma-
jor pathway to produce HC4;N, then HC;N and HNC,; are
expected to have similar abundances since both products
result from a direct hydrogen elimination of the parent ion
HCgNH+ (Osamura et al. 1999). The observation of HC;N
and its isomers HCCNC and HNC,, however, indicates that
the three species have very different abundances in the cold
conditions of TMC-1 (Ohishi & Kaifu 1998). Assuming that
HC4N and HNC,; have a similar reactivity, this suggests that
reaction (2) is not a major pathway to HC,N.

4.3.2  The CN route
Here, the two equivalent carbons come from C,H,:
C,H, +CN — HC;N+H (3)

This reaction is also rapid at room temperature with a rate
coefficient k; =2.5x 10719 cm3s™! (Sims et al. 1993). Reac-
tion (3) has even been found to accelerate down to 25 K
(Sims et al. 1993). The current consensus is that HC,N is
mainly produced through the neutral-neutral reaction (3).

MNRAS 000, 1-11 (2017)
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In addition the larger abundance of HCC 3CN relative to
H!3CCCN and HC'3CCN can be easily explained by dif-
ferent ]20/130 ratios in C,H, and CN, since the triple -CN
bond is conserved in reaction (3). This scenario has been re-
cently supported by observations of H¥CCCN, HC 13CCN,
HCC'3CN, and HC4N towards the L1527 protostar, which
were found to follow the ratios 1.00:1.01:1.35:86.4, respec-
tively (Araki et al. 2016). This corresponds to a '2C/13C
ratio of 64 for [HCC]3CN]/[HC3N], in good agreement with
the local ISM elemental '>2C/!3C ratio of 68 (Milam et al.
2005). This in turn seems to indicate that CN is not frac-
tionated in carbon, which would support either early-time
chemistry in typical core condition or late time chemistry in
denser (nyy = 103 cm™) gas (Roueff et al. 2015). On the other
hand, the significantly higher '2C/13C ratios in H3CCCN
and HC'3CCN of ~86 is consistent with 3C depletion in
C,H,, as observed in other carbon-chain molecules (see
Roueff et al. 2015; Araki et al. 2016, and references therein).

4.3.83 The HNC route

In this route, the two equivalent carbons are provided by
C,H:
2

HNC + C,H — HC,;N + H. (4)

This reaction proceeds at a rate &k = XXX
ALEX: REVIEW. In this reaction, the H
atom is removed from HNC, and we thus expect
H'3CCCN/HCBCCN=C'3CH/'3CCH, at odds with
the observations which find C'3CH/'CCH abundance
ratios significantly larger than 1 (Sakai et al. 2010). The
origin of the departure of Cl?’CH/l?’CCH from unity is
likely associated to the neutral-neutral fractionation reac-
tion 13CCH+H — C13CH +H +8.1K. Indeed, at a kinetic
temperature of 15 K, this steady-state abundance ratio due
to this reaction is exp(8.1/15) = 1.7, which is in harmony
with the observed ratio of 1.6+0.1. At the lower temperature
of TMC-1 (CP), where the steady-state ratio would be
2.2, chemical model calculations show that the 1.6+0.4(30)
ratio can be obtained at earlier times, when carbon is still
mostly neutral (Furuya et al. 2011). As a consequence of the
different H'3CCCN/HC'3CCN and C'3CH/!3CCH ratios,
the HNC route was discarded (Taniguchi et al. 2016).

However, most recently, the H'3CCCN/HC™¥CCN
abundance ratio was measured towards two cold prestel-
lar cores, L1521B and L134N, with values of 0.98+0.14 and
1.5+0.2 (1o uncertainties), respectively, suggesting differ-
ent formation pathways for HC;N in these two sources
(Taniguchi et al. 2017). In particular, the ratio in L134N
could indicate that HC4N is primarily formed from C,H,
while C,H, would the main precursor in L1521B. In fact,
the H13CCCN/HC 3 CCN abundance ratio in L134N closely
matches the observed ratio in TMC1 (Sakai et al. 2010).

The competition between the CN and HNC routes
was interpreted as reflecting different CN/HNC abundance
ratios in the two prestellar cores. Observations of the
C!3CH/'CCH in both sources should bring valuable in-
formations.
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4.4 Consequences on the nitrogen isotopic ratio of
HC4;N

Which of the CN or HNC routes dominates has consequences
for the nitrogen isotopic ratio in HC4N which would be in-
herited from CN or HNC.

Araki et al. (2016) also determined a HCCBCN/HC;SN
ratio of 5.26+0.19, resulting in a [HCSN]/[HCéSN] ratio of
338+12. This value is again close to the elemental 4N/PN
ratio in the local ISM (Adande & Ziurys 2012; Hily-Blant
et al. 2017). To our knowledge, however, the '2C/13C and
14N /13N ratios of CN in L1527 are unknown so that a firm
conclusion regarding the link between CN and HC4N cannot
be established in this source.

The present determination of the [HC,;N]/ [HC;SN} ra-
tio in L1544 brings a new piece of the HC4;N puzzle. The
[CN]/[C'ON] ratio in this source was determined by Hily-
Blant et al. (2013b) as 510+70, assuming a [CN]/['*CN] ra-
tio of 68. The “N />N ratio in HC,4N is thus a factor of 2-3
lower than [CN]/[CPN] in 1.1544. This contradicts a pro-
duction of HC4N wia reaction (3) except if the [CN]/[3CN]
ratio in L1544 is much lower than 68°. This possibility
seems unlikely as it would translate in HC;N:H I3CCCN and
HC4;N:HC IBCCN isotopic ratios lower than the elemental
value. Another possibility is that isotope exchange reactions
occur after the formation of HC4N, e.g. through

SN* + HC;N — N* + HCJ N. (5)

To our knowledge, however, this reaction has not been stud-
ied so far. On the other hand, the [HCN]/[HC'>N] ratio in
the central position of L1544 was found to be ~257, again
assuming a value of 68 for the [HCN]/[H'3CN] ratio (Hily-
Blant et al. 2013a). This value is close to the present deter-
mination of the '*N/PN ratio in HC3N which would a priori
favor reaction (2) for the production of HC;N in L1544. The
determination of the '*N/>N ratio in HC,NH" would pro-
vide a crucial test of this scenario. We note that the main
isotopologue HC3NH+ has been observed recently in L1544
(Quénard et al. 2017). The detection of HC;N isomers in
L1544, in particular HNCs3, would be also useful, especially
if the complete branching ratios for the DR of HCSNH""
could be determined in the laboratory.

In summary, from the previous studies and the present
result, both CN and HCN can be the parent molecules of
HC4N through reactions (3) and (2), respectively. More ob-
servations and laboratory works are necessary before we can
possibly exclude one of the two chemical pathways. It will
be particularly important to properly determine the 12C / B3¢
ratio in CN and HCN (in order to avoid the double isotope
method) with the best possible spatial resolution.

ACKNOWLEDGEMENTS

We wish to thank Martin Legrand and Luc Lefort who par-
ticipated into the multiline analysis and the implementa-
tion of the MCMC/Radex code, during their internship in

5 We note that 2C/!3C ratios as low as 20 have been measured,
e.g. in HNC toward the Barnard 1 molecular cloud (Daniel et al.
2013).

our group in May-July 2017. PHB acknowledges the Institut
Universitaire de France for financial support.

References

Adande G. R., Ziurys L. M., 2012, ApJ, 744-758, 194

Altwegg K., et al., 2015, Science, 347

Araki M., Takano S., Sakai N., Yamamoto S., Oyama T., Kuze
N., Tsukiyama K., 2016, ApJ, 833, 291

Bockelée-Morvan D., et al., 2015, Space Sci Rev, 197, 47

Bonal L., Huss G. R., Krot A. N., Nagashima K., Ishii H. A.,
Bradley J. P., 2010, Geochim. Cosmochim. Ac., 74, 6590

Calmonte U., et al., 2016, MNRAS, 462, S253

Carter M., et al., 2012, A&A, 538, A89

Charnley S. B., Rodgers S. D., 2002, ApJL, 569, 1.133

Daniel F., et al., 2013, A&A, 560, A3

Faure A., Lique F., Wiesenfeld L., 2016, MNRAS, 460, 2103

Fiiri E., Marty B., 2015, Nature Geosc., 8, 515

Furuya K., Aikawa Y., Sakai N., Yamamoto S., 2011, ApJ, 731,
38

Gerin M., Marcelino N., Biver N., Roueff E., Coudert L. H.,
Elkeurti M., Lis D. C., Bockelée-Morvan D., 2009, A&A, 498,
L9

Guzmén V. V., Oberg K. 1., Huang J., Loomis R., Qi C., 2017,
AplJ, 836, 30

Heays A. N., Visser R., Gredel R., Ubachs W., Lewis B. R., Gib-
son S. T., van Dishoeck E. F.; 2014, A&A, 562, A61

Hily-Blant P., Walmsley M., Pineau des Foréts G., Flower D.,
2010, A&A, 513, Adl

Hily-Blant P., Bonal L., Faure A., Quirico E., 2013a, Icarus, 223,
582

Hily-Blant P., Pineau des Foréts G., Faure A., Le Gal R.,
Padovani M., 2013b, A&A, 557, A65

Hily-Blant P., Magalhaes V., Kastner J., Faure A., Forveille T.,
Qi C., 2017, A&A, 603, L6

Iraqi M., Petrank A., Peres M., Lifshitz C., 1990, International
Journal of Mass Spectrometry and Ion Processes, 100, 679

Jehin E., Manfroid J., Hutsemékers D., Arpigny C., Zucconi J.-
M., 2009, Earth Moon and Planets, 105, 167

Marty B., Chaussidon M., Wiens R. C., Jurewicz A. J. G., Bur-
nett D. S., 2011, Science, 332, 1533

Marty B., et al., 2017, Science, 356, 1069

Milam S. N., Savage C., Brewster M. A., Ziurys L. M., Wyckoff
S., 2005, ApJ, 634, 1126

Ohishi M., Kaifu N., 1998, Faraday Discussions, 109, 205

Osamura Y., Fukuzawa K., Terzieva R., Herbst E., 1999, ApJ,
519, 697

Quénard D., Vastel C., Ceccarelli C., Hily-Blant P., Lefloch B.,
Bachiller R., 2017, preprint, (arXiv:1706.00647)

Roueff E., Loison J. C., Hickson K. M., 2015, A&A, 576, A99

Rubin M., et al., 2015, Science, 348, 232

Sakai N., Yamamoto S., 2013, Chemical Reviews, 113, 8981

Sakai N., Saruwatari O., Sakai T., Takano S., Yamamoto S., 2010,
A&A, 512, A31

Shinnaka Y., Kawakita H., Jehin E., Decock A., Hutsemékers D.,
Manfroid J., Arai A., 2016, MNRAS, 462, S195

Sims I. R., Queffelec J.-L., Travers D., Rowe B. R., Herbert L. B.,
Karthduser J., Smith I. W. M., 1993, Chemical Physics Let-
ters, 211, 461

Tafalla M., Santiago-Garcia J., Myers P. C., Caselli P., Walmsley
C. M., Crapsi A., 2006, A&A, 455, 577

Takano S., et al., 1998, A&A, 329, 1156

Taniguchi K., Saito M., 2017, preprint, (arXiv:1706.08662)

Taniguchi K., Saito M., Ozeki H., 2016, ApJ, 830, 106

Taniguchi K., Ozeki H., Saito M., 2017, ApJ, 846, 46

Terzieva R., Herbst E., 2000, MNRAS, 317, 563

MNRAS 000, 1-11 (2017)



13.0 T - T T T T T
0 1000 2000 3000 4000 5000
Step number
10 1
o
F o
74
™ 6
T
c
5 |
14.0
=
L 13.5 4
I
=
130 L T T T T T T
0 200 400 600 800 1000

Step number

Figure A1. The 24 walkers along their 5000 and 1000 steps evolu-
tion associated with the rotational and hyperfine analysis (resp.)
of the HC,N lines (see Fig. 3 and Table 2).

Vastel C., Ceccarelli C., Lefloch B., Bachiller R., 2014, ApJL, 795,
L2

Watson W. D., Anicich V. G., Huntress W. T., 1976, ApJL, 205,
L165

van Dishoeck E. F., Bergin E. A., Lis D. C., Lunine J. 1., 2014,
Protostars & Planets VI, pp 835-858

van der Tak F. F. S., Black J. H., Schéier F. L., Jansen D. J., van
Dishoeck E. F., 2007, A&A, 468, 627

APPENDIX A: MCMC CALCULATIONS
A1l Physical conditions

A2 Best model predictions

A3 Hyperfine fitting of HC;N

This paper has been typeset from a TEX/IATEX file prepared by
the author.

MNRAS 000, 1-11 (2017)

Nitrogen isotopic ratio of HC N in L1544 11

221+ T T T T T
0 1000 2000 3000 4000 5000
Step number
10.0
X
7.5 1
5.5 4
o~
I 5.0
4.5
— 14
=
m
Q
I
Z 13 T T T T T T
3
o
2
o
2+ T T T T T
0 1000 2000 3000 4000 5000
Step number
15 1
I
104
5.5 1
o~ 4
T 5.0
C 45
= |
= 13.75
U 13.50 1
.:_E. 13.25 A ]
2 T T T T T T
[=]
S 2.5
c
20 - T T T T T T
0 1000 2000 3000 4000 5000

Step number

Figure A2. Markov chains of the runs used to measure the ni-
trogen isotopic ratio of HC,N. From top to bottom: w24s5000rot,
w24s5000hfs, and w24s5000ratio. For the sake of clarity, the leg-
ends do not specify that the density and column density are on a
log10 scale. Note that the prior probabilities are uniform for each
parameter, within 6 to 15 for the temperature, 10* to 10'2cm™>for
the H, density, and 10" to 10" for the column density of HCyN.
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Table A1l. Theoretical relative intensities of the various hf com-
ponents of each multiplet.

Frequency AZ{ R.I*
MHz s~ %

72782.291100 1.421E-05 0.52
72783.805200  7.881E-04 -
72783.822800  8.952E-04  99.02
72783.833700 1.016E-03 -
72785.542800 1.421E-05 0.46

81879.924900 1.579E-05 0.41
81881.453900 1.128E-03 -
81881.467500 1.263E-03  99.22
81881.476600 1.414E-03 -
81883.174000 1.579E-05 0.37

90977.443100 1.730E-05 0.33
90978.983800 1.548E-03 -
90978.994800 1.713E-03  99.37
90979.002400 1.895E-03 -
90980.690300 1.730E-05 0.30

100074.832100  1.874E-05 0.27
100076.382400  2.052E-03 -
100076.391400  2.249E-03  99.47
100076.398000  2.465E-03 -
100078.077800  1.874E-05 0.25

109172.078500  2.011E-05 0.23
109173.636700  2.644E-03 -
109173.644400  2.875E-03  99.55
109173.650100  3.127E-03 -
109175.323200 2.011E-05 0.21

T Einstein coefficient for spontaneous decay.

I Relative intensities normalized to a sum of one. For the sake
of clarity, one hf transition within each multiplet was omitted for
having a negligible relative intensity.
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