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Abstract

The formation of low mass stars has been modelled in detail for several decades
and in the last 30 years infrared and submillimetre telescopes have observed protostellar
sources and discovered faint, embedded protostars, outflows, jets and discs. The first
hydrostatic core (FHSC), the first stable pressure—supported object to form during the
star formation process, was first predicted in 1969 but has not been definitively observed.
Specific criteria are required to distinguish it from other faint pre— and protostellar objects
observationally. In this thesis, we develop synthetic observations of the early stages of star

formation to help determine how to identify the FHSC in nature.

We present synthetic spectral energy distributions (SEDs) from 3-D radiation hy-
drodynamical simulations of collapsing pre—stellar cores for a variety of initial conditions.
Variations in the initial rotation rate, radius and mass lead to differences in the location
of the SED peak and far-infrared flux. We then attempt to fit the SEDs of 15 candidate
FHSCs with model SEDs. This showed that the SED can provide an insight into the nature

of these sources and enable sources that are probably more evolved to be ruled out.

Next, we produced spectral line observations for CO, HCO™, CS and SO, calculated
from radiation (magneto)hydrodynamical models, chemical modelling and Monte Carlo
radiative transfer. Many common molecules are strongly depleted except for in the inner
few 10s of AU, after the formation of the FHSC. HCO™ (1—0) and SO (87 —7¢) spectra show
variations which may allow a candidate FHSC to be distinguished from a more evolved
object. It may also be possible to detect the rotation of the outflow in CO (4 —3) and (3—2)

lines for nearby (~ 150 pc) sources.

Lastly, we applied the chemical model to a large—scale simulation of cluster forma-
tion. This showed, again, that the abundances of most species are depleted with respect
to abundances in the interstellar medium and are only released into the gas phase in small
scale regions where protostars are forming. This work also highlighted the importance of
considering the initial conditions carefully because the physical history has a substantial

effect on the calculated abundances in the outer, low density regions.
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Chapter 1

Introduction

1.1 Introduction to the thesis

One of the most awesome achievements of modern science is to be able to observe the pro-
cesses associated with the birth of stars and planets. We can now appreciate that we live
in a dynamic universe of turbulent gas clouds, sleek protostellar jets and dusty accretion
discs sculpted by many interacting physical processes. And yet, as vast as the universe
— or even just our Galaxy — is, it is mostly empty space. Molecular clouds are generally
little denser than the best laboratory vacuums here on Earth (Zitzwitz and Neff 1995) and

these must somehow produce stars that are dense enough to fuse hydrogen.

The majority of stars in our galaxy are classed as "low mass", that is they are no more
than a few solar masses. The theory of how these stars form is reasonably well established
and technological advances over the last few decades have enabled us to glimpse very
young protostars inside their natal clouds and to observe protoplanetary discs where new
solar systems are forming. At the same time, developments in computing technology are
continually allowing ever more complex simulations and it has been possible to explore

the roles played by various physical processes in forming stars.

A dual approach of theory and observation is essential in astrophysics. The science
can only be as good as the observations. While models are brought in to explain observed

phenomena, theory must also be verified by observing nature, otherwise it remains no
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more than a hypothesis. In order to verify theory, we first need to develop predictions
and determine what observations are required to test them. This is the sticking point of
an early stage of star formation known as the first hydrostatic core (FHSC). So far it has been
unclear what the distinctive characteristics of this object might be, therefore it has been
very difficult for observers to know what exactly to look for. We aim to develop a better
understanding of the observational characteristics of this early phase of star formation to

assist with the search for the FHSC in nature.

1.2 An overview of star formation

Star formation occurs in molecular clouds, vast cool regions of dusty gas where hydrogen
is primarily in molecular form. Molecular clouds range in size from ~ 0.1 pc to ~ 100 pc
and their density is anywhere between ~ 1072 gecm ™3 (~ 1 atom cm ™) to ~ 107 ¥ gem =3
(~ 10% cm™3) in the densest regions (Ward-Thompson and Whitworth 2011). They are
composed of approximately 70 per cent by mass molecular hydrogen and 28 per cent
helium. All other elements, the "metals", make up the remainder, and dust comprises ~ 1
per cent of the mass. The dust grains are sub-micron in size and are composed of silicates
and carbon. The small fraction of the cloud composed of metals is nevertheless significant.
The density is sufficiently high that simple gas—phase chemical reactions can occur, as can
chemical reactions which take place on the surface of dust grains such as the formation
of Hy and CO. In more diffuse regions of the interstellar medium (ISM), molecules are
destroyed by UV photons via photodissociation reactions but within dense clouds the gas

is well shielded from UV radiation and molecules, often including complex molecules,

survive.

These molecules and the dust grains may only make up a few per cent of the cloud
mass but they provide the dominant mechanisms responsible for the temperature of the
gas. Key cooling processes include thermal emission by dust grains and line emission
from CO molecules. Similarly, molecular clouds are heated by ionisation caused by cosmic
rays and UV photons as well as thermal heating of dust grains by the interstellar radiation
field (ISRF). Starless denser regions are cooler because the optical depth is greater and they

are shielded from the ISRF. In cooler regions the thermal pressure is lower and therefore
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the mass that can be supported against gravitational collapse decreases. The cooler and
denser parts of a cloud may then become unstable to collapse and fragmentation. And so

the process of forming a star begins.

Molecular clouds may fragment and form dense cores if the mass within a region
exceeds the upper limit that can be pressure supported. For a region of uniform density

po to be stable against gravitational collapse its diameter must be greater than the Jeans

T2
A=y | 2% 1.1
J G (1.1)

where vy is the sound speed and G is the gravitational constant. This can also be written

length, Ay (Jeans 1928):

as limit on the maximum mass that can be thermally supported and this is known as the

Jeans mass, My:
2

v
M;y=292—5 (1.2)
G3/2p(1)/2
The sound speed in an ideal gas is
vy = 77ZT, (13)

where v is the adiabatic index, R is the gas constant and 7 is the gas temperature. The
cloud mass that is stable against collapse (Mj) therefore strongly depends upon the tem-
perature and is inversely proportional to the average density of the gas. The outcome
of this is that as an unstable cloud collapses, it may also fragment further as the Jeans
mass decreases with the increasing density. This process is thought to produce the sub-
3

parsec scale cold, dense cores with temperatures ~ 10 K and densities of ~ 1071% g cm™

(~ 3 x 10* cm~3, Ward-Thompson and Whitworth 2011).

It is these dense cores which collapse to form individual (or perhaps binary or mul-
tiple) stars, a process first outlined in detail by Larson (1969), following his 1-D numerical
calculations of a collapsing uniform density sphere. The first stage of this collapse, the
"first collapse”, occurs isothermally and the gas is approximately in free—fall. The density
is < 10713 gcm ™3, therefore the opacity is low and the thermal energy generated by the
collapse can be freely radiated away. The density increases at the centre of the core, rising

3

from ~ 107 gem™3 to ~ 10713 gem ™2 over the course of a few 10 years. The free—fall
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time tg o< 1/,/p which means that the collapse quickens as the density increases and the

density becomes increasingly sharply peaked at the centre of the core.

When the central density exceeds ~ 10713 gcm™3 the gas becomes optically thick
to infrared radiation and the collapse becomes approximately adiabatic. The temperature
and pressure rapidly increase with the increasing density and a small core reaches hy-
drostatic equilibrium in the very centre where the pressure is high enough to stop further
gravitational collapse. This object is known as the first hydrostatic core (FHSC) and has a
mass of =~ 0.01 Mg and is a few AU in radius. Due to the sharp peak in the density distri-
bution, the rest of the dense core outside of this inner adiabatic region is still collapsing
in isothermal free—fall after the FHSC has formed. A shock front forms at the edge of the
FHSC where the infalling gas reaches the stable FHSC.

The FHSC proceeds to grow in mass as it accretes this infalling material. As the
density increases, the pressure and temperature continue to rise. When the temperature
reaches ~ 2000 K molecular hydrogen begins to dissociate. This is an endothermic process,
which causes the adiabatic index to drop and so the pressure support is reduced. The
centre of the FHSC becomes unstable to gravitational collapse once again and undergoes
a "second collapse" until most of the molecular hydrogen has dissociated. The second
collapse is far quicker than the first collapse, lasting just a few years, because the density
is so much higher. The pressure of the now atomic hydrogen gas increases quickly with
the density, giving rise to a stable hydrostatic object, the "second core" or "stellar core".
This object is much more compact than the FHSC, with a radius of ~ 2 Ry and central
density of 1072 gcm ™3 (Larson 1969). The second collapse occurs only in the very centre
of the FHSC where the density is highest. The free—fall time is therefore much shorter in
that central region than in the rest of the former FHSC and in the few years over which
the second collapse takes place, the majority of the FHSC changes little. After stellar core
formation, the remnants of the FHSC are gradually accreted as well as the remainder of
the infalling envelope. Rotation will slow this accretion and lead to the formation of a disc

(Bate 1998; Saigo et al. 2008).

This stellar core is the newly—formed protostar. With a central temperature of

~ 10* K it is far too cool for nuclear fusion to begin and it must undergo much further
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accretion and gravitational contraction in the protostellar phase before it becomes a main
sequence hydrogen-burning star. To start with the protostar is still deeply embedded
within the cloud core which is still too optically thick for the new protostar to be seen
directly but, as it continues accreting and the protostellar outflow clears a cavity, the pro-

tostar will gradually become exposed.

1.3 Observing early star formation

Observing pre— and protostellar sources presents a significant challenge since these are
intrinsically very faint and cool so they do not emit at visible wavelengths. We also need
to relate the theoretically predicted stages to what is observed. In this section I will sum-
marise the key observational methods employed in the detection of protostellar sources

including candidate FHSCs.

Within molecular clouds there are particularly dense regions which are categorised
somewhat unoriginally as "dense cores". These are observed as dark clouds, or "Bok Glob-
ules" (Bok and Reilly 1947), in optical in silhouette due to their high optical depths and
the extinction of background stars or nebulosity. Dense cores can also be observed in sub-
millimetre or radio emission produced by the cold dust and embedded young protostars
are only observable at far-infrared wavelengths. NH3 (ammonia) emission is often used
to trace these high density regions (e.g. Benson and Myers 1989). Many dense cores do
contain infrared sources (e.g. Yun and Clemens 1990), which indicates the presence of
a protostar, but others are "starless". It is possible to estimate the evolutionary stage of
starless cores in further detail by measuring the deuterium fractionation and NoH™ and
N3D* column densities, for example (Crapsi et al. 2005). Starless cores that are thought to
be gravitationally bound are called "pre-stellar cores" and these correspond to the dense
cores which collapse to form a protostar in the theoretical models, although observed star-
less cores have, naturally, more complex morphology. Pre-stellar cores in the Ophiuchus
molecular cloud, for example, are observed to have masses of 0.5 - 10 Mg and to be 2000
- 4000 AU across (Ward-Thompson and Whitworth 2011). Optically thin tracers such as
C!80 (2 — 1) or H¥CO™ (1 — 0) are useful but suffer from significant depletion of the

source chemical species at high densities so species like NH3 and NoH™ tend to be used
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Figure 1.1: Characteristic SEDs of the YSO classes. For class 0 the protostar is obscured by the dense envelope
and the SED is similar to that of a cool blackbody. For classes I - III the SED is a combination of the warm
blackbody emission of the protostar and cool dust emission from the envelope and disc. The contribution of
the dust emission decreases for higher classes, which is assumed to be due to the dispersal of the envelope.
Figure: Persson (2014)

as well for observing pre-stellar cores (di Francesco et al. 2007).

From an observational perspective, the stage after the contracting starless pre-stellar
core is the class 0 young stellar object (YSO, or class 0 protostar). A class 0 YSO is a proto-
star which is embedded in a thick infalling envelope and is usually observed to drive an
outflow. The significant increase in infrared sensitivity that came with the Spitzer Space
Telescope led to detections of faint protostars in what were previously starless cores (e.g.
Young et al. 2004; Kauffmann et al. 2005). These may be classed as Very Low Luminos-
ity Objects (VeLLOs), which are sources with internal luminosity Liy; < 0.1 L, and are
thought be low mass class 0 protostars. Class I protostars are still embedded within an
envelope but the envelope is typically much less massive than for class 0 sources and there
is often a large circumstellar disc through which most of the accretion proceeds. The disc
remains for class II, or T Tauri, protostars after most of the envelope has essentially disap-

peared (White et al. 2007).

Spectral energy distributions (SEDs) are commonly used to distinguish protostars
of different evolutionary stages. The SED is constructed by measuring the brightness of
a source at several different frequencies, a technique known as photometry. A blackbody

spectrum can be fitted to the SED to provide an insight into the characteristic temperature
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of the source. The SED deviates from a blackbody curve when the source has two or more
components at different temperatures. An example of this is a protostar with a dusty
disc. There will be a component of the SED that peaks in the near infrared caused by the
protostar itself and another component from the dust emission from the cooler disc which
peaks in the far infrared. The protostellar and dust contributions to the SED are shown
clearly in Fig. 1.1. Differences in the dust properties can also affect the shape of the SED

and may give an indication of dust grain sizes.

The morphologies of YSO SEDs are used to sort them into classes thought to cor-
respond to evolutionary stages, as originally described by Lada and Wilking (1984) and
Lada (1987) for classes I - III. Class 0 was added later by Andre et al. (1993) following the
discovery of even fainter sources that appeared to be less evolved than class I. The char-
acteristic SEDs of the four classes of protostars are shown in Fig. 1.1 and we now describe
their classification. The characteristic SED of class 0 protostars is featureless and can be
titted with a greybody (modified blackbody) spectrum which peaks at A > 100 pm (An-
dre et al. 1993). The SEDs of class I protostars peak at slightly shorter wavelengths and
most of the emission is still from the dusty envelope but there is an additional "bump" at
shorter wavelengths of emission from the protostar itself. At class II the component of the
SED caused by the protostar is brightest and peaks around 2 pm and there is significant
emission at far infrared wavelengths from the dusty disc and envelope. After this stage
the protostar emission dominates the SED and class III protostars do not have significant

disc emission.

The sequence of YSO observational classes is primarily due to the gradual brighten-
ing of the protostar as it evolves and to the clearing of the envelope. However, this classi-
fication is also affected by the viewing inclination if the protostar has a thick circumstellar
disc. To address this issue, large sets of synthetic protostar SEDs have been constructed
from analytical models with various combinations of protostar, disc and envelope masses
and viewing inclinations which can be fitted to protostar observations to aid identification
(Robitaille et al. 2006; Robitaille et al. 2007; Robitaille 2017). Observationally, the FHSC is
expected to have characteristics between the starless core and class 0 protostar stages and

a very low intrinsic luminosity.
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Figure 1.2: (a) The inverse P Cygni line profile taken to be indicative of infalling motions observed in an opti-
cally thick transition. (b) Schematic of the formation of this line profile. The infalling gas absorbs frequencies
redshifted with respect to the rest frequency. (c) An example of a line profile showing blue asymmetry. The
central dip is due to self-absorption. (d) Schematic showing the origin of blue asymmetry. The infalling

envelope on the observer’s near side is more optically thick at redshifted frequencies. Blueshifted emission
originates from the deeper, warmer region so is brighter than the redshifted emission.

Observing the kinematics of a protostellar source provides additional information
that can help elucidate its nature. To determine whether a dense core is forming a pro-
tostar we can look for evidence of infall. The detection of an "inverse P Cygni" profile is
normally taken as evidence of an infalling envelope. A schematic of the line morphol-
ogy is shown in Fig. 1.2 (a) and its characteristics are a blueshifted emission peak and a
redshifted absorption dip. These features may be observed in optically thick transitions
where the emission from the far side of the envelope is blueshifted as it falls towards the
observer and emission from the near side of the envelope is redshifted as it falls away
from the observer. The nearside infalling gas is seen in front of the warmer central core,
which means it is likely to be seen as absorption against the continuum emission from the
warmer central regions (see Fig. 1.2 (b)). Additionally, because the line is optically thick
it suffers from self-absorption and the observed blueshifted emission originates closer to
the centre where the temperature is higher and the observed redshifted emission origi-
nates further out in the envelope where the temperature is lower. The blueshifted emission

is thus brighter than the redshifted emission resulting in the "blue asymmetry" or "blue
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bulge", as shown in in Figs. 1.2 (c) and (d). For an optically thin line, the line profile would

be symmetrical because absorption effects are far less significant.

Of course, infall is never the only motion within the star—forming cloud core. All
such cores rotate, which also affects the spectral line morphology. A rotating object will
also produce a double—-peaked spectral line when viewed at a nonzero inclination relative
to the rotation axis, because this also gives positive and negative line of sight velocities.
It is useful to map the line properties spatially, for example by constructing a centroid
velocity map, in order to distinguish the different motions (e.g. Adelson and Leung 1988).
The "blue bulge" (Walker et al. 1994; Narayanan et al. 1998; Narayanan and Walker 1998)
is taken to be a reliable signature of infall even for a rotating core. If the motion is purely
rotational, the red— and blueshifted emission will be separated by the rotation axis. In the
case of infall, the blueshifted emission will extend across the rotation axis forming a "blue
bulge". In the first moment map (intensity-weighted mean velocity) a central blue spot
may also indicate infall (Mayen-Gijon et al. 2014; Estalella et al. 2019). Spectral lines are
also subject to thermal broadening of a few hundred ms~! due to the thermal motions
of the gas particles and turbulent broadening of 0.1-0.2 km s ! due to turbulent motions

within the cloud.

Continuum imaging allows us to see the structure of the source, however at the
wavelengths of these sources the angular resolution tends to be low due to the Rayleigh
criterion, which states that the minimum resolvable angular separation, 6, is related to the
wavelength, ), and the aperture, D:

A
0 =1.22 <D> . (1.4)

The aperture required to resolve sources expected to be pre— or protostellar, which are of-
ten fractions of an arcsecond in size, is larger than most existing telescopes so these sources
are usually unresolved. For this reason it is necessary to employ interferometry to gain
an acceptable angular resolution at submillimetre wavelengths. Interferometry involves
combining the signal from an array of individual dishes separated by finite distances or

baselines. An interference pattern is produced due to the small differences in path length
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for each dish. The contrast between interferences fringes or visibilities for a set of baselines
can be reconstructed into an image. The combined signal from each pair of dishes pro-
vides information on the brightness on a particular scale with larger baselines providing
information on smaller scale structures. To ensure the image is reconstructed accurately,
observations should be collected for the full range of baselines up to the largest required
otherwise there will be information missing on some spatial scales. This means single—
dish observations are often combined with the interferometric data to include emission

from scales larger than that recoverable by the smallest baseline the array can offer.

A crucial step forward in observing star formation has been the completion of the
Atacama Large Millimeter/submillimeter Array (ALMA). Astronomers are now exploiting the
unprecedented submillimetre sensitivity and resolution, for example to detect fragmen-
tation in starless cores (e.g. Dunham et al. 2016), to image disc structures (e.g. Dipierro
et al. 2018), to probe the inner regions of outflows (e.g. Lee et al. 2018) and to detect the

chemical differentiation of structures associated with protostars (e.g. Oya et al. 2018).

1.4 The development of the theory of low mass star formation

The calculations of Larson (1969) established the key stages in the collapse of a dense cloud
core and predicted the existence of the first and second hydrostatic cores for the first time.
These were 1-D spherically-symmetric models with simple assumptions for the initial con-
ditions and boundary conditions. The FHSC formed with radius 4 AU and 0.01 Mg and
lasted a few hundred years. The stellar core initially had r ~ 1.3 R, M ~ 1.5 x 1073 Mg,
central density pcen ~ 0.02 gem ™3 and temperature 7' ~ 2000 K. Since the process by
which a protostar is formed was first described, much work has been undertaken to hone
the details of the nature of these objects and how the process might vary under different
conditions. Computer models have been extended to two and three spatial dimensions
and are capable of increasingly high resolution. More physical processes such as radiative
transfer and magnetism can now be included to investigate their effects. The properties
of the FHSC were first determined from (comparatively) simple 1-D calculations. Since
then some of these properties have been shown to vary greatly with the initial conditions

and/or the physics considered. In this section we will review the properties of the FHSC
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and associated structures predicted by theoretical modelling with reference to the relevant

developments in the models.

1-D hydrodynamical calculations are useful for exploring how the collapse varies
under a wide range of initial conditions and for ascertaining the effect of various approxi-
mations. Vaytet et al. (2012) performed 1-D multigroup radiation hydrodynamical calcu-
lations where the frequencies are binned into five and twelve groups. This allowed them
to perform frequency-dependent radiative transfer calculations which could be compared
to the results of grey radiative transfer treatments for the collapse of 1 M, cloud cores. The
overall properties of the FHSC produced were very similar to the grey simulation but the
radius, temperature and mass of the FHSC were slightly lower in the grey simulation. The
authors also compared the FHSC formed from 0.1 M, and 10 Mg, cloud cores and found
no significant differences in the FHSC properties. The FHSC had radius » = 7 AU and
mass 0.02 Mg, .

Bhandare et al. (2018) performed 1-D hydrodynamical simulations to investigate
how the collapse and FHSC formation process varies with initial cloud mass by repeating
calculations for initial masses of 0.1-100 Mg, . Unlike the results of Vaytet et al. (2012), the
FHSC properties did vary with the cloud mass. The radius and mass of the FHSC were
found to increase with initial cloud mass for initial masses up to 8-10 M, , beyond which
point the FHSC mass and radius actually decreased with increasing initial cloud mass.
The lifetime of the FHSC decreased with initial cloud mass. The FHSC lifetime exceeded
100 years only for initial cloud mass < 10 Mg, and for the higher mass clouds (g 20 Mg )
the lifetime was of the order of years and the authors predict that the FHSC stage does
not occur for collapsing higher mass cores because the ram pressure of infalling material

exceeds the thermal pressure.

The first 3-D calculations were performed by Bate (1998) using a barotropic equa-
tion of state. This work exploited the smoothed particle hydrodynamics (SPH) method
and revealed that, if the initial cloud core is rotating moderately quickly, the FHSC takes
the form of a rotationally supported disc. This disc structure may be susceptible to non-
axisymmetric instabilities and develops spiral arms which transport angular momentum

outwards. This eventually allows the second collapse to occur in the very centre. In this
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calculation, the FHSC formed with » ~ 7 AU and 0.01 Mg, .

Saigo et al. (2008) further investigated the effect of rotation rate with 3-D grid—based
calculations, also using a barotropic equation of state. Their work showed that there are
three distinct types of FHSC evolution: spherical-type, disc-type and fragment-type. The
spherical-type evolution occurs for the slowest rotating cloud cores with a rotation rate
given by Qcotg < 0.01, where Q¢ is the initial angular velocity. In these cases, a spherical
FHSC of r ~ 1 AU is produced that lasts a few hundred years. A moderately rotating core
of 0.01 < Qcotg < 0.05 gives rise to a centrifugally supported FHSC of r ~ 10 AU and has
a lifetime of > 1000 years. This is similar to what was seen in the results of Bate (1998). At
the highest rotation rates (Q2cotg > 0.05) the FHSC has a radius 2 15 AU which fragments

into self-gravitating components.

Bate (2010) implemented a realistic equation of state and radiative transfer to per-
form 3-D calculations that followed the collapse to after the formation of the stellar core.
Whereas with a barotropic equation of state the temperature is set by the density of the
gas, here there was substantial heating of the disc by the energy released as the stellar core
formed. Despite not including magnetic fields, this produced a thermally—-driven bipolar
outflow which extended to 50 AU in 50 years and which may assist the formation of the
magnetically-launched outflow. The effect of different initial rotation rates was studied
next (Bate 2011). The evolution of the FHSC was found to be similar to using a barotropic
equation of state but the lifetime was a factor of 1.5 - 3 longer. For example, the lifetime
of the FHSC produced in a core with initial 3 = 0.01, where § is the ratio of rotational
energy to gravitational potential energy, was around 3000 years. The faster rotating cores
formed discs, as seen by Saigo et al. (2008), of up to 100 AU in radius. These developed

spiral arms and, with 5 = 0.09, fragmented.

While increased rotation rate appears to increase the lifetime of the FHSC from a
few hundred to a few thousand years, Tomida et al. (2010a) showed that very low mass
cloud cores of 0.1 M, form FHSCs that last > 10? years. In these cases, the accretion rate
is very low which causes the evolution of the FHSC to proceed more slowly. This result is
consistent with the later results of Bhandare et al. (2018), discussed above, which explored

the effects of a larger range of initial cloud core masses.
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A major step in the development of our understanding of early star formation was
the application of magnetohydrodynamics (MHD) to the problem. Outflows are formed
due to a combination of rotation and magnetic fields therefore at least two spatial dimen-
sions are required to model this effect and it is much more computationally demanding

than earlier simulations.

Axisymmetric MHD calculations were presented by Tomisaka (2002) with a mag-
netic field initially parallel to the rotation axis of the cloud. This showed that a
magnetically-supported pseudo—disc forms, within which the FHSC forms and second
collapse occurs, and a bipolar outflow is launched from the FHSC. In 3-D MHD calcu-
lations, Banerjee and Pudritz (2006) showed that the outflow reaches 600 AU from the
disc during the lifetime of the FHSC and is launched by magnetic pressure. A faster jet
is launched from the second core due to the magnetocentrifugal force. The same effect
was reported by Machida et al. (2008). The FHSC outflow and second core jet have very

distinct velocities of 5 kms™! and 30 kms™! respectively.

The RMHD simulations of Tomida et al. (2010b) implemented MHD alongside real-
istic thermal evolution. As shown for RHD only simulations, the FHSC had a larger radius
and longer lifetime than the pure MHD case with a barotropic equation of state. The out-
flow reached ~ 100 AU and had a temperature of ~ 30 K. Other RMHD simulations also

produced pseudo—-discs and outflows of 100 AU (Commercon et al. 2010)

The implementation of MHD in SPH codes is more difficult than in grid codes. The
tirst (barotropic) SPMHD models of the cloud collapse presented in Price et al. (2012) pro-
duced collimated jets from the FHSC with speeds of up to ~ 7kms~!. Bate et al. (2014) ex-
tended this work by including radiative transfer. The resulting outflows were 1-2.5kms™!
and were broader with decreasing magnetic field. The authors point out that the outflow
rotates and its tangential velocity is similar to the vertical velocity, which has implications

for its observational detection.

Lewis and Bate (2017) experimented with changing the relative inclinations of the
magnetic field and rotation axis and changing the magnetic field strength. Differences in

inclination gave rise to a warped pseudo—disc and outflow velocities were between 2 and
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8 kms~!. A relative inclination between the magnetic field and rotation axis somewhat
disrupted the outflow. With § < 45° between the two, a collimated jet formed as well as
the broad outflow but at higher inclinations just a very weak broad outflow developed.
For the weaker magnetic field, ;1 = 20, no outflow formed. This work illustrates that the

FHSC will not necessarily be accompanied by an outflow.

The MHD models discussed so far are restricted to ideal MHD. In the ideal MHD
limit, matter is essentially fixed to magnetic field lines and the magnetic torques are highly
effective at removing angular momentum from the collapsing core. A problem arose that
in MHD models disc formation was highly suppressed, which is at odds with observations
in which discs are seen to be ubiquitous. This became known as the "magnetic braking
catastrophe” (Allen et al. 2003; Mellon and Li 2008; Hennebelle and Fromang 2008). The
effect is reduced if the magnetic field and rotation axis are misaligned (Hennebelle and
Ciardi 2009) however the formation of symmetrical discs and bipolar outflows, which are
observed in nature, is also affected by the misalignment so misalignment alone does not

solve this problem.

In reality, the gas is not completely tied to magnetic field lines because nonideal pro-
cesses come into play. The molecular gas is weakly ionised and is therefore composed of
both neutral molecules and charged particles (ions and electrons) which may interact via
collisions. The charged particles (the plasma) are tied to the magnetic field lines, which
provide support against gravitational collapse. Ambipolar diffusion arises because the
neutral particles are decoupled from the charged particles. Neutral particles move un-
hindered by the magnetic field resulting in an ion-neutral drift. Ion—electron drift causes
Ohmic resistivity or dissipation, which weakens the magnetic field. Ambipolar diffusion
and Ohmic dissipation work to reduce the magnetic field strength in the centre of the core
which reduces the efficiency of angular momentum transport. The Hall effect, caused by

ion—electron drift, also transports angular momentum but is not dissipative.

Tomida et al. (2013) performed RMHD simulations with Ohmic dissipation and
found that where previously no disc formed, with Ohmic dissipation included a small
disc with » < 0.35 AU formed around the stellar core. When Ohmic dissipation and

ambipolar diffusion are included together a ~ 5 AU rotationally supported disc formed
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before the stellar core (Tomida et al. 2015; Tsukamoto et al. 2015), partially resolving the
magnetic braking catastrophe. With all three nonideal MHD processes, the Hall effect has
been found to suppress or enhance disc formation depending on the relative orientation
of the magnetic field and rotation vector (Wardle and Koenigl 1993). For example, even
in a strong magnetic field, a disc of 13 AU formed when the magnetic field and rotation
vectors were anti—aligned (Wurster et al. 2016) and a two—component outflow is produced.
At lower ionisation rates a slow (~ 4 kms~!) conical outflow forms rather than the faster

(14 kms~1) bipolar outflow (Wurster et al. 2018).

The initial properties of the second (stellar) core predicted by Larson (1969) are:
M =13x10"3Mg,r =13 Ry, T = 2000 K and p = 0.02gcm~3. The calculations of
Vaytet etal. (2013) of 0.1 Mg , 1 M and 10 Mg, cores with frequency-dependent and grey
radiative transfer supported the idea that the properties of the stellar core are universal.
The structure of the stellar core was also found to be unaffected by the initial magnetic

field strength following the 3-D MHD calculations of Bate et al. (2014).

In summary, the mass of the FHSC is expected to be 0.01 Mg initially, but this
increases as it evolves, and its radius may be a few AU or it may take the form of a disc with
radius 10-100 AU depending on the rotation and magnetic field. The lifetime is anywhere
between a few hundred to a few thousand years, depending on the mass of the cloud core,
the rotation rate and magnetic field strength and orientation. The FHSC may drive a slow,

broad outflow of a few kms™~! which is very different to the faster protostellar jets.

1.5 Chemical modelling of star-forming cores

Calculating the chemical reactions that take place as a core evolves is computationally
demanding. To make such studies feasible, the approach usually involves reducing the
number of spatial dimensions, calculating the chemistry by post-processing hydrody-
namical simulations or empirical approximations of the physical conditions. It is possible
to include "live" chemistry within hydrodynamical models but this can only currently be
achieved with a reduced chemical network, which in turn relies on the results obtained

from large network calculations to determine which reactions need to be included. This
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approach is more useful for assessing the effect of feedback from the chemistry rather
than calculating the chemical abundances. Here we review prior work on modelling the
chemical evolution of a collapsing cloud core and during the FHSC stage, focussing on

the calculation of abundances rather than the thermal feedback.

Aikawa et al. (2008) took a 1-D RHD physical model of a collapsing core and calcu-
lated the chemical abundances taking account of gas phase, gas—grain and grain surface
reactions. Initially, most species were depleted in the cold, dense core. CO sublimation
was found to begin a few hundred years before the formation of the FHSC and the sub-
limation radius extended to ~ 100 AU during the FHSC phase. Large organic molecules
formed on the surface of dust grains at 20-40 K and were released into the gas phase. Com-
paring the abundances in an isolated core exposed to the full UV radiation of the ISRF and
an embedded core, the CO5 abundance was enhanced in the isolated core and CHy and

H3CO abundances were higher in the embedded core.

Extending the chemistry calculations to two spatial dimensions allowed van Weeren
et al. (2009) to compare the abundances in the disc and envelope. This model calculated
the chemical abundances at 700 locations from a 2-D model using gas—grain and grain
surface reactions. This showed a region of sublimation in the centre, as seen by Aikawa
et al. (2008), and freeze—out in the disc. In the envelope, the density decreased with time
and so the freeze—out rate decreased which resulted in higher gas phase abundances of
species with low binding energy. Grain surface reactions were found to be important for
CH30H, CO2, H0 and H,CO and CO abundances may be overestimated if these are not

included.

With chemical abundances calculated for tracer particles taken from 3-D RHD mod-
els, Furuya et al. (2012) showed that gas phase abundances in the inner envelope and
outer layers of the FHSC where T' < 500 K are mainly determined by sublimation. Where
T > 500 K abundant molecules such as H2CO are destroyed and simple molecules are re-

formed. Large organic molecules were found to be associated with the FHSC atr < 10 AU.

Modelling only gas—phase and gas-grain reactions and excluding grain surface

greatly simplifies the calculation and is less computationally expensive so van Weeren et
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al. (2009) tested the effects of removing the grain surface reactions to determine whether it
is necessary to include them when modelling the collapse of a pre—stellar core. The abun-
dances of CO, CS, SO, HCN and HNC better matched observations without grain surface
reactions but NoH*, H,CO and CH3OH matched observations well from the model with
grain surface reactions. The abundances of HCO™ calculated with and without grain sur-
face reactions were similar, indicating that HCO™ is not strongly affected by grain surface

chemistry.

Another study of the chemical evolution in 3-D looked specifically at which compo-
nents of the core were traced by different species and used a full gas-grain network. The
results of Hincelin et al. (2016) include that CN, HCO™, NoH' and HyCN trace the enve-
lope and that NH3, NoH* and HCO™ may help distinguish the pseudo-disc and disc. The
abundances were generally higher in the outflows of more highly magnetised cores which

may allow some distinction between models with different magnetic field strengths.

Dzyurkevich et al. (2016) used a reduced network of mainly H-C-O gas—grain chem-
istry to calculate abundances of 56 species at the same time as calculating the dynamical
evolution of the collapse of a dense core, experimenting with different dust grain size
distributions. Thus showed that the chemistry should be calculated dynamically to ob-
tain gas and ice phase abundances of CO, rather than post—processing a single snapshot
because the latter resulted in CO abundances an order or magnitude lower. For mean
grain sizes > 1pum the gas—dust interaction timescales increased which strongly affects

the relative gas and ice phase abundances.

Priestley et al. (2018) developed empirical models of the evolution of the collapse of
a core from various numerical calculations, which enabled them to compare the chemical
evolution in different hydrodynamical models. Overall, models with higher gas densities
led to abundances that were more depleted because the freeze—out rates were higher. The
model that included ambipolar diffusion collapsed more slowly and had higher densities
at larger radii. The CO and HCN abundances were less sharply depleted towards the

centre than for the ideal MHD and non-magnetised models.
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1.6 Observations of candidate first hydrostatic cores

This key stage of star formation is still yet to be observed definitively. The observational
search for the FHSC has, however, produced several “candidate FHSCs”. A low luminos-
ity source (< 0.1 L) is usually designated a candidate FHSC if it is faint or undetected
at wavelengths A < 70 um and no outflow faster than 10 km s~! is observed. Here we
briefly summarise the nature of eight candidate FHSC reported in the literature that will

be discussed further and compared with the theoretical results in this thesis.

1.6.1 B1-bN and B1-bS

B1-bN and B1-bS are two FHSC candidates in the Perseus molecular cloud thought to com-
prise a wide binary system that were first identified via their SEDs (Pezzuto et al. 2012).
Further observations revealed two central compact objects on the scale of 100 AU, signifi-
cant CO depletion and CO outflows of a few km s~! associated with both sources (Hirano
and Liu 2014). Interferometric observations with the IRAM Plateau de Bure interferometer
of methanol showed that the outflows were up to 1300 AU for B1-bN and 3300 AU for B1-
bS and allowed the masses of the sources to be estimated at ~ 0.36M, within 250 AU each
(Hirano and Liu 2014). B1-bN/bS shows evidence of chemical segregation in combined
NOrthern Extended Millimeter Array (NOEMA) and IRAM 30 m telescope observations:
a rotating pseudo—disc was detected in NH>D, the infalling envelope was detected in
CO isotopologues and the outflows were detected in H,CO (formaldehyde) and CH30H

(methanol) (Fuente et al. 2017).

1.6.2 CB17 MMS1

Within the CB17 Bok globule, the source CB17-MMS was discovered (Chen et al. 2012).
This has faint dust continuum emission and was not detected in Spitzer images at A <
70 pm. There is tentative evidence of an outflow of ~ 2.5 km s ™! and this source is thought

to be ~ 0.035 M, and < 0.04 L.
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1.6.3 Per-Bolo 58

Per-Bolo 58 was identified in the Perseus molecular cloud (Hatchell et al. 2005; Enoch et
al. 2006; Enoch et al. 2010; Schnee et al. 2010). Unusually for a FHSC candidate, there is a
detection at 24 pym. Despite this, Enoch et al. (2010) were able to fit model SEDs of FHSCs
to the data. The observed SED was also fitted by a protostar with a high inclination but the
authors qualify this by adding that "if Per-Bolo 58 is a true protostar then it is one of the
lowest luminosity embedded protostars known". Outflows extending for several thou-
sand AU and a with maximum velocity of ~ 7kms™! have been detected in SMA obser-
vations at the source (Dunham et al. 2011). Combined Array for Research in Millimeter—wave
Astronomy (CARMA) observations of NoH™, C80 and others have lead to the conclusion
that Per-Bolo 58 is undergoing a turbulent and magnetised collapse and that it lies close
to larger scale filamentary structures whose accretion flows may contribute to the spectra

(Maureira et al. 2017b).

1.6.4 Chamaeleon-MMS1

Cha-MMS]1, located in the Chamaeleon I cloud (Reipurth et al. 1996), is another well-
studied candidate FHSC !. There are faint detections of Cha-MMSI1 at 24 ym and 70 pm
and it is thought to have formed a compact central object, no older than the very beginning
of the FHSC stage (Belloche et al. 2006). From Atacama Pathfinder Experiment (APEX) and
Mopra Radio Telescope observations Tsitali et al. (2013) find an infall velocity profile that is
consistent with theoretical predictions of the FHSC phase and, like Belloche et al. (2006),
do not detect an outflow although there could be an unresolved compact outflow. Aus-
tralia Telescope Compact Array (ATCA) observations with a resolution of ~ 1000 AU still did
not reveal an outflow, which is surprising considering Cha-MMS1 was also measured to
be rotating much faster than the average for such cores (rotational to gravitational poten-
tial energy ratio of 5 = 0.07 (Véisal4 et al. 2014) compared to the typical value of 8 = 0.02
(Goodman et al. 1993)) and the region has been found to be significantly magnetised (Whit-
tet et al. 1994; Haikala et al. 2005).

1. Cha-MMSI is listed as CHAI-04 in Dunham et al. (2016)
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1.6.5 L1451-mm

A compact object was found in CARMA and SMA CO (2 — 1) observations of the dense
core L1451-mm (Pineda et al. 2011). The CO (2 — 1) emission takes the form of red— and
blueshifted lobes of around 1100 AU in extent. The authors interpret this as an outflow,
albeit "the weakest outflow found so far", but the inclination of the system is not known.
The direction of this outflow is perpendicular to the velocity gradient measured in NH3,
N2H™ and NH;D lines, which is consistent with a rotating central object and outflow.
With a higher resolution of ~ 210 AU, Tobin et al. (2015b) confirmed the detection of the
compact CO outflow. Infall signatures, including an inverse P Cygni profile in HCN (1—-0)
and a double-peaked profile with blue asymmetry in NoH™, were reported by Maureira
et al. (2017a) who also note they find no evidence of a more extended outflow on larger

scales.

1.6.6 Ophiuchus A N6 and SM1

Two sources in the nearby Ophiuchus star forming region have recently been identified
as possible FHSCs: N6 and SMIN (Friesen et al. 2018). A compact continuum source
of ~ 100 AU was detected at N6 in Atacama Large Millimeter/Submillimeter Array (ALMA)
observations with a mass of 0.025 M, estimated from the total continuum flux. The mass
of SM1N was estimated to be 0.03 Mg but the authors were not able to determine its
structure. Both sources appear to have CO (2 — 1) emission of a few km s~! and spanning

a few hundred AU associated with them but there is no clear outflow structure.

1.6.7 PACS Bright Red Sources

Among the sources observed in the Herschel Orion Protostars Survey (HOPS) were a num-
ber or sources that were very faint at 24 pum with the flux ratio 70 pm to 24 pm > 1.65 (Stutz
et al. 2013). These are known as PACS Bright Red Sources (for the PACS instrument on
the Herschel telescope). Of these sources, no outflow was detected in the CO (1 — 0) ob-
servations of Tobin et al. (2016b) for HOPS 398, 401, 402 and 404. These sources could,
however, contain outflows of less than 2 kms~! which is below the sensitivity of the ob-
servations. These sources differ from most Class 0 objects because they were undetected

at wavelengths shorter than 70 pm and had no detectable outflows.
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Visibility amplitude profiles of these sources at 2.9 mm are presented in Tobin et
al. (2015a). HOPS 401, 402 and 404 were found to have flat visibility amplitudes which
were reproduced by models with either an unresolved compact central source or an en-
velope with a very steep density profile. Both scenarios require large amounts of mass
within a few thousand AU and this is consistent with the FHSC structures (discs of less

than few hundred AU within a dense envelope).

1.7 Synthetic observations

The creation of synthetic observations is essential to compare theoretical models with ob-
servations effectively. For example, the measured values of some properties such as the
velocity of the outflow may be different to the absolute values predicted by the model
because emission from the fastest part of the outflow might not be observable. As dis-
cussed above, to identify an FHSC in nature we need to know how to distinguish it from
more evolved but faint, young protostars. There have been various attempts to solve this

problem by simulating observations to predict the observational properties of the FHSC.

Saigo and Tomisaka (2011) produced synthetic SEDs at various stages throughout
the first core phase. Their results show that the SED peak shifts to shorter wavelengths
as the FHSC evolves, from A ~ 200 um early on to A ~ 80 um late in the first core phase.
They plotted their SEDs along with that of a VeLLO and found that the FHSC has a lower

luminosity and is much dimmer at A < 100 pm.

Commercon et al. (2012a) produced synthetic SEDs for the evolution of a rotating
FHSC from a radiation magnetohydrodynamical model. The SED peaks did not change
after FHSC formation and they were not able to distinguish the FHSC from the stellar
core from the SEDs. Like Saigo and Tomisaka (2011), they found the SED peak to be at
A =~ 200 pm early in the FHSC phase. Commergon et al. (2012a) also found that SEDs can-
not be used to distinguish between magnetised and non-magnetised cases but the mid-
to far—infra red flux can distinguish between a starless core and a FHSC. They also suggest
that chemical analysis may be useful for differentiating between the FHSC and stellar core

because at the higher temperatures near the stellar core dust grains have evaporated so
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species such as C and Si enter the gas phase. Commercon et al. (2012b) subsequently cal-
culated synthetic ALMA dust emission maps which showed that ALMA would be able to
resolve a fragmenting FHSC but could not reveal any difference between an FHSC and a
stellar core. The authors also report that there were distinctive morphological differences
between magnetised and non-magnetised models which were observable in the contin-
uum in only ~18min integration time and in bands 3 and 4 (centred on 100 GHz and

144 GHz respectively).

Tomisaka and Tomida (2011) simulated CS line emission before and after FHSC for-
mation using a fixed CS abundance and found the blue asymmetry characteristic of infall,
signatures of a rotating outflow and that the linewidth increases after FHSC formation.
The uniform CS abundance is not realistic because the cold, dense nature of the dense core
in all but the central few tens of AU leads to significant depletion of gas—phase species (see
Chapter 4). The line brightness and morphology is likely to change if depletion is taken

into account.

Harsono et al. (2015) produced synthetic observations for snapshots from the col-
lapse of a molecular cloud with the aim of identifying observables to distinguish a rota-
tionally supported disc from a rotating infalling envelope with a pseudo-disc. They found
that the disc and pseudo—disc can be distinguished in continuum emission albeit with a
spatial resolution of ~14 AU and for systems at low inclination. At high inclination the
disc and pseudo-disc show similar shapes in the continuum images. In contrast to Com-

mercon et al. 2012b, they suggest that features are most easily seen at 450 pm (~660 GHz).

As well as continuum images, Harsono et al. (2015) simulated rotational lines of
CO isotopologues. A depleted CO abundance was used where Tyust < 25K. The disc
displays a velocity gradient in the same direction as the disc structure visible in the con-
tinuum images caused by the rotational motion whereas the pseudo-disc has a velocity
gradient perpendicular to the disc structure, due to infalling gas. At high inclinations,
however, the velocity gradient in the pseudo-disc case changes to be aligned with the disc
structure as the line emissions are affected by the rotational motion of the pseudo-disc
when observed at these angles. Position—velocity (PV) diagrams were constructed in the

direction of the velocity gradients. The PV map is symmetric for infall dominated systems
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but the emission peaks are offset when there is rotation and these showed this rotation
signature even in the case of the pseudo-disc. With regard to CO isotopologues, C'%0
was best for distinguishing the disc and pseudo disc but C7O better showed rotation.
The shape of the C!7O PV maps could also be mistakenly interpreted as rotational mo-
tion when cut perpendicular to the orientation of the pseudo-disc. This indicates that to
identify a rotationally supported disc, spatially and spectrally resolved observations of
both C0O and C'80 lines are required in combination with continuum emission maps to

confirm the orientation of the disc structure.

As early as 2001, Rawlings and Yates (2001) performed hydrodynamical, chemical
and frequency-dependent radiative transfer simulations to model the line profiles of star—
forming cores, focussing on tracers of infall kinematics. They conclude that the models
need to be source-specific because the line profiles are very sensitive to differences in
depletion, for example. The authors recommend the following strategy for interpreting
infall line profiles: the density and temperature profile should be estimated from con-
tinuum observations first, then the infall motions can be semi-empirically determined,
next chemical abundances can be calculated and lastly, radiative transfer modelling can

be performed to predict line profiles.

Lee et al. (2004) also predicted line profiles for an infalling pre—stellar core using
a 1-D model, with no grain surface reactions. They suggest that HCN could distinguish
FHSCs and Class 0 sources because its abundance increases rapidly during the transition
between the two stages. As was discussed in Section 1.5, when calculating abundances
in a star-forming core the chemical evolution that takes place during its collapse should
be taken into account. Nevertheless, Lee et al. (2004) conclude that CO and HCO™ can be

approximated satisfactorily with a simple drop function.

1.8 Objectives and outline

As we have seen, the FHSC is an important stage in the formation of low mass stars. While
the initial properties of the stellar core may not depend on FHSC properties, the properties

of the FHSC determine the properties of the outflow and disc and /or pseudo—disc, which
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may then affect the envelope structure and accretion rates. The outer regions of the FHSC
may form the early protoplanetary disc and this sets the initial physical and chemical

conditions of the disc, which may have implications for planet formation.

There are still not enough constraints on the observational properties of the FHSC
to be able to distinguish it from other faint protostellar sources. We aim to develop fur-
ther predictions for the observational characteristics of the early stages of low mass star

formation to assist the identification of the FHSC in nature for the first time.

We describe the methods and codes used in this thesis in Chapter 2. In Chapter 3 we
calculate a set of SEDs for various FHSC properties and examine the results of fitting these
to the observed SEDs of candidate FHSCs. In Chapter 4 we post-process hydrodynamical
simulations with an open-source chemical solver to perform a pseudo-time-dependent
chemical calculation. The chemical abundances are then used to simulate molecular line
observations. In Chapter 5, we apply the chemical solver to a model of star cluster forma-

tion and in Chapter 6 we provide a summary of the main conclusions.
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Chapter 2

Method

2.1 Introduction

The simulation of observations necessitates the use of several different codes to model
the various physical and chemical processes. We begin with radiation (magneto) hydro-
dynamical modelling of the collapse of a molecular cloud core and the method used to
perform these calculations is presented in Section 2.2. The radiative transfer implemented
in the former method is frequency-independent and so we employ a Monte Carlo radia-
tive transfer technique to simulate the continuum and molecular line emission, which is
detailed in Section 2.3. We quantitatively compare the synthetic spectral energy distri-
butions with observations and describe the method used in Section 2.4. Chemical cal-
culations were performed to obtain abundances from which to model the molecular line

spectra. In Section 2.5 we detail the method for calculating chemical abundances.

2.2 Hydrodynamical modelling

2.21 Smoothed particle hydrodynamics

To perform the hydrodynamical modelling we use sPHNG (Bate et al. 1995; Bate 1995) which
employs the smoothed particle hydrodynamics (SPH) method. The SPH approach in-
volves modelling a fluid as a set of particles without requiring a grid. Particles represent

elements of fluid with equal masses and so there are more particles in regions of higher
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density, which naturally results in higher spatial resolution in regions of higher density.
This property makes SPH an ideal technique for modelling star formation since length
scales vary by up to 10 orders of magnitude and the density varies by up to 20 orders of

magnitude.

The Lagrangian equations of radiation hydrodynamics with gravity are

Dp
S v 2.1
Dr pV v, (2.1)
DY lvp-ve 22)
Dt p c
D (E
p— () =V -F~Vv:P+4rk,pB — ckgpk, (2.3)
Dt \ p
D
pﬁltL = —pV -v —4dnkpB + ckpE, (24)
V2® = 47Gp, (2.5)

where D/Dt = 9/0t+v -V is the convective derivative, p is the density, v is the velocity, p
is the gas pressure, ® is the gravitational potential, x is the opacity, F is the radiative flux
which is discussed in Section 2.2.3, F, is the radiation energy density, P is the radiation
pressure tensor, « is the opacity, B is the Planck function B = (0B /)Ty, ¢ s the speed of

light, u is the specific energy of the gas and G is the gravitational constant.

The values of properties such as density at the position of each particle are found by
interpolating values from neighbouring particles combined with a weighting, or kernel,
function. A quantity known as the smoothing length, i, determines which particles con-
tribute to the evaluation of the function at a given point. The spatial resolution depends
upon the number of SPH particles in a given region, and hence the density. The smoothing

length should then change with the density to ensure that a similar number of neighbour-
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ing particles contribute to calculations in all regions. Since the density also depends upon

the smoothing length the two equations must be solved iteratively, as follows.

The density at a point or particle, a, is calculated through summation of the masses

of neighbouring particles, b, weighted with the kernel function, W:
p(ra) = Zmbw(ra — I'p, ha)a (26)
b

where r, — 1} is the separation between particles a and b. The smoothing length of particle
ais

1
he =17 <m“> " 2.7)
Pa

Here 7 is a dimensionless, constant scaling parameter and n is the number of dimensions.

For our three—-dimensional calculations n = 1.2 and n = 3.

Early SPH codes used a Gaussian kernel, however this has the disadvantage that all
particles contribute to the values at every point, even if with a very small weighting. Spline
functions are normally used since these can be chosen to have a value of zero beyond a
particular radius and have continuous first and second derivatives as required. The kernel

function employed is the cubic spline, or M4 kernel, (Price 2012):
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In order to simulate shocks, artificial viscosity, I1,;, is required to ensure that the
bulk motion is converted to thermal energy after gas passes though a shock front and is

given by Equation 2.9:

_O‘Eab;u‘ab“!‘ﬂ#i .

?b Vab * Tap < 0; hvap - Tab

H(lb = @ Where Hab = 2 9
ro,+n

0 Vab * Tab > 0;

(2.9)

The artificial viscosity is controlled via two parameters, a and 3, and the parameter n?
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is selected to prevent singularities while being small enough to stop the viscous term in
high density regions being smoothed too much (Monaghan 1992). For the cloud collapse
simulations we use the variable artificial viscosity of Morris and Monaghan (1997) where
ay, ranges from 0.1 and 1.0 and 8, = 20, ¢q is the average sound speed at @ and b and

Pap is the average of the two densities.

The hydrodynamical equations are written using derivatives of the kernel, VIW
(Monaghan 1992; Price 2012). For example, the momentum equation for particle a (c.f.
Equation 2.2) with constant smoothing length (ignoring gravity and radiation pressure)

is written as

dVa a
prai —Zmb (i‘; + %2 + Hab) VaWap, (2.10)
b b a

where p is the pressure, determined from the equation of state which is described later.

The equations are integrated for each particle via a second order Runge-Kutta-
Fehlberg integrator (Fehlberg 1969) and the particles are moved accordingly. Individual
timesteps are used and are calculated for each particle for each step (Bate et al. 1995). The
timestep depends upon the sound speed (and hence the density and coordinates), viscos-
ity and force terms (Monaghan 1992). Alternatively, the timestep can be set via a tolerance
on the change in the particle’s velocity, acceleration, internal energy and smoothing length

if this timestep is smaller than the former.

Two different models for radiation hydrodynamics are used in this thesis. First in
2.2.3 we outline the flux-limited diffusion method which is incorporated into spuNG as
described in Whitehouse et al. (2005) and Whitehouse and Bate (2006) and in 2.2.4, the
inclusion of various physical processes of the interstellar medium as presented in Bate

and Keto (2015).

2.2.2 Magnetohydrodynamics

Ideal MHD is incorporated into sPHNG using the formalism of Price and Monaghan (2005).

Magnetism is modelled by evolving the induction equation

5(0)-()-
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where B is the magnetic field, and adding the corresponding magnetic terms to Equation
2.2:
Dv 1 1B BB KF

v (p+->-v¢+c. (2.12)

Divergence cleaning is implemented to ensure V - B = 0 (Tricco and Price 2012) and the

artificial resistivity of Tricco and Price (2013) is used.

2.2.3 Radiation hydrodynamics: Flux limited diffusion

The transfer of energy by radiation is included in the hydrodynamical model by evolving
the radiation energy density (Equation 2.3) and including terms for radiative feedback to
the momentum and energy equations (Equations 2.2 and 2.4). The flux-limited diffusion
(FLD) approximation allows radiative transfer to be calculated efficiently at the same time
as the hydrodynamics. FLD assumes that the radiation field is isotropic and that the flux
is proportional to the gradient of the radiation energy. A “flux-limiter” is implemented to
avoid the problem of the flux tending to infinity in optically thin regions (e.g. Whitehouse
et al. 2005).

In the FLD approximation, the Planck function is integrated over all frequencies so

the flux is written as
C

~ 3KRp

F = VE, (2.13)

with a frequency-independent grey opacity, rr the Rosseland mean opacity and E = aT*.
Here, cis light speed, a = 40p/c, op is the Stefan—-Boltzmann constant and 7. is the radia-
tion temperature. This gives the correct flux in regions that are highly optically thick but
in optically thin regions krp — 0 and the flux becomes unphysically large. Equation 2.13
can be written in the form of a diffusion equation (Levermore and Pomraning 1981) with
a dimensionless function known as the flux limiter which is adjusted to prevent the flux

becoming infinite. The flux becomes

F = -DVE, (2.14)

where the diffusion constant is

D=4 (2.15)
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The flux limiter of Levermore and Pomraning (1981) is used and is given by

2+ R

MR = ————
(R) 6+ 3R+ R?’

(2.16)

where R = |VE|/(krpE).

2.24 Radiation hydrodynamics: ISM heating and cooling processes

Dust and gas temperatures are only well coupled at higher densities (> 105 cm~3) (Burke
and Hollenbach 1983; Goldsmith 2001; Glover and Clark 2012b). The FLD method out-
lined in 2.2.3 works well for the high density ISM where the dominant cooling mechanism
is dust emission and the dust and gas temperatures are well-coupled by collisions. In the
diffuse ISM, however, gas and dust temperatures may differ and other heating and cooling

mechanisms become important.

The second method of radiation hydrodynamics employed here is that of Bate and
Keto (2015), which was specifically designed for modelling the radiation hydrodynamics
of the low density ISM. Extra terms are added to the thermal energy and radiation en-
ergy equations for cosmic ray heating, heating due to the photoelectric effect, dust grain
heating, the thermal interaction of gas and dust via collisions, cooling due to atomic and
molecular line emission and electron recombination emission. Gas, dust and radiation
temperatures are evolved separately and separate dust and gas mean opacities are used.
Dust grains cool more effectively than gas but are also subject to heating by the interstellar

radiation field (ISRF).

In the cold neutral medium, atomic fine structure emission from oxygen and car-
bon are the major coolants. At higher densities (ng > 10® cm—?) cooling by CO emission
becomes more important than by C*. A simple chemical model is used to calculate abun-
dances of C*, C and CO so that fine structure cooling of C* and CO line cooling can be
calculated. The chemical model requires the calculation of the visual extinction of the

ISRF which is found from the column density, as follows. The mean visual extinction is

1

(exp(—Ay)) = yp /exp(—AD)dQ, (2.17)
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where 4, = XQ, (V). ¥ is the column density in gcm=2 and Q,, (V) is the absorption
efficiency, calculated for light with a wavelength of 550 nm. We make use of the calculated

mean visual extinction later in the chemical calculations as well.

The electron abundance is estimated through a simple parameterization for the cal-

culation of electron recombination cooling.

2.2.5 Equation of State
The pressure is determined through the ideal gas equation of state:

T,Rp
p=—
Hg

(2.18)

T, is the gas temperature, R is the gas constant and the mean molecular mass of the gas
pg = 2.38 for the molecular gas. The gas temperature is related to the specific internal
energy, u, and the specific heat capacity, ¢,, via T, = u/c,. The heat capacity of Black
and Bodenheimer (1975) includes the dissociation of molecular hydrogen, the ionisation
of hydrogen and helium and the variation in the mean molecular mass with temperature.

The ionisation fractions of hydrogen and helium are calculated using the Saha equation.

2.3 Frequency-dependent radiative transfer modelling

The emission and transport of radiation must also be modelled in order to investigate
observational properties of objects generated in the hydrodynamical simulations. Firstly,
thermal emission can be simulated to calculate the luminosity and to generate continuum
images and spectral energy distributions (SEDs). Secondly, spectral line emission from
various molecular species can be modelled, taking into account the motion of the emitting
gas and the opacity of the surrounding material at those particular wavelengths. These
calculations are not performed in the SPH code because the radiative transfer method used
there is frequency—independent. Instead we use Torus , a grid-based radiative transfer
code which uses a Monte Carlo method to generate photons in a simulated astrophysical

object and model their transport to an “observer” (Harries 2000).
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2.3.1 Monte Carlo radiative transfer

The transport of radiation is described by the following equations, which must be inte-

grated to the edge of the grid to determine the radiation reaching an observer:

dl,
— =—I,+ Sl/a (219)
dry,

dr, = Kkyds. (2.20)

I, is the specific intensity, 7, is the optical depth for a specific frequency v, &, is the ab-

sorption coefficient, ds is the path length element and the source function,

Sl/ = jIJ/K’V) (221)

is the ratio of the emission coefficient to the absorption coefficient. The Monte Carlo
method involves calculating the probabilities of photon absorption, emission and scatter-
ing events and sampling the radiation with a large number of photon packets and follow-
ing their random walks through the grid. Torus can calculate temperatures via a radiative
equilibrium calculation but this is not necessary here because the gas and dust tempera-
tures are obtained from the SPH models and there are no point sources of radiation (i.e.
stars). A detailed description of the features and operation of Torus is given in Harries

et al. (2019).

The Monte Carlo approach employed by Torus to calculate the transfer of radiation

has the following steps for each photon packet:

1. The grid cell locations for a photon packet of dust continuum emission are found by
sampling the probability density function of dust emissivities and then a random

direction is assigned to the photon packet.

2. The frequency of the photon packet is determined by sampling randomly from the
emission spectrum. For dust continuum emisson, this is the Planck function for the

temperature of the grid cell.

3. The photon packet is propagated for a random optical depth. The distance travelled
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therefore depends on the opacity.

4. A random number is compared with the albedo to determine whether the photon

packet is absorbed or scattered after this distance.

5. If the photon is absorbed, another photon is emitted at that same location with a
new random direction and a frequency obtained from sampling the emissivity at
that location. If the photon is scattered, the frequency remains unchanged and the

new direction is found from a Mie scattering phase matrix.

6. The photon packet is propagated for another random optical depth and so on, until

it leaves the grid.

The observer is placed at some distance outside of the grid. Photon packets arriving
at this observer from a predefined direction are collected to construct an image or other

observation.

2.3.2 SPH particle mapping and the grid

An adaptive mesh refinement (AMR) method is used in Torus so that regions with den-
sities spanning several orders of magnitude can all be adequately modelled. The AMR
grid is created starting with a parent cell. If the mass contained within the cell, range of
densities or range of velocities exceeds some predefined criteria the cell is divided. Each
cell is divided recursively until the criteria are met. Here, SPH simulations are used so it
is necessary to map the quantities stored as SPH particles onto the grid. The method for
this is described in Rundle et al. (2010) and Harries et al. (2019), and tests of the accuracy
of the method were presented in Acreman et al. (2010b) and Acreman et al. (2010a). As
discussed in Section 2.2, SPH particles are assigned a smoothing length, i, which is used
to determine the distance over which the particles contributes to calculations of, for ex-
ample, density and acceleration. When the particles are translated onto a grid, this means
that particles outside a grid cell may contribute to the value of a quantity within it so it
becomes necessary to use a smoothing kernel function to calculate the contribution of each
particle to a point in a grid cell. The smoothing length of this function must be chosen

to include particles within a sufficiently large region while retaining computational effi-
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ciency. This is achieved by searching first of all within a defined maximum / then only
searching for more distant particles when no particles are found within the region defined

by the first value of h.

2.3.3 Dust continuum and SEDs

To calculate dust opacities we need to specify the dust grain properties. The distribution

of grain sizes is set via the ISM power law size distribution function (Mathis et al. 1977)

n(a) < a9, (2.22)

with n(a) the number of particles of size a. Mathis et al. (1977) find ¢ to be in the range
3.3 < ¢ < 3.6 for various substances including graphite and silicates and so we take the
accepted ISM value of ¢ = 3.5. The range of dust grain sizes for the distribution was
@min = 0.001 ym to amax = 1.0 pm, unless otherwise stated. The albedo and scattering
properties are also determined by the grain type, for which we use the silicate grain type

of Draine and Lee (1984).

SEDs are calculated following the method outlined in Section 2.3.1 except that each
time a photon packet is absorbed or scattered the probability of its reaching the observer
is calculated. The flux, weighted by this probability, is added to the observed SED. This
approach is far more efficient than recording only photon packets that are scattered or

emitted in the direction of the observer.

2.3.4 Molecular spectra

For calculating molecular line spectra the molecular abundances must first be known.
There are three ways to set the abundance in Torus. Firstly, the abundance relative to Hs
can be set to a uniform value across the whole grid. Secondly, a "drop model" can be
used to set normal and depleted abundance values which are selected for each grid cell
depending on its temperature and density. This is a simple way to approximate the effect
of freeze—out of species such as CO. Thirdly, chemical abundances can be read in from
the SPH particles if the hydrodynamical model has been post-processed with a chemistry

model as described later in Section 2.5.
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The relative fractional level populations of the species are calculated via a statistical
equilibrium calculation, using the rate coefficients of collision and Einstein coefficients
taken from the LAMDA database of Schaéier et al. (2005). We assume LTE because the
density in the simulated collapsing cloud is higher than the critical density for the species
and transitions considered. Next, the line emissivities and opacities can be found, which
enables Torus to calculate the optical depths through the object for that particular transi-

tion.

The synthetic molecular line observations are produced by ray tracing rather than
the Monte Carlo method used for SEDs and continuum images. The ray trace begins at
the location of the observer and progresses through the grid until the far side is reached.

At each point the intensity I, is updated (Harries et al. 2019):
I = 1, (1 - i) e, (2.23)

where dr, is given by Equation 2.20. The source function is calculated from Equation 2.21
but the emission and absorption coefficients are multiplied by a line profile function ¢,

centred on the rest frequency, 1. The line profile is given by

c Av?
¢, = ————=exp (—) , 2.24
Y vturbyﬂﬁ vt2urb ( )

where v2_, is found calculated from the thermal and non-thermal turbulent components
of the gas velocity and Av is the equivalent velocity needed to Doppler shift v/ to v (Rundle
et al. 2010). The final intensity values in each direction are assembled for each frequency

bin to create a data cube.

2.4 SED photometry and fitting

After producing synthetic SEDs with TORUS as outlined above, we need to compare the
model SEDs quantitatively with those of observed FHSC candidates. It is necessary to
simulate photometry from the model SEDs in order to properly compare them with ob-
servations, which record the flux received in a particular bandpass of finite width. The

sensitivity of the instrument is not constant over the frequency range of the bandpass and
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this must also be accounted for. The method for performing the synthetic photometry

will first be described, followed by the fitting method.

24.1 Simulated Photometry

We calculated the monochromatic fluxes for each instrument by folding the model SEDs
with the instrument response functions! and redistributing the flux over the assumed SED
shape following the method of Robitaille et al. (2007) which we now describe. Information
on the assumed SED for each instrument were taken from Mayne et al. (2012) and the

Spanish Virtual Observatory ( 2019).

For an instrument such as Spitzer IRAC which assumes a flat SED (v F},  constant)

and measures the electron “count” in photon units (e~ photon™'):

[ Fy[model](vy/v)R(v)dv
F,,[quoted] = To/v) 2R (0o . (2.25)

Here F),[model] refers to the raw model flux, R(v) is the spectral response function of the
instrument and v is calculated from the central wavelength of the filter (vy = ¢/)\g). For
other instruments such as Spitzer MIPS which measure the electron “count” in units of

energy (e~ /unit energy) and assume a 10 000 K blackbody spectrum:

[ Fy[model]R(v)dv
F,,[quoted] = T Jw) Rv)dy (2.26)

To implement Equations 2.25 and 2.26 we first need to extract the model values
within the instrument bandpass. Sometimes the nearest model point to the edge of the
band, as defined by the shortest or longest wavelength given in the spectral response func-
tion, is just outside of the band. If only model values within the band were used, we would
not be integrating over the whole band and this leads to differences of ~ 1 per cent in the
quoted flux. To resolve this, we interpolate the model flux values at the edges of the band

to ensure the flux is integrated over the full width of the band. This is achieved by lin-

1. Response functions were taken from the Spanish Virtual Observatory’s Filter Profile Service http://
svo2.cab.inta-csic.es/theory/fps3/(2012;2013), http://www.adamgginsburg.com/filters/bolocam_
passband.txt, http://www.eaobservatory.org/jcmt/instrumentation/continuum/scuba-2/filters/
and https://astro.uni-bonn.de/~bertoldi/projects/mambo/manuals.html.
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ear interpolation of the model values either side of these wavelengths. The value of the
response function at each of the model wavelengths is found by linear interpolation and
the integration is then performed using the trapezoidal rule. The trapezoidal rule is still
valid when used with the unequally spaced wavelength points in the model SEDs, unlike
alternative methods such as Simpson’s Rule. This integration was tested with half the
total number of model points and the difference in the calculated flux was found to be
< 1 per cent for A > 70 ym and < 5 per cent for A = 24 ym. The similarity shows that the
trapezoidal rule is sufficiently accurate for this integration. There is a larger difference at
24 ym because there are fewer data points within the filter bandpass and the model SEDs
are affected by Monte Carlo noise at these shorter wavelengths (because there are fewer
shorter wavelength photon packets). An additional advantage of integrating the flux over
a bandpass is that the Monte Carlo noise that is present at the shorter wavelengths is

averaged out.

This method is used for each model SED, however not all model SEDs have values
for A < 20 um because the fluxes become very small (< 1 x 1076 Jy) at short wavelengths
for some models. For instrument bandpasses for which there is no data in the model SED,
a value of zero is set for the flux. This is only the case for observations at A < 20 pm.
In cases where the model only covers part of an instrument bandpass we perform the
integration over the range of wavelengths available. The missing fluxes are mostly orders
of magnitude smaller and would therefore make only a negligible contribution to the
total flux. Nevertheless, we note which photometry values have been calculated from an

incomplete set of wavelengths.

Results from this photometry procedure were compared with those obtained from
the photometry routine of the SED fitting tool of Mayne et al. (2012). Photometry for nine
instruments was performed for a model SED with both codes and the resulting fluxes
differed by < 3.5 per cent. These percentage differences were all smaller than the typical
observational uncertainties and so we consider this method of synthetic photometry to be

reliable.
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2.4.2 *fitting

Observed SEDs were compared to the complete set of model SEDs following a similar
method to that of Robitaille et al. (2007). We selected the models with the smallest y? -

per-point for the observed SED, where

N 2
1 Foisi — Fiodi
2 obs,i mod,i
= — —_— | . 2.27
X N;_1< - > (2.27)

Fobs,i and Fy0q i are the observed and model fluxes respectively for each wavelength, o is
the uncertainty in the observed flux and NV is the number of observed wavelengths. Where
possible, all observed SED points are included in the x? calculation. In the cases where
there is a detection at a shorter wavelength than available in a given model SED the model
SED is discarded because the model flux would be many orders of magnitude lower than
required to provide a good fit to the observation. This only affects observations at A <

24 pm.

For observations where there are upper limits (U;), models with F,.q; < U; are

assigned a y? contribution of zero. For models with Fioai > U, the x? contribution is
x? = —2log (1 — confidence), (2.28)

where the confidence is found from the stated observational uncertainty (Robitaille et
al. 2007). Where this is not reported we assume a 20 upper limit and hence a confidence
of 0.9545. This treatment of the upper limits is not strictly statistically accurate but a better
method would require more complete data. Non—detections are reported in the literature
as an upper limit with an uncertainty, whereas it would be more helpful in this case to
use the actual measured flux and uncertainty, as argued by Mayne et al. (2012). Literature
reports of upper limits provide no information on where the flux lies between zero and
the detection limit so we cannot make any assumptions and must take the probability dis-
tribution of the “true” flux value to be constant below the quoted upper limit. The upper
limit itself has an associated uncertainty, which means that there is a finite probability
that the “true” flux value may lie above the quoted upper limit. A 50 upper limit is a

“harder” upper limit than a 20 upper limit: the “true” flux is less likely to be greater than
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the quoted upper limit. Equation 2.28 accounts for this by giving a higher x? weighting
to models exceeding the upper limit when the confidence in the upper limit is greater.
However, this still does not distinguish between a model value which exceeds the upper

limit only slightly and a value which is much greater than the upper limit.

The model SEDs must be scaled to allow for differences in the masses and distances
of the sources and so each model SED is multiplied by constant values to minimise its x>.
It is then these final x? values that are compared to determine the best fitting models. The
scaling is discussed in detail in Chapter 3.4.2. We do not consider reddening because this
effectis negligible at the wavelengths of the cold dust emission of pre-stellar cores. Itis also
unnecessary to take into account background emission because this is effectively removed
when the background subtraction is performed as part of the photometry procedure when

processing the observations.

2.5 Chemical modelling

2.5.1 Overview

Chemical abundances were calculated by post—processing the hydrodynamical simula-
tions. In the ISM and pre-stellar cores, the densities and temperatures are very low
which means that reaction timescales are long and equilibrium chemistry is not appli-
cable. Chemical equilibrium is reached when the Gibbs free energy is minimised and
this requires that all forward and back reactions are able to occur, which is only possi-
ble when the temperature is high enough for activation barriers to be overcome (usually
T > 1000 K, Hincelin et al. 2016). Modelling chemical reactions in this regime therefore

requires a chemical kinetics approach.

The kinetics approach involves calculating the rates of all of the chemical reactions.
These equations may be functions of temperature, visual extinction, or cosmic ray ionisa-
tion rate, depending on the type of reaction, and the details of how the rates are calculated
can be found in Section 2.5.2. The reaction rates are multiplied by the abundances of the
reactants to give the rate of change of the chemical abundances. For each chemical species,

the rate of change of abundance is calculated by adding together the rates of production
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and destruction of that species from every reaction in which it is involved. This gives a
set of ordinary differential equations which must be solved for a prescribed timestep to

calculate new abundances.

In this section, we describe the chemical solver used here (Section 2.5.3), the chemi-

cal network (Section 2.5.2) and the implementation of the chemistry from the SPH model.

2.5.2 Chemical network

Different types of chemical reactions become relevant in different environments. For ex-
ample, in regions where there is a high UV flux, such as near a protostar, photodissociation
reactions will be dominant. Therefore, an appropriate chemical network should be found

for the conditions to be modelled.

In this work, the KIDA 2011 network of gas—phase and grain charge transfer reac-
tions is used (Wakelam et al. 2012). This network is designed for calculating ISM chem-
istry and contains reactions for the temperature range 10 - 800 K, although it has only been
tested up to 300 K. The temperature in the hydrodynamical models only exceeds 300 K
within the FHSC itself at < 3 AU at the time of stellar core formation and only exceeds
800 K within 1 AU. These scales are unobservable due to the high densities (see Chapter

3) and so this network is appropriate to use here.

We combine the gas—phase KIDA 2011 network (Wakelam et al. 2012), including
grain charge transfer reactions, with gas—grain reactions from the network of Reboussin
et al. (2014) which was based on that of Garrod et al. (2007). This includes adsorption
reactions and both thermal desorption reactions and desorption induced by cosmic rays.
The KIDA 2011 network was chosen over the 2014 network because it better matches the
observed abundances of a greater number of species that we wished to model (with the
exception of SO) (Wakelam et al. 2015). This gives a gas—grain network of 7009 reactions
and 651 chemical species, where species frozen out onto the grain surface are counted sep-
arately. We neglect grain surface reactions, and therefore also desorption via exothermic
surface reactions, to simplify the calculations and because they are much less significant

for the simpler molecules considered here. The exception is the formation of Hs, for which



42 CHAPTER 2. METHOD

Table 2.1: Formulae for calcualting gas—phase reaction rate coefficients. «, 5 and +y are coefficients taken from
a chemical network. ¢ is the cosmic ray ionisation rate (unit s71), A, (in magnitudes) is the visual extinction
and T (K) is the gas temperature.

Reaction Type Formula ID number
in network

Cosmic ray ionisation k = a( 1

Photodissociation k = ae¥Av 2

Modified Arrhenius  k(T) = o(T/300)%e=/T 3

Ion polar 1 k(T) = aB(0.62 4 0.4767(300/T)%5) 4

Ton polar 2 k(T) = aB(1 + 0.0967(300/T)%5 + 17ox:390) 5

we use the parameterization of the KIDA 2011 network. In Appendix A we compare abun-
dances calculated with the KIDA 2014 network and find no significant differences that

would affect the modelling in this thesis.

2.5.2.1 Reaction equations

The formulae for calculating rates of the gas—phase reactions from the coefficients pro-
vided by the chemical network are summarised in Table 2.1. It is also possible to formu-
late gas—grain and grain surface reactions such that they can be implemented in a similar
manner to the gas—phase reactions (Hasegawa et al. 1992). For this, the adsorbed species
are treated as separate species with their own abundances and we detail the method for

including gas—grain reactions in the following two sections.

Ionisation by cosmic rays and cosmic ray induced far ultra-violet (FUV) photons is
calculated via Equation 1 in Table 2.1. This assumes a cosmic ray ionisation rate of (cr =

1.3 x 10~ 17g7 1L,

Photodissociation reactions occur on the absorption of a photon. The rate is found
using equation 2 in table 2.1. The coefficient « in the network used here is calculated for
the Draine (1978) ISRF. The visual extinction takes into account the attenuation of the ISRF
by dust continuum absorption and is obtained from the SPH output from calculating the

column density to the edge of the cloud.
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2.5.2.2 Adsorption onto grain surface

Adsorption reactions result in the “freeze-out” of species onto the surface of dust grains.

The rate of adsorption of a species onto the grain surface is
ads(1) = oa(v(i))na, (229)

where 04 is the cross—section of the dust grain and nq is the dust grain number density
(e.g. Hasegawa et al. 1992). We assume a grain radius of @ = 0.1 ym and a dust-to-gas

mass ratio of 1:100. (v(i)) is the mean thermal velocity of the species:

| 8ksT
(v(i)) = (e (2.30)

where kg is the Boltzmann constant, T’ is the gas temperature, (%) is the reduced mass of
species i and my, is the proton mass. Here we approximate ;:(i)my, to the molecular mass.
We implement the rate equation with krRoMmE using the formalism of Hasegawa et al. (1992),

multiplying by the species number density at runtime.

2.5.2.3 Thermal desorption

Ices are deposited on the surface of dust grains with a layered onion-like structure. Ther-
mal desorption does not therefore occur at a single temperature because, in addition to
the simple solid phase, molecules such as CO may be adsorbed onto the HO ice sur-
face, trapped in pores in the H>O ice or adsorbed onto other ices Collings et al. (2004)
and Collings and McCoustra (2012). Some desorption may occur as molecular species
with lower desorption temperatures are released into the gas phase (e.g. Mufoz Caro
et al. 2010). "Volcano desorption" occurs as the crystal structure of H,O ice changes and
molecules trapped in pores in the ice are released (Smith et al. 1997). After the desorption
temperature of the pure solid phase molecule has been reached, molecules may remain
bound to H2O ice and are released at a higher temperature when the H,O ice sublimates

(Collings and McCoustra 2012).

For this work, we do not treat grain surface structures or chemistry and so we as-

sume that thermal desorption occurs at a single temperature. The rate of thermal desorp-
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tion of a species (i) from the grain surface back to the gas—phase is given by

Baes(i) = vo(i) exp <E§1§)> , (231)

where Ep (i) is the desorption energy of species i (in Kelvin?) and 7} is the temperature
of the dust grain. The values of desorption energy for an H,O ice grain surface were
taken from the Kinetic Database for Astronomy (KIDA)? (Wakelam et al. 2012; Wakelam

et al. 2015). The characteristic vibration frequency for the adsorbed species ¢ is

wa=wif??, (2.32)

where ng is the surface density of binding sites (we use 1.5 x 10'° cm™2 following Re-

boussin et al. 2014) and m(7) is the mass of species i in grams.

2.5.24 Cosmic ray desorption

The temperature of a dust grain is raised after it is hit by a cosmic ray and this can also
lead to desorption of grain surface species. A cosmic ray is assumed to transfer 0.4 MeV to
a dust grain, which heats the 0.1 ym grain to a peak temperature of 70 K (Leger et al. 1985).
The rate of cosmic ray desorption is given by the desorption rate for a grain temperature
of 70 K scaled by the fraction of time the grain spends at 70 K, f(70 K) (Hasegawa and
Herbst 1993):

kcr(i) = f(70 K)kges(i, 70 K). (2.33)

f(70 K) is found from the ratio of the timescale for the cooling by evaporation of volatiles
to the time between cosmic ray hits causing the heating to 70 K. For a cosmic ray ionisation

rate of ( = 1.3 x 1077571, f(70 K) ~ 107° 5/10% yr ~ 3.16 x 10~ (Reboussin et al. 2014).

2.5.2.5 H, formation

The formation of molecular hydrogen takes place on the surface of dust grains. The ap-

proximation of the KIDA 2011 network is used which considers H, formation to be a two—

2. Strictly speaking this value is Ep /ks
3. http://kida.obs.u-bordeauxl. fr/


http://kida.obs.u-bordeaux1.fr/

2.5. CHEMICAL MODELLING 45

stage process. First, atomic hydrogen is adsorbed with the following rate:

T
ki ace = a4/ i’jﬁH ng. (2.34)

With the grain radius a = 0.1 ym, Equation 2.34 becomes

[T,
ki ace = 7.92 x 1077 ﬁnd. (2.35)

The number density of dust grains, ng, is set from the dust-to—gas ratio and the total gas

density, which is provided in the call to krRome. This avoids any issues caused by the

number density of dust grains in the calculation varying during the iteration.

The second step considers the reaction of hydrogen atoms on the dust grain to pro-
duce H,. The molecular hydrogen is then assumed to be immediately released into the

gas phase. The rate equation for this process is

voexp (—Ey/kpT
k;H2,form: 2 pg\fn(:/ & )7 (236)

where 1 is defined in Equation 2.32 with Ep /kp = 450K, E} is the surface binding energy
and Nj is the number of binding sites per grain. Taking E,/kp = 225 K and Ny = 10°

Equation 2.36 becomes

8.64 x 106
KHy form = T exp (—225.0/Tyqs) - (2.37)

2.5.3 The chemical solver and implementation from SPH models

The chemical calculations were performed using xroME (Grassi et al. 2014), which is a
publicly available code for solving the kinetic equations of non—-equilibrium gas—phase
chemistry and is based on the pLsopEs solver (Hindmarsh 1983). krRoME uses a Python script
to generate the Fortran routines for a given network file that contains the list of reactions
and their rates or equations for calculating the rate. This script produces an equation for
the rate of change of each chemical species using the reaction rate coefficients from the

network and the number densities from the initial abundances or the previous iteration.
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This provides the set of ordinary differential equations to be passed to the solver when

KROME iS run.

These rate equations for first-order reactions such as photo-dissociation for chemi-
cal species i take the form

R; = kin;, (2.38)

and for second—order reactions the reaction rate R;; is

Here, k; and k;; are the rate coefficients, calculated according to the type of reaction as
described in Section 2.5.2.1, and n; and n; are the number densities of species i and j

respectively.

There are a number of types of reaction already provided with xrome but we input
the equations in Section 2.5.2.1 separately as “user” equations to be certain that they are
correct for the network. The KIDA network is formatted differently to that required by
kROME. The main difference is that the KIDA network contains a set of coefficients for each
reaction and a number specifying the formula that should be used for calculating the rate
whereas the krRoME network requires the rates, or the formulae for calculating them. Before
running KROME to generate the Fortran subroutines we must first reformat the network and
pre—calculate the rates as far as possible. krRoME is compiled as a library so that the solver
and other chemistry related functions can be easily be called from a simple 0-D code to

evolve initial abundances or from a code handling SPH files.

Several quantities must be passed to krRoME to evolve the chemical abundances.
Firstly, the initial number density (or mass fraction) of each species. The gas density is
also required if mass fractions are used. The gas temperature, visual extinction and cos-
mic ray ionisation rate must also be set when xromE is called. The UV flux is accounted for

in the rate coefficients given by the chemical network as will be discussion in Section 2.5.2.

In the spuNG output, each particle has a certain density, temperature and visual

extinction among other values so it is straightforward to call kxkoME for each particle. The
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visual extinction, A,, and dust temperature, Ty,s, are set in krRoME for each particle so
that they are available for use in the rate equations. The loop over all particles for calling
the chemical solver was parallelised using orenmp and MPI, for which the particles were

simply distributed over several compute nodes.

We calculate pseudo-time-dependent chemistry as a post—process by running
kroME for all SPH particles in subsequent dump files and using the chemical abundances
calculated for the previous dump as the initial abundances for the next. First initial
abundances are assigned to every particle. These may be elemental abundances or pre—
calculated abundances. Next, the new values of p, Tyas, Tqust and A, are obtained from
the next timestep from the hydrodynamical model and the new chemical abundances are

calculated for the time between current and previous timesteps.

It is not always necessary to calculate the chemical abundances for every hydro-
dynamical timestep when there are only small changes in temperature and density. For
this reason, we can set a minimum chemistry timestep. For the cloud collapse models the

minimum chemistry timestep is set relative to the local free—fall time

1
6t = 5tm, (2.40)

where the free—fall time is defined as

3
tg =4/ . 2.41
ff 32Gp (241)

The chemistry timesteps therefore become shorter as the maximum density increases.

The chemical model fails to converge where p > 10719 gcem™=3.

This value is ex-
ceeded midway through the FHSC phase only within 2-3 AU of the centre, or within 8 AU
near midplane of the disc in the RHD model. To handle this, if the chemistry fails to con-
verge for a particle, the chemistry timestep for that particle is halved. If the chemistry
does converge with this smaller timestep kroMmE is called a second time for that particle

with the same half-timestep such that the chemistry is evolved for the same net timestep.

If the chemistry does not converge with the smaller timestep, the previous abundances
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are retained and the number of times the particle has failed to converge is recorded. If a
particle has failed to converge five times or if p > 1071 g cm ™3 the chemistry calculation
is skipped and the current abundances are retained. All unconverged particles lie inside
the FHSC and, for the RHD model, comprise only 1.7 per cent of the total mass during the
FHSC stage and 2.8 per cent of the total mass after stellar core formation. These values
are very similar for the MHD model. Since we are interested in modelling observational
properties, the chemistry of the centre of the FHSC is inconsequential because the FHSC
is extremely optically thick and submillimetre emission from this region would be repro-

cessed before reaching the observer.
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Chapter 3

Modelling SEDs of candidate first

hydrostatic cores

This chapter, except for Sections 3.4.5 and 3.4.6, form the basis of the paper "What can the
SEDs of first hydrostatic core candidates reveal about their nature?” (Young et al., 2018,
MNRAS, 474, 800-823). The results described in Sections 3.4 and the related paragraphs
of the Discussion (Section 3.5) differ slightly from the paper as we changed the criterion

for selecting model SEDs.

3.1 Introduction

A commonly used method for classifying pre— and protostellar sources is to measure their
SEDs and compare them to model SEDs generated from simple analytical models of the
protostar, disc and envelope. Synthetic observations of the FHSC produced so far have
not provided a clear picture of how to distinguish the FHSC from a starless core or a
very young protostar using just its SED. SEDs can be produced from existing survey data

therefore it would be useful to be able to use this to select targets for further observations.

In this chapter we explore the differences in the SED of FHSCs at various evolution-
ary stages and with different properties with the aim of determining whether the SED can

shed light on the nature of FHSC candidates. As far as we are aware, there have been no
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Figure 3.1: Temperature profiles during the collapse of initially static cores computed using the RHD1 model
with initial temperatures 7K, 10K and 15K, and for the RHD2 model. Snapshots are plotted when the
central density is 1 x 1072 gem ™, 5x 107" gem ™3, 1 x 107? gem™® and 1 x 10~* gem™® in each panel.
The temperature rises significantly only in the central ~ 10 AU and at » > 200 AU the temperature does not

change significantly throughout the FHSC and the second collapse stages. For the RHD2 model, note the
increase in temperature at radii > 800 AU where there is less extinction of the ISRF.

other attempts to fit synthetic SEDs to particular observations of candidate FHSCs. Ro-
bitaille et al. (2007) produced a large set of synthetic protostar SEDs to create a fitting tool
based on a x? fitting method that observers can use to help interpret their observed SEDs.
Here we adopt a similar systematic method to fit the SEDs of five candidates reported in
the literature, five newly identified FHSC candidates in Serpens South and five candidates
recently identified in Orion with model SEDs to test whether the SED can place constraints
on their properties therefore help to better target sources designated as FHSC candidates

for further observation.

3.2 Method

We performed 3-D radiation hydrodynamical (RHD) simulations of the collapse of molec-
ular cloud cores to stellar core formation. These simulations are similar to those of
Bate (2011) and Bate et al. (2014) and were performed for cores of different initial masses,
rotation rates and radii. A few calculations were performed with magnetic fields, mod-

elled with ideal magnetohydrodynamics (MHD). We also investigated the effect of an al-
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ternative method of radiative transfer within the RHD model and of varying the external
radiation field. Snapshots from these models were used as input for frequency—dependent
radiative transfer modelling to produce synthetic SEDs. In the radiative transfer code we

varied the dust grain properties and the viewing inclination.

3.2.1 Hydrodynamical models

Throughout this paper, we refer to the RHD method developed by Whitehouse et al. (2005)
and Whitehouse and Bate (2006) as RHD1 (see Section 2.2.3). This model treats matter and
radiation temperatures separately and performs radiative transfer using the flux-limited
diffusion approximation. In these simulations the initial temperature is uniform and the
boundary temperature is set equal to the initial temperature. As the core collapses and
evolves, the central regions heat faster than the outer regions giving rise to the evolution in
temperature profile shown in Fig. 3.1 for a non-rotating case. The majority of the infalling

envelope remains cold throughout the FHSC phase.

We repeated calculations with the RHD model developed by Bate and Keto (2015)
(hereafter RHD2, see Section 2.2.4) to compare the resulting SEDs from this more physical
model with the simpler RHD1 model. In the RHD2 model, the initial gas and dust tem-
peratures are the equilibrium temperatures calculated from the ISM heating and cooling
processes. Initially, the temperature is lowest at the centre of the core due to extinction
of the ISRF. Fig. 3.1 (lower right) shows the temperature profiles during the subsequent
evolution of the core. As core collapse progresses, the centre heats up and warms the
inner regions but a cold region remains between the internally heated central region and

the outer regions of the core at r 2 800 AU which are heated by the ISRF.

3.2.1.1 Initial conditions

The simulations start with a Bonnor-Ebert sphere for which the critical ratio of central den-
sity to density at the outer boundary is 14.1:1. A Bonnor-Ebert sphere has a density profile
calculated for a self-gravitating fluid sphere in hydrostatic equilibrium and at pressure
equilibrium with the outer boundary, which in this case is the ISM. We use an unstable

density ratio of 15.1. Unless otherwise stated, the initial mass was 1 Mg and the initial
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Table 3.1: A summary of the radiation hydrodynamical models performed. The parameters used in the
hydrodynamical simulations to investigate the effect of changing the initial temperature, incident ISRF, mass,
initial rotation, initial radius and magnetic field strength on the SED are listed in the respective rows. (a)
The incident ISRF is changed by adding an additional boundary of molecular gas, expressed in terms of the
column density of molecular hydrogen. (b) The MHD models employ the radiative transfer treatment of
RHD2.

Parameter Values tested Values of fixed parameters
7K
Temperature 10K RHD1 1 Mo 4700AU B =0
15K
none
1 x 1029 cm~2
2 x 10 cm™?
5 x 10%° cm—2
1% 10?! cm™2
5 x 10* em—2
0.5 My 3700 AU
1My  4700AU
2 Mg 5900 AU RHD2 p=0
5My  8000AU
B=0 RHD1
8 =0.01 (10 K)
B =0.05 &
B =0.09 RHD2
2000 AU
. 6000 AU
Radius 10000 AU RHD2 1 Mg B=0
11400 AU

ISRF? RHD2 1 Mg 4700AU B=0

Mass

Rotation 1 Mgy 4700AU

Magnetic Field” 5_: 250 RHD2 1My 4700AU 8= 0.005
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radius was 7.0 x 10%6 cm (0.023 pc, 4680 AU). These calculations were performed with a

resolution ranging from 2.6 x 105 to 5 x 10% SPH particles.

We modelled the collapse of a molecular cloud core under different initial conditions
to investigate differences in the SEDs. To explore the effects of initial temperature, we
used RHD1 with uniform initial temperatures of 7K, 10 K and 15 K and RHD2 for a non-
rotating 1 My core. We also varied the column density at the boundary in RHD2 to alter

the intensity of the ISRF.

To investigate the effects of mass we modelled the collapse of non-rotating cores
of masses 0.5 My, 1 My, 2 Mg and 5 My, and radii of 5.56 x 10'6cm (3700 AU),
7.0 x 10*® cm (4700 AU), 8.82 x 1016 cm (5900 AU) and 12.0 x 101¢ cm (8000 AU) respec-
tively. The radii were chosen to maintain a constant initial central density of
pmax = 1.38 x 10718 g cm™3. This better reflects conditions in the interstellar medium than
keeping a constant radius, since more massive molecular cloud cores have larger radii (e.g.

Larson 1981). RHD2 was used for these calculations.

To investigate the effects of rotation we modelled the collapse of 1 M, cores with
RHD2 for different initial rotation rates. The initial angular velocity is set through the
ratio of rotational energy to gravitational potential energy = E,ot/ Egrav. Here we used
the values 8 = 0, 0.01, 0.05 and 0.09. These simulations were also repeated with RHD1
with a uniform initial temperature of 10 K for the comparison with observations and this

is described in greater detail in Section 3.4.1.

We also performed collapse simulations of non-rotating 1 M, cores with different
initial radii, but with the same ratio of central density to density at the outer boundary
of 15.1:1, as for the other simulations. Thus, these cores have different mean densities.
The additional initial radii chosen were 3.0 x 10'6 cm (2000 AU), 9.0 x 10'® ¢cm (6000 AU),
11.0 x 10 cm (7400 AU), 15.0 x 10'6 cm (10000 AU) and 17.0 x 10'6 cm (11400 AU). The
central density of the cores then ranged from 1.1 x 10716 gcm™3 for the smallest core to

5.9 x 107 gecm ™3 for the 17.0 x 106 cm core. RHD2 was used for these calculations.

Lastly, we performed radiation magnetohydrodynamical (RMHD) simulations. The

simulations use a similar method to those of Bate et al. (2014), but here we use the radiative
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transfer and ISRF treatment of Bate and Keto (2015). The RMHD simulations had an initial
rotation corresponding to 5 = 0.005 because rotation is necessary for the formation of an
outflow. The initial mass-to-flux ratios used were p = 5 and u = 20, with a total core mass
of 1 My and initial radius of 7.0 x 10'6 cm. These simulations used a resolution of 10°

SPH particles.

A summary of the hydrodynamical models is shown in Table 3.1.

3.2.1.2 Core collapse and FHSC evolution

The evolution of the collapsing core occurs in four stages: first collapse, FHSC phase,
second collapse and stellar core formation. The evolution of the maximum density and

temperature for cases computed using both RHD1 and RHD2 are shown in Fig.

At ~2000 K (central density of ~10~7 g cm~?), molecular hydrogen begins to disso-
ciate and the second collapse begins. The stellar core is formed after second collapse at a

central density of ~1072 g cm ™3 but its temperature and density continue to rise rapidly.

We selected snapshots representing the major phases in FHSC formation and evo-
lution from the RHD simulations for SED modelling. These are defined by the maximum
density, as shown in Fig. 3.3, and give six snapshots (a to f): before FHSC formation; early-,
mid- and late-FHSC phase; and two during second collapse. For some figures, we also
3

show the snapshot just after the formation of the second (stellar) core at pax =1072 gcm™

(snapshot g).

3.2.2 Modelling SEDs

Synthetic SEDs were created from the RHD models using Torus for snapshots of the entire
molecular core, including the FHSC and infalling envelope. We altered the dust grain size,
dust grain type and inclination of the core relative to the observer to investigate the effects
on the SEDs. The range of dust grain sizes used for calculating the grain size distribution
with Equation 2.22 was amyin = 0.001 pm to amax = 1.0 pm. We then altered the maximum
(@max) in the range 0.5 pm to 1000 pm in separate simulations. SEDs were simulated for

two different grain types: the silicate grain of Draine and Lee (1984) and the amorphous
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Figure 3.2: Evolution of the maximum temperature and density of the core for RHD1 models with uniform
initial temperatures of 7 K and 10 K, and for the RHD2 model. For the RHD2 models, prior to the formation of
the first core, the gas temperature is highest in the outer regions due to heating from the ISRF so we plot both
the evolution of the maximum temperature, RHD2, and the temperature at the centre of the core, RHD2(cen).
The core collapse proceeds fastest under the RHD2 model and an increase in initial temperature slows the
collapse due to the additional thermal pressure. In each case, the FHSC forms and collapses at similar values
of maximum density.
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Figure 3.3: Evolution of the maximum density of a collapsing 1 M core with initial rotation 5 = 0.09 from
the RHD2 model. The values of the maximum density used to select each snapshot for simulating SEDs are

indicated in g cm 3. Snapshot (a) occurs just before FHSC formation and snapshot (d) is taken just before the
onset of second collapse.
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Figure 3.4: Synthetic images of the non-rotating FHSC from RHD2 at four commonly observed wavelengths.
The images are each 1.1" across which corresponds to 286 AU at 260 pc. The 70 pm flux is emitted only in the
warm central regions. The 450 ym and 850 pm images are dominated by emission from close to the FHSC,
since the lower opacity allows radiation from deeper inside the core to escape, but there is also a significant
contribution from emission from the cold envelope. The 70 ym and 160 pm images are affected by Monte
Carlo noise because the emission from the envelope is very low.

carbon grain type of Zubko et al. (1996).

For all model SEDs, a distance of 260 pc was used because this was the best estimate
of the distance to the Serpens South molecular cloud (Straizys et al. 2003), the region in
which the new candidate FHSCs are located, at the time of simulating the SEDs. Rescaling

for a different distance is straightforward and we exploit this when fitting to observations.

3.3 Results I: SED variation with core properties

In this section we describe the effects of various initial conditions and parameters on the
evolution of the SED. These simulations were performed with no rotation, no magnetic
field, a total core mass of 1 M, and an initial radius of 7 x 1016 cm (4700 AU) using the
RHD2 model unless otherwise stated. The SEDs were produced for a distance of 260 pc
and an inclination of 0°, with silicate type dust grains following the size distribution of
q = 3.5 between apin = 0.001 ym and amax = 1.0 pm unless otherwise stated. SEDs are
plotted with a flux scale cut off approximately an order of magnitude below the typical

observational sensitivity of Spitzer at 24 ym.

3.3.1 Interpreting the SED

As is the case for many astrophysical objects, flux from a dense core is not emitted from a
single “photosphere” at all wavelengths. It is useful to estimate where most of the flux at
the observed wavelengths is emitted in order to understand the results in the following

sections. The opacity depends upon the density and temperature of the dust, as well as
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Figure 3.5: Radial average intensity profiles for the images of a non-rotating FHSC from RHD2 shown in
Fig. 3.4 at four commonly observed wavelengths. The flux intensity profiles are normalised to the intensity
in the centre of the FHSC image at each wavelength. The flux peaks more sharply at longer wavelengths
because more of the observed flux was emitted from deeper within the core. There is also more emission
from the cold envelope at the longer wavelengths.
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Figure 3.6: Synthetic images of the rotating FHSC from RHD1 with initial temperature of 10 K and initial
rotation corresponding to 3 = 0.05 at four wavelengths with ¢ = 0° (face on) images above and i = 90° images
below. The images are each 1.1 across which corresponds to 286 AU at 260 pc and logarithmic scaling was
used. Longer wavelengths allow us to see deeper into the core and distinguish smaller scale structures. At
i = 90° the observed 70 pm flux is emitted in the optically thin regions above and below the disc and the disc
itself appears dark. The 70 ym and 160 pm images have a poorer resolution because most of the emission is
coming from > 20 AU from the centre where the AMR grid resolution is coarser.
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the dust properties such as grain size and composition and the wavelength of the incident
radiation. The density and temperature vary by several orders of magnitude and silicate
dust grains sublimate at ~1500 K, causing the opacity to vary significantly as a function

of radius and time.

The observed flux will be dominated by radiation from the smallest radii it can
“escape” from, i.e. the photosphere. Masunaga et al. (1998) and Omukai (2007) discuss the
locations of the photospheres in a pre-stellar core at different wavelengths in detail based
on optical depth calculations. We produced synthetic images at the commonly observed
wavelengths of 70 pm, 160 pm, 450 pm and 850 pm from a calculation of a non-rotating,
and hence spherically-symmetric, early FHSC using RHD2. These objects are very faint
at 24 pm so we did not produce images for that wavelength. The images shown in Fig. 3.4
show which structures are observed at each wavelength and, hence, which parts of the
object contribute to the SED at each wavelength. We see in Figs. 3.4 and 3.5 that the 70 pm
flux is emitted in the central regions of the core but the flux does not peak as sharply at
the centre as for longer wavelengths. The opacity is higher at 70 ym and flux emitted from
the very centre is obscured. Consequently, the FHSC is not directly visible at wavelengths
shorter than ~800 pm since it lies beneath the effective photospheres. The total flux at
850 pm is dominated by emission from the cold envelope but, since the opacity is low, the
smaller structures in the warmer regions are distinguishable and the non-rotating source
in Fig. 3.4 appears more compact. In reality, rotational structures are ubiquitous so we also
present synthetic images of an FHSC from the model with initial rotation 5 = 0.05 using
RHDI1 and a uniform initial temperature of 10K in Fig. 3.6. This calculation produces a
rotationally unstable FHSC which goes bar-unstable and develops trailing spiral arms (c.f.
Bate 1998). With rotation, the optical depth is reduced along the axial direction ( = 0°),
which means that the observed flux is emitted from closer to the FHSC boundary than
for the non-rotating core and we can see the central spiral morphology. At = 90° the hot
central core is completely obscured at 70 pm and the observed flux at this wavelength is
emitted in the lower density regions above and below the disc. Atlonger wavelengths the

opacity decreases and a more compact structure is observed.

In summary, for all observed wavelengths the total flux is dominated by the regions
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Figure 3.7: SED evolution for the collapse of cores of initial temperatures 7K, 10 K and 15 K and for the RHD2
model (initial temperatures determined from exposure to the ISRF) with an additional boundary column
density of 5 x 10%' em™2, 5 x 10*° cm ™2, and an unattenuated ISRF. SEDs are from snapshots where the
central density is 1.4 x 10~ *® g cm ™3 (the initial conditions, blue dotted lines), 1 x 1072 gcm ™2 (blue dashed
lines), 5 x 10~ g cm ™2 (solid black lines), 1 x 10~° g cm 2 (dashed black lines), 1 x 10~% g cm 3 (red dotted
lines)and 1 x 1072 g cm™? (red dashed lines). The SEDs show less evolution for a warmer initial temperature
because the initial SED is already brighter. Similarly, the RHD2 SEDs show less evolution with increased
exposure to the ISRE.

surrounding the FHSC. It is therefore the temperature structure of this warm region out-
side the FHSC and the wider envelope that affects the shape of the SED which means that
temperature differences within the FHSC are to a large extent irrelevant. This is what
we consider in the following sections when comparing differences between SEDs of cores

formed under different initial conditions.

3.3.2 Initial core temperature and external radiation

The temperature structure of the core changes as the object evolves and this directly affects
the flux at each wavelength reaching an observer. We investigate the SED evolution first
with cloud cores of uniform initial temperatures of 7K, 10K and 15K using the RHD1
model and secondly, with a cloud core subjected to an interstellar radiation field (ISRF).

We also compared the SED evolution of cores exposed to different ISRF intensities.

Fig. 3.7 shows the evolution of the SED as core collapse progresses from first collapse
(Pmax =10712gcm™3), through the FHSC stage, to second collapse (pmax =107 gcm™?)
with the RHD1 model for the three values of initial temperature, as well as for the RHD2

model. For a higher initial temperature the SED is brighter and peaks at a shorter wave-
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Figure 3.8: Radial dust temperature profiles for the initial conditions (dashed lines) and at pmax =
1072 gem™? (dotted lines) for non-rotating pre-stellar cores with an additional boundary density, defined
by the column number density of molecular hydrogen (shown in legend, cm™?), to reduce the incident ISRF.
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Figure 3.9: SEDs for the initial conditions (top) and at pmax = 1072 g cm™* for non-rotating protostellar cores
with different column densities at the boundary to reduce the ISRF, defined by the column number density
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length early on in the collapse. As the core evolves and the FHSC forms the SED peak
shifts to shorter wavelengths (Fig. 3.7, top row). For the cores with higher initial temper-
atures, there is less variation in the SED as the object evolves and we see that for an initial
temperature of 15 K (Fig. 3.7, lower left panel) the SEDs are identical throughout, even to
second collapse. This result indicates that, for warmer pre-stellar molecular cloud cores,

no information can be gained from the SED as to its evolutionary state.

The differences in SED evolution between the cores with different initial temper-
atures suggests there must be differences in their radial temperature profiles. From the
radial temperature profiles shown in Fig. 3.1 we can see that the FHSC has not heated gas
beyond a radius of about 300 AU above its initial temperature in the 7 K case which means
that the envelope remains colder than that of the 15K core even to the second collapse
phase when the central temperature quickly rises by several thousand Kelvin. The higher
temperature of the envelope in the 15 K case leads to increased emission from larger radii
and the photospheres will then be at a larger radii, where there is less heating from the
FHSC. This effect is stronger at shorter wavelengths since the low density gas is still opti-
cally thin for A > 700 ym. For a higher initial temperature, the regions probed by shorter
wavelengths will therefore have a smaller temperature variation as the core evolves. Be-
cause of this and because much of the material is initially hotter, the SED displays less

evolution.

There is also a difference in the shape of the FHSC SED for different initial temper-
atures. The SEDs of the warmer cores are closer to a single—temperature blackbody curve
whereas the SEDs of the 7K case become steeper at shorter wavelengths and flatter to
longer wavelengths as the core evolves. Omukai (2007) also report SEDs of this shape and
explain that it is due to the interplay of increasing optical depth with decreasing wave-
length and decreasing temperature at larger radii. The photospheres of the cooler cores
are nearer the FHSC where there is a steeper temperature gradient (see Fig. 3.1). The pho-
tospheres for different wavelengths will be at a spread of radii in all cases but when the
envelope is cooler the set of observed wavelengths samples the region nearer the centre
and so will sample a broader range of temperatures. The larger the differences in tem-

peratures sampled by each wavelength, the less the SED will resemble that of a single
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Figure 3.10: (a) SEDs for collapsing pre-stellar cores of different initial masses for snapshots when
pmax = 10 x 1072 gem™3. (b) SEDs of different mass FHSCs scaled to fit the 5 M FHSC by minimising
x? for points A > 700 pm. Higher mass cores are more luminous, as expected, but darker at 70 ym compared
to 160 pm.

temperature blackbody. We therefore expect the SEDs of colder cores to show the most
evolution because the temperature contrast is greater and this contrast increases as the

FHSC develops.

A uniform initial temperature is unrealistic (see e.g. Ward-Thompson et al. 2002;
Nielbock et al. 2012; Roy et al. 2014); therefore we now consider a core exposed to the

ISRF and use its equilibrium temperature profile as the initial temperature conditions.

The SED evolution with the RHD2 model is presented in Fig. 3.7 (bottom row).
The RHD2 SEDs display a smaller increase in flux at shorter wavelengths as the core
evolves than the RHD1 SEDs. The RHD2 SED of the early FHSC stage peaks at a shorter

wavelength compared to those of the 7K and 10 K RHD1 cores due to the heating of
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Figure 3.11: Radial profiles of the dust temperature and density for cores of different masses during the FHSC
phase when prmax =10 x 107° gcm 3. The FHSC extends to similar radii in all cases, as shown by the change
in the slope of the density profile at ~ 1 x 10** cm.

dust by the ISRF at r > 2700 AU to more than 10K, as shown in Fig. 3.1 (lower right).
This region contains around a third of the total mass, which means that the ISRF heats a
greater proportion of the core than the FHSC does during its lifetime. The FHSC heating
only makes a significant difference to the SED later on when the region surrounding the
FHSC (20 < r < 30 AU) is heated to > 20K. The SED is dominated by flux from the
ISRF-heated region through to second collapse phase so we do not see the strong pro-
gression to shorter wavelengths as the core evolves that was the case for the cold RHD1
SEDs, as well as for the SEDs of Saigo and Tomisaka (2011), Commercon et al. (2012a) and
Young and Evans (2005). There is an increase in flux at 70 ym and 160 pm, while the flux
at longer wavelengths remains nearly constant and this could be useful for estimating the
evolutionary stage of a source, even though the SEDs of the FHSC phase do not appear to

be clearly distinct from those of the first and second collapse stages.

In the RHD1 models, gas and dust are assumed to have the same temperature, but
using RHD2 the gas and dust temperatures may differ substantially. Dust emission is

the main source of continuum emission and so the dust temperatures calculated in the
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RHD2 model are used to produce the SEDs. The dust and gas temperatures only diverge
significantly in the low density region at the edge of the core where they are not well
coupled. We find there is, however, a significant difference in the SEDs if we use the gas
temperature rather than the dust temperature because of this difference in the outer parts
of the core. For detailed SED modelling it is therefore important to model the outer dust
temperatures well. Given the differences in SED evolution between the RHD1 and RHD2
models, it appears beneficial to model the core collapse with the more physical radiative

transfer method.

The ISRF incident on the protostellar core was varied by adding an additional col-
umn density of molecular material (gas and dust) at the boundary. This additional density
is not included in the SED calculations so its only effect is to reduce the external radiation
incident on the cloud core. In an observational study of dense cores, Kim et al. (2016)
report that there is a temperature increase of 3-6 K between the central and outer regions
of the core with the central temperature being 7-8 K. The temperature profiles in Fig. 3.8

show that the initial conditions of all of the RHD2 models fall within these ranges.

The SED evolution with RHD2 with boundary column density values of
5 x 10 em~2 and 5 x 10*! ecm~? of molecular hydrogen is shown in Fig. 3.7 (bottom row).
For the initial conditions (¢ = 0), Amax shifts to longer wavelengths for increased boundary
density, as shown by Fig. 3.9, because heating from the ISRF is attenuated leading to lower
dust temperatures in the outer regions of the core (see Fig. 3.8). However, once collapse
begins, the increasingly dense central core becomes the dominant heat source and so there
is much less of a difference between the SEDs of FHSCs from models with different values
of the boundary column density after FHSC formation. We do also see greater evolution
of the SED with a reduced ISRF because the infrared flux is less dominated by emission

from the outer regions and is more sensitive to internal temperature changes.

In all cases except for the core with a uniform initial temperature of 15 K, the SED
peak shifts to shorter wavelengths and the total flux increases as the temperature increases
in the central core. The SED begins to deviate from that of a blackbody because the enve-
lope remains cold as the centre heats up. This change in the SED shape may allow more

evolved cores to be distinguished from starless cores. However, protostellar cores with
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initial temperatures of 2 15 K or exposed to a strong ISRF are not expected to show much
evolution so it is unlikely much information about the central object can be obtained from
the SED. In this section we have studied only spherically-symmetric cases. These conclu-
sions do not necessarily hold for rotating protostellar cores and we explore those cases

further in Section 3.3.4.

3.3.3 Mass

The total luminosity of a dense core should be greater for a larger core mass but the fluxes
at different wavelengths will not necessarily scale equally. We therefore simulated the
collapseof 0.5 My ,1 M ,2 Mg and 5 My cores to investigate the variation in SED shape
with mass and to determine how to scale model SEDs to observations. The initial radii
were increased along with the mass so as to retain a constant initial central density of
Pmax = 1.38 X 10718 gcm 3. The initial radii ranged from 3700 AU for 0.5 Mg, to 8000 AU

for 5 Mg, . These simulations were performed with the RHD2 model.

The SEDs of cores of different masses in Fig. 3.10 (a) show that increasing the total
mass of the protostellar core results in an overall increase in flux, as expected, because

there is more radiating material.

To compare the differences in SEDs further we scaled the SEDs of cores of different
masses to the SED of the 5 M, core (Fig. 3.10, b). Flux at wavelengths A > 700 ym depends
upon the mass, temperature and dust emissivity of the source. Here, the dust properties
are the same for each case and the temperatures are very similar, which means the effects
of these factors on the flux at A > 700 ym are negligible and we can consider the flux here
as being proportional only to the mass. To implement the scaling, we therefore multi-
plied each SED by a scale factor which was increased until the x? value for wavelengths

A > 700 pm was minimised.

When the SEDs are scaled in this way it is apparent that the lower mass cores are
brighter at wavelengths A < 200 pm compared to longer wavelengths, an effect also found
by Tomida et al. (2010a). We see from the density profile in Fig. 3.11 that in each case the

FHSC has the same radius and that the density only deviates towards the boundary so



66 CHAPTER 3. MODELLING SEDS OF CANDIDATE FIRST HYDROSTATIC CORES

we would expect a similar flux at A < 100 pm from the hot FHSC. However, the radiation
from the FHSC is absorbed by the cooler surrounding gas and most of the observed flux
is emitted by the cooler gas further out. For cores of a greater total mass, the FHSC is
surrounded by a more massive envelope which leads to disproportionately more longer
wavelength emission and increased absorption of shorter wavelengths by the envelope.
The same effect was later noted by Stamer and Inutsuka (2018), who argue that the obser-
vation of low mass FHSCs should be easier for this reason and because their lifetimes are

longer.

The collapse occurs much more quickly for the more massive cores. For the 0.5 Mg,
core, the ppax = 10%gem™3 snapshotis taken at 35 600 yr and for the 5 M, coreitis much
sooner at 25 700 yr. Since the collapse of the 5 M, core happens much more quickly, there
is less time for the heat to disperse, leading to the hotter central temperature. Despite this,
there is not much more infrared flux for the more massive cores because the SED is still

dominated by emission from the cooler dust in the envelope.

When comparing to observations, it is useful to be able to scale synthetic SEDs since
the sources will have various masses and distances, which may not be known precisely.
We find the SED of an FHSC does vary with mass so there will be limits to scaling syn-
thetic SEDs of a core of one mass to observations of a source of a different mass. This is

considered further in Section 3.4.2.

3.3.4 Initial rotation

Differing initial rotation rates give rise to various structures. In the non-rotating case the
FHSC is spherically symmetric but becomes increasingly oblate with faster rotation. For
faster rotation rates, the FHSC may be dynamically rotationally unstable, developing spiral
arms and perhaps fragmenting (e.g. Bate 1998, 2011; Saigo and Tomisaka 2006). If these
structures lead to differences in the SED then this would provide a probe for the internal

structures of pre-stellar cores without requiring high resolution imaging.

Dense cores are observed to have typical rotation rates corresponding to 8 = 0.02

(Goodman et al. 1993) and range between ~ 10~* and 0.07 (Caselli et al. 2002). We sim-
&
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Figure 3.12: Snapshots of the column density for RHD2 simulations with initial rotation 8 = 0.01 (top row),
B = 0.05 (middle row) and 8 = 0.09 (bottom row). These are some of the snapshots from which SEDs were
simulated. The maximum density, pmax in each panel is 5 x 107 gem™3, 107 %gem ™3, 1073 gem ™3 and
107° g cm ™2 from left to right. The FHSC is an oblate spheroid in the 8 = 0.01 simulation. The faster rotating
cores form spiral arms and fragments. The two inner fragments formed in the 5 = 0.09 simulation fall back

together before the onset of second collapse. At ¢ = 0 the peak column density is < 0.1gcm™".
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Figure 3.13: SEDs for collapsing pre-stellar cores with different initial rotation rates for snapshots from the
RHD2 model when pmax = 107° gcm ™. Rotation rate is defined via 8 = Erot/Egrav. At faster rotation rates,
the core is brighter in the far infrared when viewed face-on. At 90° the SEDs of cores with different rotation
rates are very similar. The peak of the SED of the 8 = 0.09 FHSC is at a slightly longer wavelength because
the fragmented FHSC lies within a disc so the opacity perpendicular to the rotation axis is greater than the
opacity in the non-rotating case.
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Figure 3.14: Radial density profiles of the core of initial rotation 5 = 0.09 at snapshots from the RHD2 model
when the maximum density is 1 x 1072 gem 2 (black), 5 x 10~ gem ™2 (blue),1 x 1072 gem ™3 (green) and
1 x 107%gem™ (red). Dashed lines show the vertical radial profile (i.e. along the rotation axis) and solid
lines show the horizontal radial profile. There is a greater density in the horizontal direction, that is in the
plane of the disc structure, and this difference increases as the object evolves. This difference in the density
profiles in the horizontal and vertical directions is responsible for the difference between SEDs at different
inclinations. The spike in the density is due the presence of a fragment and the gaps in the vertical profiles
are where there are insufficient particles to calculate an average density.
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Figure 3.15: The evolution of SEDs for the collapse of 1 M non-rotating pre-stellar cores with initial radii
of 2000 AU, 6000 AU and 10000 AU from left to right. The SEDs are calculated from snapshots at values of
maximum density of 1 x 107'2 gecm ™2 (first collapse, solid lines), 1 x 10™% gecm™? (late FHSC stage, dashed
lines)and 1 x 10~* gcm ™3 (second collapse, dotted lines). There is less variation of the SED as the core evolves
for cores with larger initial radii. For an initial radius of 10 000 AU the second collapse SED is observationally
indistinguishable from the SED of the early FHSC.
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ulated SEDs for 8 = 0, 0.01, 0.05 and 0.09 to cover the range of observed values, noting
that for 5 < 0.01 the structure is similar to that of a non-rotating (5 = 0) core. The SEDs
in this section were simulated using RHD2 but we also produced SEDs for rotating cores
with RHD1 with an initial temperature of Tipitia1 = 10 K for comparison with observations.
The column density snapshots from the RHD2 simulations in Fig. 3.12 show the structure
in each case. The 5 = 0 case is spherically-symmetric, the 8 = 0.01 case gives an oblate
FHSC, 8 = 0.05 forms spiral arms and a small fragment before stellar core formation, and
B = 0.09 forms spiral arms than fragments into three FHSCs, two of which merge before

stellar core formation.

The initial rotation rate affects the shape of the SED as the object evolves. From
Fig. 3.13 we see that the higher rotation rate leads to an SED with a peak at a shorter
wavelength and a shallower slope to shorter wavelengths, at low inclinations (face on).
With a faster rotating core there is less obscuring material between the core and observer
at low inclinations. This is illustrated by plotting the radial density profiles along the
rotation axis and perpendicular to the rotation axis, as shown in Fig. 3.14. Atradiiless than
1000 AU there is a clear difference in density at positions in the parallel and perpendicular
directions due to the presence of a disc. This difference increases as the object evolves and
more gas accretes onto the disc. As shown in Section 3.3.1, flux at A < 100 pm is emitted
by the warm dust surrounding the FHSC. A lower density outside this region will reduce
the opacity and therefore more flux will reach the observer. Hence at faster rotation rates,
with a more oblate structure, the SED will peak at shorter wavelengths and there will be
more flux at A < 100 pm and detectable flux even at 24 ym in many cases, when viewed at

low inclinations (face-on), as we see in Fig. 3.13 (top).

The reverse is true for observations at high inclinations. The density increases per-
pendicular to the rotation axis as the disc structure forms, the opacity increases, and less
radiation from the regions heated by the FHSC reaches the observer. This results in much
less evolution of the SED. Beyond 3 = 0.05 the pattern is different because the FHSC frag-
ments. The flux reaching an observer will therefore also depend on the location of the

fragments because the structure is not axisymmetric.

The SEDs of cores with different rotation rates do have different properties, so it is
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Figure 3.16: Radial density and temperature profiles during the collapse of 1 My non-rotating pre-stellar
cores with initial radii of 2000 AU, 6000 AU and 10000 AU for snapshots when the maximum density was
1072 gem ™2 (solid black lines), 5 x 107 gecm ™3 (blue dashed lines), 1 x 1078 gecm 3 (black dot-dashed
line) and 10™* gcm ™ (red dotted lines). The differences in the temperature structures and the extent of the
envelopes give rise to differences in their SEDs as seen in Fig. 3.15.

possible for an SED to provide some information as to the structure of the central regions of
a collapsing pre-stellar core. At high inclinations the SEDs of cores with different rotation
rates are very similar. In addition, the edge-on SEDs are very similar to those of less
evolved cores in the first collapse or early FHSC phase. This means that any differences
due to rotation may be difficult to interpret when the inclination is not known. SEDs

would need to be combined with other forms of observation to infer the structure.

3.3.5 Initial radius

Cores of different initial radii but equal masses will necessarily have different density
structures, which in turn will affect the temperature and opacity. The simulations for
exploring the effects of varying the initial radius were performed using the RHD2 model

for 1 My cores, with heating from the ISRF.

It is clear from the SEDs of evolving cores with different initial radii shown in
Fig. 3.15 that there is much more variation as the object evolves for the core with the
smallest initial radius. As for the case of an initial radius of r;,; = 4700 AU shown in Sec-
tion 3.3.2, the SEDs of the core of rj,; = 6000 au do not show much evolution, with just a

small increase in flux between 50 yum and 300 pm and no significant difference between the
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SEDs of late FHSC and second collapse stages. When the initial radius is increased fur-
ther there is even less variation of the SED with age of the core. As the initial radius of the
core increases, it becomes less unstable to gravitational collapse so the collapse progresses

mores slowly. The core of radius rj,; = 11400 AU did not collapse.

The radial density and temperature profiles of each core are shown in Fig. 3.16
and we find that the FHSC has the same radius in each case, as was reported by
Vaytet and Haugbelle (2017). The first collapse SED is coldest for the smallest core. The
smallest core is more dense so the ISRF is attenuated more strongly and does not heat the
core as deeply as it does for the larger cores. The effect of this is apparent in Fig. 3.16 as
the temperature falls more sharply near the boundary of the smaller core and the core has
a lower minimum temperature. A greater fraction of the mass of the smaller core is cold,

giving rise to a colder SED during the early FHSC stage for a smaller core.

The smallest core also has a brighter and more sharply peaked second collapse SED.
In all cases, the FHSC heats the envelope out to ~ 700 AU so for a smaller core, a larger

fraction of the total mass is heated, leading to a warmer SED.

For larger cores we find that the evolution of the central object is almost completely
obscured. Unless the core is rotating sufficiently to reduce the opacity significantly along
the rotation axis, the application of SEDs to determine the evolutionary state of pre-stellar

cores is limited to smaller cores.

3.3.6 Magnetic field

We performed MHD simulations of the collapse of a 1 My, core with the radiative trans-
fer treatment of RHD2 (see Section 3.2.1). These simulations use 8 = 0.005 and initial
mass-to-flux ratios of ;1 = 5 and o = 20, aligned with the rotation axis. Some observed
FHSC candidates have substantial short wavelength emission (A < 100 pm), and we won-
dered whether a magnetically-driven outflow from an FHSC core may be able to boost
the observed short wavelength emission compared to that produced by an unmagnetised
model. The magnetic field in the 1 = 20 case was too weak to produce an outflow and

so we produced SEDs from snapshots from the ;1 = 5 simulation in which an outflow
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Figure 3.17: Evolution of the SED at three inclinations for a collapsing 1 M core with the MHD model with
initial rotation 8 = 0.005 and ;» = 5. The SEDs were calculated from snapshots when the maximum density
was 1072 gem™2,5 x 107 gem ™, 1 x 107 gem ™2 and 107* g cm ™ from right to left. The SED evolution
from the non-rotating RHD2 model are shown in pink in the ¢ = 0° panel. The SED becomes bluer and
brighter as the object evolves, however the presence of an outflow does not lead to any additional increase in
infrared flux.
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Figure 3.18: Density slice (left) and vertical velocity, v., slice (right) for the MHD snapshot used to produce
an SED during the second collapse phase when the central density was 10™* gcm ™ (at 30 960 yr). The initial
rotation was 8 = 0.005 and the initial mass-to-flux ratio was p = 5. At this stage, the outflow has not
penetrated far into the cloud and we see that this does not reduce the density along the direction of the
outflow and the infall motions are still much greater than outflow motions. Since the outflow affects only a
small proportion of the core, the SED is similar to those of non-MHD simulations. The former FHSC extends
to a radius of ~ 7 AU in this snapshot.
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develops late on in the FHSC phase (c.f. Bate et al. 2014).

The SED evolution with the MHD simulation is displayed in Fig. 3.17 and in the
i = 0° panel we also plot the SED evolution for RHD2 with 8 = 0. We see that the SED
from the MHD model is initially colder, as was the case with the RHD2 model with the
additional boundary column density, but subsequent SEDs are very similar. Itis apparent
that the presence of an outflow does not increase the flux at short wavelengths. Although
the outflow contains a central region of reduced density, the outflow at this early stage is
still sufficiently dense to absorb much of the flux from the core. Commergon et al. (2012a)
also report this effect: looking along the outflow of a magnetised FHSC there was no flux at
A < 30 pm. The vertical density slice through the core and the vertical velocities of the gas
during the second collapse phase are shown in Fig. 3.18. These figures show that during
the FHSC and second collapse phases, the outflow is still small so only a small proportion
of the core is influenced by the outflow and the majority of the envelope structure is similar
to the purely hydrodynamical case. Itis, therefore, not surprising that the SEDs are similar

for models with and without magnetic fields.

Lewis et al. (2015) and Lewis and Bate (2017) performed MHD simulations for a
wide range of initial magnetic field magnitudes and orientations which all produced early
protostellar outflows with velocities of < 8kms™!. Such slow outflows extended to less
than 100 AU from the protostar before the stellar core forms (Fig. 3.18; Bate et al. 2014).
Since both we and Commergon et al. (2012a) find that MHD models of FHSCs do not
produce SEDs that are significantly different to RHD models, we did not explore SED

variation with magnetic field further.

3.3.7 Dust grain properties

There is currently significant uncertainty as to the nature of interstellar dust grains. These
grains are usually assumed to be no larger than 1 um, however there have been several
suggestions that there may be significant grain growth in dense regions of the ISM (e.g.
Ormel et al. 2009; Butler and Tan 2009). Draine (2006) points out that there are regional
differences in the wavelength dependence of interstellar extinction which suggests that

the grain size distribution in the ISM does vary.
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Figure 3.19: SEDs for a non-rotating FHSC with different maximum dust grain sizes (@max) using the RHD2
model. Top: silicate grain model. Bottom: amorphous carbon grain model.

Table 3.2: Parameters used to produce a range of model SEDs for both the RHD1, with initial temperature
10K, and RHD2 models. The maximum density pmax is used to select specific evolutionary stages as shown
in Fig. 3.3. f3is the initial ratio of rotational energy to gravitational potential energy and amax is the maximum
dust grain size. The combinations of parameters give a total of 1440 synthetic SEDs, noting that 8 = 0 only

has one possible inclination.

RHD Model g

pmax (g Cm73)

Inclination amax (pm) Grain Type

RHD1 (10K) 0 10-12 0° 1 silicates
RHD2 001 5x1071! 45° 10 graphite
0.05 107? 90° 100
0.09 1078 200
106 500
1074 1000
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Zubko et al. (2004) compared a variety of interstellar dust models to observational
constraints and found that any linear combination of polycyclic aromatic hydrocarbon
(PAH) molecules, silicate and amorphous carbon or graphite grains provide good fits
to observational constraints. Here we simulate SEDs first with silicate grains and then
with amorphous carbon grains. PAH molecules only provide a significant contribution
to thermal emission for A < 40 pm (Zubko et al. 2004), which would only affect the 24 pm

observational data points, for which there is little flux for these cool objects.

We assumed a maximum grain size ayax = 1 pm when simulating the SEDs in the
previous sections but in this section we present results for when this maximum grain size

is varied.

Decreasing a,ax to below 1 pum has no effect on the SED, a result that is supported
by the finding of Miyake and Nakagawa (1993) that opacities for amax < 10 pm are the
same as for a distribution of just submicrometre dust particles. The top panel of Fig. 3.19
shows the effect on the SED of increasing the maximum dust grain size. For particles with
10pum S amax S 500 pm there is a very small decrease in flux at 50 pym < A < 100 pm
but the flux at A > 200 pm substantially increases for amax 2 100 pm. For amax 2 500 pm,
there is a small increase in flux for A < 70 ym and, again, a substantial increase in flux at
A > 200 pm. Increasing amax has the effect of increasing the millimetre dust opacity, as

long as amax S 1 mm (D’Alessio et al. 2001), which could explain the increased flux at the

longer wavelengths with the larger grains. At the same time, for grain sizes over 10 pm
the albedo, w,, increases quickly from 0 to ~ 0.9 for 1 cm grains (D’Alessio et al. 2001) and
so there is an additional contribution from scattered light when there are larger grains

present. For larger amax, the opacity is reduced for A < 100 pm (Miyake and Nakagawa

1993), which allows more flux from the core to reach the observer.

Varying the minimum dust grain size, amin, between 0.001 ym and 0.05 pm with
amax fixed at 1 ym had no effect on the SED. Draine (2006) points out that for a grain size
distribution of p = 3.5 most of the mass is contained in the large grains and so the numbers

of large grains is affected little by amin.

The results presented so far use silicate dust grains and next we compare these with
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SEDs simulated with the amorphous carbon grain model of Zubko et al. (1996), shown in
Fig. 3.19 (bottom). Compared to the SED produced using silicate grain properties with
amax = 1 pm, the flux drops off less steeply either side of the peak with amorphous carbon
with the result that there is more flux at both the shortest and longest detectable wave-
lengths. For amax = 10 pm, the flux at A < 100 pm decreases. Flux at A\ > 100 pm increases
significantly for grains of aymax = 100 pm and larger, with the A < 100 pm flux returning

to similar values as for amax = 1 pm when amax > 500 pm.

The SED is very sensitive to grain size in the presence of large dust grains. The
exact composition and size distribution of dust grains in pre-stellar cores is still largely
unknown, therefore we consider a range of maximum sizes of both silicate and amorphous

carbon grains when comparing to observed SEDs.

3.4 Results II: Comparison to observations

In this section we describe the set of model SEDs we have produced to compare to the
observations of several FHSC candidates and the method used for estimating the mass in
each case. We then discuss the FHSC candidates that we attempt to fit and the results of
fitting models to those observed SEDs. We define the model SEDs with x? < x2,, + 1 as
providing a “good” fit to give an indication of the variety of models providing a similar
quality of fit to the best fitting model. We then look for consistencies among those best

fitting models.

We divide the SED fitting results into three parts: in Section 3.4.3 are candidate FH-
SCs from the literature; in Section 3.4.4 are newly identified candidates in Serpens South;
and in Section 3.4.5 are “PACS bright red sources” from the Herschel Orion Protostars Sur-
vey (HOPS). Note that the former two were published in Young et al. (2018) but the HOPS

SED fits have not previously been published.

3.4.1 Selection of models

Simulations were performed for both RHD1 and RHD2 for four different initial rotation

rates. Both RHD1 and RHD2 models were included to ascertain whether the more com-
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plex treatment of radiative transfer would provide better fits to observations. For RHD1,
a uniform initial temperature of 10 K was used. Fig. 3.3 shows the evolution of the maxi-
mum density from first to second collapse. The FHSC phase lasts from ~ 4 x 1072 gem™3
to ~5 x 1078 gcm ™3, but may commence at a higher maximum density for lower rotation
rates. Six snapshots (a to f) were selected from each RHD model as indicated in Fig. 3.3 to

allow comparison of the SED as the core evolves and also between SEDs of different cores

at similar evolutionary stages.

Dust properties vary across different regions so we chose to simulate SEDs for a
selection of different properties. Model SEDs which use amorphous carbon grains peak
at longer wavelengths than the equivalent SED using silicate grains, which more closely
matches the locations of some of the observed SED peaks. We chose the smallest value
of amax = 1 um because reducing it below 1um had no effect and current observations
indicate a maximum interstellar grain size of at least 1 pym. We included SED models with
dust grains amax > 1pm to try to reproduce the “wider” SED of SerpS-MM22 and the
infrared-bright SEDs of Per-Bolo 58 and Chamaeleon-MMS1.

The range of parameters for which we simulated SEDs is outlined in Table 3.2 and

this gives a total of 1440 synthetic SEDs which we compared with observations.

3.4.2 Scaling model SEDs

The difference between SEDs of varying mass cores described in 3.3.3 indicates that there
are restrictions to using scaled SEDs to fit observations. To assess the validity of using
scaled SEDs we applied the x? fitting method to scale the SEDs of 0.5 My , 1 My, and
2 Mg, cores during FHSC phase to the SED of a 5 M, core also during FHSC phase. The
monochromatic fluxes derived from the model SEDs of different mass cores at the wave-
lengths of the Serpens South observations (except 24 yym) were multiplied by an increasing
scale factor until the x? value was minimised. The scaled monochromatic fluxes are plot-
ted with the monochromatic fluxes of the 5 M, SED in Fig. 3.20. The average errors of the
observations of eight sources at these wavelengths are plotted with the synthetic 5 Mg

fluxes.
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Figure 3.20: Monochromatic fluxes calculated os

from the SEDs of different mass FHSC models 0 I 2 3 z 5
scaled to fit the SED of the 5 My FHSC via the Mass (M)
x? method described in Section 2.4.2. Error bars
for the mean error of a selection of real, observed
sources are plotted at the corresponding wave-
lengths. At 70 pm the scaled model fluxes lie out-
side the error bar which indicates that there is
a limit to the scaling of a factor of ~ 2, beyond
which the SEDs would be observationally distin-
guishable at A < 100 pm.

Figure 3.21: Scale factors necessary to scale the
1 Mg SED to the SEDs of three cores of different
masses. Here we assume the same values of frac-
tional uncertainty as for Fig. 3.20. A linear fit is
calculated and plotted alongside.

The flux varies most between the different mass FHSCs at 70 pm. At this point the
scaled 2 My SED lies just outside the observational uncertainty, indicating that a mass
difference of up to a factor of ~ 2 is indistinguishable observationally when scaled. From
this we conclude that it is acceptable to scale 1 My SEDs to fit observations of different
sources as long as the mass of the object lies in the range 0.5 My < M < 2 Mg . Models
fitted with scale factors outside this range must be treated with caution, particularly at

A < 100 pm.

There is also a distance contribution to the scaling factor which follows the inverse
square relation for luminosity and distance. The distance contribution for the scaling of

the SEDs simulated at a distance of 260 pc to observations can be estimated using

2
2
scaling factor = < G%I)C) (3.1)

where D is the distance to the source. The scale factor will be > 1 for sources close than

260 pc and < 1 for sources further than 260 pc.

The approximate distance to observed FHSC candidates is usually known. It is

therefore possible to separate the mass and distance contributions to the scale factor. The
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Figure 3.22: B1-bN (left) and B1-bS (right); arrows denote upper limits. Observational data from Hirano and
Liu (2014) and Pezzuto et al. (2012). B1-bN: 27 model SEDs provided good fits. The best fitting model was
from RHD1, § = 0.09, early FHSC, silicate grains, amax = 10 ym and i = 90°. B1-bS: eight models provided
good fits. The best fitting model was from RHD2, 8 = 0.05, early FHSC phase, silicate grains, amax = 1 pm
and ¢ = 90°. Solid black line shows the best fitting model for each source and the other well fitting models
are plotted in grey.

model SEDs used for fitting to observations are all from 1 M, cores and Equation 3.1 will
give the contribution of the distance to the scaling factor. Dividing the scale factor by this

distance contribution will then provide the approximate contribution from the mass.

An estimate of the relation between mass and scale factor was obtained from scaling
the 1 My SED to SEDs of three different values of core mass. The optimum scale factors
for each value of mass are fitted by a linear relation of scale factor = 0.7M +0.3 as shown in
Fig. 3.21. It is the mass obtained from this relation that needs to lie in the range 0.5 Mg <
M <2 Mg for the fitting to be robust. There are often large uncertainties in the distance
measurement so these mass values are only very approximate. We also note that it would

be difficult to compare these values to observational estimates of core masses, which may

include material contained within a smaller or larger radius.

3.4.3 Results of the SED fitting of literature FHSC candidates

We attempt to fit model SEDs to the observed SEDs of B1-bN and B1-bS (Pezzuto et al. 2012;
Hirano and Liu 2014), Per-Bolo 58 (Hatchell et al. 2005; Enoch et al. 2006; Schnee et al. 2010;
Enoch et al. 2010), Chamaeleon-MMSI1 (Belloche et al. 2006; Tsitali et al. 2013; Viisila et
al. 2014) and CB17-MMS (Chen et al. 2012). These sources were described in Chapter 1,
Section 1.6, where further details can be found. Per-Bolo 58 and Chamaeleon-MMS1 are
brighter in the infrared than the other FHSC candidates while their SEDs peak at longer

wavelengths. The B1-b sources and CB17-MMS are undetected at 24 ym and 70 pm.
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Figure 3.23: Per-Bolo 58; arrows denote upper limits. Observational data from Enoch et al. (2010). Just three

model SEDs provided good fits. The best fitting model was from RHD2, 8 = 0.09, second collapse, silicate
grains, amax = 200 ym and 7 = 90°.

3.4.3.1 B1-bN and B1-bS

We attempted to fit the SEDs of FHSC B1-bN and B1-bS candidates using the photometry
presented by Pezzuto et al. (2012) and Hirano and Liu (2014) . These sources are thought
to comprise a wide binary system and there is no evidence that either source contains
multiple components (Tobin et al. 2016a). The SEDs and best fitting models are shown in

Fig. 3.22.

The minimum x? value obtained for fitting the SED of B1-bN was 0.21 and 27 models
satisfied x? < x2 . +1. Nearly all of these were from RHD1 models and with silicate grains
of amax = 1 pm. There was a preference for rotating, highly inclined models and SEDs of
the first collapse or early FHSC stage. The optimum scale factor was 5.0 which gives a
mass of ~ 5.5 Mg at the distance of 235 pc (Pezzuto et al. 2012) and the effective dust
opacity at 850 pm of the best fitting model was 4.0 x 1073 ¢cm? g~ 1. B1-bN therefore looks
to be a rotating young FHSC viewed at a high inclination, but is likely to be more massive

than the 1 My cores used in our simulations.

B1-bS was well fitted by 8 model SEDs and the best fitting model has a x? of 0.65.
All of the best fitting models were from the RHD2 5 = 0.05 or 8 = 0.09 simulations.
They were snapshots mainly from the FHSC phase all with grains of a maximum size of
amax = 1 pm or 10 pm. The optimum scale factor was ~6 which gives a mass of ~ 6.6 Mg

at 235 pc and the 850 pm dust opacity was 3.9 x 1073 cm? g 1. Like B1-bN, B1-bS appears

1. We use the 70 pm colour corrected Herschel PACS fluxes from Hirano and Liu (2014) and discard the
SPIRE fluxes because the beam sizes are larger than the separation between the sources.
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to be a rotating FHSC located in a more massive core than those used in our simulations.

Slow molecular outflows have been detected for B1-bN and B1-bS (Hirano and Liu
2014; Gerin et al. 2015) and evidence of pseudo-disc rotation has been reported for B1-bS
(Fuente et al. 2017) which are consistent with the sources being FHSCs. The B1-bS outflow
is more extended, indicating that B1-bS could be more evolved. In Section 3.3.6 we find
the SED does not change when there is an outflow from an FHSC so we would expect
the results of the SED fitting to be similar had we included MHD models with outflows.
I-Hsiu Li et al. (2017) find no evidence for grain growth in this core which would rule out
the 10 ym model SEDs. They suggest that an alternative explanation for this SED shape
(in the 800 pm to 8 mm range) is that the temperature or density increases towards the
centre of the core. This is consistent with the structure of the FHSC and envelope that we
model here and the corresponding SED appears to fit the fluxes well with a maximum

grain size of 1 pm.

3.4.3.2 Per-Bolo 58

Next, we attempted to fit the SED FHSC candidate Per-Bolo 58 in the Perseus molecular
cloud (Hatchell et al. 2005; Enoch et al. 2006; Enoch et al. 2010; Schnee et al. 2010) and
the results are shown in Fig. 3.23. The optimum scale factor was 0.75, giving a mass of
0.6 My, at 260 pc (Enoch et al. 2010) and the 850 ym dust opacity was 4.0 x 1072 cm? g~ 1.
Per-Bolo 58 was fitted well by just three models, two from RHD1 and one from RHD2,
and the minimum x? value was 0.67. These were fast rotating cores at high inclination,
in FHSC or second collapse phase. All three used silicate grains of amax = 200 pm, which
was necessary to reproduce the combination of a peak between 200 pm and 300 pm and

detectable flux at 24 pm and 700 pm.

Enoch et al. (2010) used a distribution of dust grains with ayax = 0.5 pm and were
able to produce an SED of this shape with either a wide outflow or a cavity in the envelope
to allow the 24 pm to escape. As our models have shown, the outflow from an FHSC is
unlikely to reduce the opacity to this extent. Similarly, we do not expect a cavity to be
formed since in the lifetime of the FHSC the slow molecular outflow only reaches the

innermost regions of the envelope. A slow bipolar outflow was discovered by Dunham et
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Figure 3.24: Chamaeleon-MMS1. Observational data from Vdisdld et al. (2014). After SED fits which did
not use all six data points were discarded, two models provided good fits. The best fitting model was from
RHD?2, 8 = 0.09, late FHSC, silicate grains, amax = 100 pm and 7 = 90°.
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Figure 3.25: CB17-MMS; arrows denote upper limits. Observational data from Chen et al. (2012). 54 models
provided good fits. The best fitting model was from RHD]1, g = 0, first collapse stage with silicate grains of
Gmax = 10 pm.

al. (2011) with properties that may be consistent with those of either FHSCs or protostars.
Since we can only reproduce the SED shape with very large dust grains, this source is likely
tobe an FHSC only if such grains are present in collapsing pre-stellar cores. It is likely then
that Per-Bolo 58 is more evolved than an FHSC. Another possibility is that the source is an
unresolved multiple system, however this is ruled out by the multiplicity survey of Tobin
etal. (2016a). Alternatively, Per-Bolo 58 could well be a very young protostar, perhaps not
long after stellar core formation, with a disc and viewed edge-on such that much of the

emission from the protostar is reprocessed.

3.4.3.3 Chamaeleon-MMS1

The results of the SED fitting for Chamaeleon-MMS1 using the monochromatic fluxes
presented in Vdisdld et al. (2014) and Tsitali et al. 2013 are presented in Fig. 3.24. The

lowest x? value is 3.4 and only two models fall within x? < x2, + 1. The optimum scale
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factor was 1.3, giving a mass of 0.3 M at 160 pc (Vaisila et al. 2014) and the dust opacity
at 850 pm was 7.0 x 1073 cm? g 1. These models were both from RHD2 and with 3 = 0.09.
Both used silicate grains of amax = 100 pm. Cha-MMS1 was not well fitted by the FHSC

models here, which means that it is likely to be more evolved.

Vdisdld et al. (2014) attempted to fit the SED of Cha-MMSI1 using the protostar SED
fitting tool of Robitaille et al. (2006) and Robitaille et al. (2007). The failure to produce a
good fit led them to conclude that Cha-MMS1 is more likely to be a second (stellar) core,
that is newly formed and accreting, and this is consistent with the results of our fitting
which point to an object at least as evolved as a late FHSC. Viiséla et al. (2014) also derive
the ratio of rotational to gravitation energy to be 5 = 0.07, which is consistent with the
fast rotation rates we find. The only models that produce an acceptable fit include large
(@max = 100 ym ) dust grains to fit the near straight slope between 24 ym and 160 pm. It
may be that a more evolved object with a disc has an SED of a similar shape while assuming

only smaller grains as was suggested for Per-Bolo 58.

3.4.34 CB17-MMS

From its SED, shown in Fig. 3.25, CB17-MMS (Chen et al. 2012) looks cooler and younger
than the previous two sources, with a peak between ~ 150 ym and ~ 250 pm. The min-
imum x? value was 0.44 and 54 models provided similar quality fits. All of these best
fitting models were from RHD1 and more than half of them used silicate dust grains.
Faster rotation rates are favoured at ¢ = 90°, although non-rotating and slower rotating
cores at lower inclinations are also among the best fitting models. There is a preference
for snapshots from first collapse and early FHSC stages. The optimum scale factor was
~ 0.8 for the models using silicate grains and ~ 0.3 for those using carbon grains. This
gives a mass of < 0.6 M, at 250 pc. The smaller scale factor leads to a mass contribution
below the range studied here. The dust opacity at 850 ym of the best fitting model was

3.9x 103 cm? g1,

The SED fitting appears strongly constrained by the 450 pm upper limit, which leads
to a poorer fit of the 100 pm and 160 pm detections. The fitting results indicate that CB17-

MMS is indeed likely to be an FHSC but could be an even younger collapsing pre-stellar
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core without a central object although the 100 ppm detection would most likely indicate the
former. The model SED scaling indicates a low mass object and, as we show in Section
3.4.2, the SEDs of lower mass cores are relatively brighter at wavelengths < 200 pm and this
could explain why the source is detected at 100 pm but not at 450 ym. Kinematic data with
a high spatial resolution would determine whether there is a disc and thus whether this
is a more evolved, rotating object viewed edge-on or a symmetrical collapsing pre-stellar
core. Chen et al. (2012) present CO observations which may show evidence of a slow
outflow. If this is correct, the collapsing core models can be ruled out and CB17-MMS
remains a likely FHSC.

3.4.4 Results of the SED fitting of Serpens South FHSC candidates

We also attempt to fit the SEDs of five newly identified FHSC candidates. These are com-
pact submillimetre, infrared—faint sources in Serpens South, a region discovered in the
observations of Gutermuth et al. (2008) with the Spitzer Space Telescope. Further obser-
vations (e.g. Maury et al. 2011; Kényves et al. 2015; Nakamura et al. 2011; Kirk et al. 2013)
have revealed Serpens South to be a dense filamentary cloud, with a large number of pro-
tostars and a high star formation rate (SFR) of 23 M /Myr, which makes Serpens South
a promising place to look for FHSC candidates. Four of the sources, Aqu-MM2, SerpS-
MM22, SerpS-MM19 and Aqu-MM1 are listed in Maury et al. (2011). The fifth source,
HGBS J182941.1-021339, we refer to as K242, after its identification in the catalogue of
Konyves et al. (2015).

The SEDs of the Serpens South FHSC candidates are constructed from 24 ym Spitzer
MIPS 1, 70 ym and 160 pym (Herschel PACS), 250 ym (Herschel SPIRE) and 450 pym and
850 ym (SCUBA-2) fluxes. The observations, data reduction and monochromatic fluxes
are detailed in Appendix A of Young et al. (2018). The objects are all faint at 24 pm, with
only SerpS-MM?22 detected. B1-bN, CB17-MMS, SerpS-MM19 and K242 are also unde-
tected at 70 pm. While the four other candidates have SEDs similar to those of cold gas
clumps, SerpS-MM22 is unusual in that it is brighter than the others in the infrared while
the SED peak is still around 200 pm.

At the time the SED fitting was performed, there was some uncertainty as to the



86 CHAPTER 3. MODELLING SEDS OF CANDIDATE FIRST HYDROSTATIC CORES

distance of Serpens South, ranging from 225 & 55 pc derived by Straizys et al. (2003) to the
commonly adopted value of 260 pc (Gutermuth et al. 2008; Bontemps et al. 2010; Maury et
al. 2011; Konyves et al. 2015) and the more recent suggestion that it is physically associated
with Serpens Main at 415 4+ 5 pc (Dzib et al. 2010). The most up-to-date measurement is
now 436.0 = 9.2 pc (Ortiz-Ledn et al. 2017). While fitting the observations, we scale the
model SEDs and discuss the results considering both distances of 260 pc and 430 pc. The

results of the SED fitting of these sources is in Fig. 3.26.

3.44.1 Aqu-MM2

For Aqu-MM2, the minimum x? was 4.29 and three models fitted well from FHSC stage
and second collapse. These were from the RHD2 model, were rotating quickly and had

silicate grains of amax = 10 pm.

The optimum scale factor of the best fitting model was 4.1 from which we estimate
the mass contribution to be 5 M, at 260 pc or 15 M, at 430 pc. The 850 pm dust opacity

was 3.9 x 103 cm? g~ 1.

The best fitting model SEDs have been scaled beyond a factor
of two which means the models are likely to be brighter at 70 pm than a similar source
of a higher mass. Given that the scaled low-mass model SEDs were not quite able to fit
the 70 ym point along with the other photometric observations, we are unable to place
strong constraints on this source. However, it seems likely that Aqu-MM2 is at least as

evolved as an FHSC and is rotating, therefore a resolved observation would be likely to

show rotational structures.

An outflow has been observed at this source (Dunham et al. 2014) with a maximum
velocity of 9 kms™!, which is faster than expected from an FHSC. It looks likely that Aqu-
MM2 is more evolved than an FHSC and, if so, this demonstrates an overlap in the SED

properties of some FHSCs and protostars.

3.4.4.2 SerpS-MM22

SerpS-MM22 is detected at all of the observed wavelengths and is brighter at 24 ym and
70 pm than the other sources even though the peak still appears to lie between 200 pm and

300 um, which suggests that it is unlikely to be an FHSC. The smallest x? value was 4.02
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Figure 3.26: FHSC candidates from observations of the Serpens South region (see Appendix A of Young et
al. (2018)); arrows denote upper limits. The best fitting model SEDs are plotted in black and the other model
SEDs with x2 < x2,;, + 1 are plotted in grey. The best fitting model SEDs are: (Aqu-MM2) RHD2, 5 = 0.05,
silicate grains, amax = 10 um, ¢ =0°, early FHSC. (SerpS-MM22) RHD2, § = 0.09, carbon grains, amax =
10 um, ¢« =0° FHSC. (SerpS-MM19) RHD2, 5 = 0.0, silicate grains, amax = 10 pm, i =0° and late FHSC. (Aqu-
MM1) RHD2, g = 0.05, carbon grains, amax = 1 pm, ¢ =90°, early FHSC. (K242) RHD1, g = 0.01, carbon
grains, Gmax = 1 pm, 1 =90°, early FHSC.
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and 32 models fell within x? < x2, + 1.

Since none of the models could replicate the broad shape of the SED of SerpS-MM?22
and none came close to fitting the 24 ym flux it would not be meaningful to draw conclu-
sions regarding the properties of the source. As expected, there was little consistency
among the “best fitting” models, except that most were from RHD2 and all but one used
grains of amax < 100 pm. Given the variation of properties among the best fitting models
and the poor quality of the fits, we are not able to constrain the nature of this source, but

it is likely to be at least as evolved as an FHSC, and may have a stellar core.

3.4.4.3 SerpS-MM19

SerpS-MM19is undetected at 24 pm and 70 pm but the peak is between 150 pm and 200 pm.
This source is fitted reasonably well by our models with a minimum x? of 0.19 and 66
model SED are defined as providing good fits. The optimum scale factor of the best fit-
ting model is 1.2, which gives a mass of 1.3 My, at260pcor 4.2 Mg at430pc. The 850 pm
dust opacity of this model was 4.0 x 1073 cm? g~1. All of the best fitting models are from
the RHD2 model and used silicate dust grains with amax = 1 pm or amax = 10 pm. The

best fitting models favour a more slowly rotating core but there is no consistency for evo-

lutionary stage or inclination.

3444 Aqu-MM1

For Aqu-MM1 the minimum y? value was 0.07 and 230 models fell within x? < y2. + 1.
This large number of models is probably due to the large uncertainty of the 70 ym point.
With such a large number of models with similarly good fits, there is little consistency
among the properties of the selected models and we are unable to place constraints on the

nature of this source.

3.4.4.5 K242

For K242, the smallest x? value was 0.01 and 119 models fitted well. There was a strong
preference for the RHD1 model and for amorphous carbon grains. For all 119 models,

Gmax = 1 M OF amax = 10 pm. The optimum scale factor was 0.35 which gives a mass of
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<0.3 Mg at 260 pc or 0.9 Mg, at 430 pc. The 850 um dust opacity was 1.3 cm? g=!. There
was also a clear preference for models from the first collapse and FHSC stages, which

indicates that this source is likely to be a FHSC in a low mass core.

3.4.5 Results of the SED fitting of PACS Bright Red sources

Five sources have been identified as extremely young Class 0 protostars from the set of
PACS Bright Red sources found in the Herschel Orion Protostar Survey (HOPs, Stutz et
al. 2013) and may be FHSCs. These sources lie at ~ 450 pc (Menten et al. 2007; Hirota
et al. 2007; Sandstrom et al. 2007) in the Orion molecular clouds and for more detail see
Section 1.6.7. The SEDs were taken from the HOPS data set from the Infrared Science
Archive 2 (Furlan et al. 2016). We use the HOPs identifiers below and the corresponding
identifiers from Stutz et al. (2013) are also given in brackets. The observed SEDs and the

best fitting model SEDs are shown in Fig. 3.27.

3.4.5.1 HOPS 398 (082005)

The minimum x? value was 0.1 and 13 models are considered good fits. These had a scale
factor of 5.0 which suggests a core mass of 18 M, at a distance of 420 pc. This is outside
the range for which the fitting is reliable so these results are only tentative. All selected
model SEDs were taken from the FHSC phase or later and most used silicate dust grains

of amax = 10 pm.

3.4.5.2 HOPS 399 (082012)

The minimum x? was 3.9 and the next lowest x* was 31.6. It is apparent that this best
fitting model SEDs is unable to fit all of the observed fluxes. The scale factor of the best
fitting model was 6.0, corresponding to a mass of 22 M, which is also outside of the range
studied. The best fitting model is fast rotating FHSC at low inclination. This source is
much brighter than a core containing an FHSC is expected to be. In addition, none of the

model FHSC SEDs fitted well which indicates that HOPS 399 is likely to be more evolved.

A fast outflow of > 10 km s~! has been discovered at HOPS 399 (Tobin et al. 2016b)

and is thought to have an inclination of 50°, which is less than the value of 76° obtained

2. http://irsa.ipac.caltech.edu/data/Herschel /HOPS/overview.html
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Figure 3.27: Best fitting model SEDs for the five “extreme class 0” HOPS sources (Stutz et al. 2013). These
SEDs were constructed using photometry from Furlan et al. (2016). Arrows denote upper limits and the
best-fitting models were plotted in black.
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from the SED fitting of Furlan et al. (2016). With this inclination, the extinction caused by
the disc will be less than previously thought suggesting the source could be fainter and
younger. We can rule out the possibility that it is younger because of the presence of a
fast outflow so perhaps HOPS 399 is particularly deeply embedded. The detection of this
extended outflow confirms the results of our SED fitting which suggested that HOPS 399
is more evolved than an FHSC. Tobin et al. (2015a) found the visibility profile of HOPS 399
to be consistent with that of a more evolved protostar with a disc which further supports

the decision to rule it out as a FHSC candidate.

3.4.5.3 HOPS 401 (091015)

HOPS 401 was fitted well by 11 model SEDs from late FHSC and second collapse phases
with moderate rotation (5 = 0.01-0.05) and inclination < 45°. All models used dust grains
with @max = 1 Pm OF amax = 10 pum. The minimum y? was 0.22 and the scale factor was
0.8 which gives an approximate core mass of 1.3 My, which is well within the range for

producing robust results. HOPS 401 is therefore a fair FHSC candidate.

3.4.5.4 HOPS 402 (091016)

HOPS 402 was fitted well by 31 model SEDs and the minimum x? was 0.21. There is
a clear preference for a moderate rotation rate with nearly half of these selected models
taken from the 8 = 0.05 model. All the selected models used grains with amax = 1 pm or
amax = 10 pm and most were from late FHSC or second collapse stages. The scale factor
of 1.0 corresponds to a core mass of 3.3 M. This mass is > 2 Mg, and is therefore beyond
the upper limit for which the fitting is robust so we only tentatively suggest that HOPS

402 may be a FHSC with moderate rotation but could also be slightly more evolved.

3.4.5.5 HOPS 404 (097002)

HOPS 404 was also fitted well by 7 model SEDs and had a minimum x? value of 0.37.
These all have moderate rotation rates with 5 = 0.01 or S = 0.05 and an inclination of 0°
or 45°. The selected models have silicate or amorphous carbon dust grains with maximum
size 10 pm or 1 pm. Most models are from late FHSC stage but two were from the second

collapse stage. The scale factors of the best fitting models vary from 1.04 to 3.85 which
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Figure 3.28: SEDs of selected FHSC candidates fitted exclusively with RHD2 model SEDs. Arrows denote
upper limits and the best—fitting models are plotted in black.

correspond to a core mass of 3.4 to 14 M. The fitting indicates that HOPS 404 may be
a FHSC but the estimated mass is above the range for which the fitting is robust so this

result should be treated with caution.

3.4.6 Fitting with RHD2 SEDs only

The sources B1-bN, CB17-MMS and K242, were fitted best by RHD1 SEDs so we tried
performing the fitting again using only the RHD2 SEDs to see if it was possible to obtain

a good fit from the more physical model. These results are presented in Fig. 3.28.

We were not able to obtain a good fit for CB17-MMS with only RHD2 model SEDs
because the SEDs were too “warm”: a lower envelope temperature is required to repro-
duce the position of the SED peak and submillimetre brightness. B1-bN was only fitted
well by RHD2 SEDs with a maximum grain size of 200 ym, which is probably unrealistic.
For K242 we obtained reasonable fits with RHD2 SEDs. The properties derived from this
fitting are very similar to those from the RHDI fits except that the RHD2 fits require the
source to be younger. For such young objects, the heating of the envelope by the ISRF has
a significant effect on the submillimetre flux and is likely to cause variation between the

SEDs of similar sources in different environments.



3.5. DISCUSSION 93

3.5 Discussion

We have performed 3-D RHD simulations of the collapse of pre-stellar cores with a range
of properties and then modelled the SEDs of these FHSCs and their envelopes using a
radiative transfer code. The properties of the FHSCs themselves are very similar, the only
real variation being in the increase in radius and oblateness with rotation. These simula-
tions have shown that differences in the core properties lead to variations in the SED and
that these variations are due to differences in the temperature structure and morphology

of the collapsing envelope rather than the FHSC itself.

Many properties have similar effects on the SED, for example a higher mass, lower
ISRF exposure, slower rotation and higher inclination all lead to a steeper drop in flux in
the far-infrared. Differences in the initial rotation rate and core radius (with a constant
mass and Bonnor-Ebert density profile) gave rise to the greatest SED variation. Many
factors have a significant effect on the SED but only models with faster rotation can produce
detectable flux at 24 um. This may be a property that can be constrained with the SED and
can also be verified through molecular line observations. We find a shift of the SED peak
to shorter wavelengths and an increase in far infrared flux as the FHSC evolves, which is
consistent with the findings of others, including Omukai (2007) and Tomida et al. 2010a.
We also find, however, this effect is considerably reduced by a higher initial temperature or
a larger initial radius, to the extent that for T, = 15 K or ripit = 1.5 x 1017 em (10000 AU)

there is no SED evolution.

Boss and Yorke (1995) simulated SEDs based on the hydrodynamical calculations of
Boss (1993). These are 3-D models of the collapse of dense core with a maximum radius of
50 AU with a resolution of 1 AU. The maximum temperature at the time for which the SED
is calculated is ~190 K. A two—component grain model was used, comprising refractory
species (silicates and graphites) and ices and the distance was assumed to be 100 pc. The
SED features a “warm shoulder” shortwards of 100 ym in the face-on direction, due to
the warm FHSC. We do not find this warm shoulder in the SEDs in this paper and the
SEDs of Boss and Yorke (1995) are also more sharply peaked. Their simulations only
extend to 50 AU therefore there will be significant flux missing at all wavelengths (see

the radial intensity profiles in Fig. 3.5). The SED is more sharply peaked because there
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is less emission from the cold envelope. This also results in a relatively brighter SED at
A < 100 pm. With a much smaller envelope, there is far less extinction of the warm core.

This results, again, in a brighter SED at short wavelengths.

The protostellar SEDs of Young and Evans (2005) were calculated from analytical
models of a protostar, disc and envelope. The FHSC initially has a radius of 5 AU and
its radius is decreased over a 100 year period until it has a radius of 3 Rg representing
the protostar. The disc is only present after the protostar (effectively, the second core) has
formed. This model cannot take into account the subtleties of the small-scale structures as
well as our SPH model does. In particular, the disc structure forms early on and obscures
the FHSC. Only the first panel in Fig. 8 of Young and Evans (2005) corresponds to the
FHSC phase and this SED peaks at ~ 250 ym. After this, there is predicted to be detectable
emission from the protostar at 1-10 ym. The assumed distance here was 140 pc as opposed
to our distance of 260 pc, which will cause the SEDs to be brighter. During the second
collapse, the stellar core forms in the centre of the former FHSC so it is not realistic to
simply model the formation of the stellar core as a shrinking FHSC because much of the
former FHSC will be left behind. It is therefore likely that these models underestimate
the extinction of the flux emitted by the FHSC and the newly formed stellar core, which

is still deeply embedded in the remnants of the FHSC before the disc forms.

In Section 3.3.7 we described how changing the maximum dust grain size shifted
the SED peak by up to 200 pm and can cause the object to appear nearly an order of magni-
tude brighter at submillimetre wavelengths. The choice of dust grain model can therefore
have a significant impact on SED modelling. We chose to include models with very large
grains in our selection for fitting to observations because it appears to be the only way to
reproduce both the 70 ym flux and a peak at A > 200 pm that we see in several observa-
tions of FHSC candidates. There is evidence for dust grains in dense molecular cores with
@max > 1.5 pm from coreshine observations (Steinacker et al. 2015), of micron sized grains
in the ISM from detectors on solar system spacecraft (e.g. Gruen et al. 1994; Sterken et al.
2014) and of ~ 40 ym sized Earth-impacting meteoroids (e.g. Baggaley 2000). Ormel et
al. (2009) suggests that if molecular cloud lifetimes are lengthened by long—term support

mechanisms, dust aggregates of ~ 100 ym may be produced. From measurements of the



3.5. DISCUSSION 95

spectral index of the millimetre dust opacity, Ricci et al. (2010) also argue that millimetre—
sized grains may already exist in class 0 YSOs so it is perhaps not unreasonable to expect
grain sizes of over 10 pm in pre-stellar cores although we note that there are also proto-
stellar cores for which there is no evidence of grain growth (e.g. I-Hsiu Li et al. 2017).
The sources that were fitted best by our model SEDs, except Per-Bolo 58, were fitted well
exclusively by models with amax = 1 pm or amax = 10 pm, possibly indicating that the
remainder would be better fitted by models with a different combination of other param-
eters rather than with very large grains. The alternative is that sources best fit by models
with large grains are more evolved but embedded objects. Indeed, the SEDs of Per-Bolo 58
and Cha-MMSI appear similar to the SEDs of more evolved objects, most likely accreting

stellar cores, as shown by Young and Evans (2005) and Dunham et al. (2010).

We set out to ascertain whether an SED is useful for constraining the nature of these
sources by fitting the model SEDs to observations. We note that the set of models covers
a limited range of parameters: for example, we show in 3.4.2 that these models are less
likely to be valid for sources outside a mass range of 0.5 < M < 2 Mg and we only use
an initial radius of 7 x 106 cm. We note that some of the x? values are very small because
there are a large number of free parameters compared to the number of data points and
many of the data points have large error bars or are only upper limits. This does not,
however, present a problem because we use the x? values to compare the relative quality
of fits of different model SEDs to the data rather than performing formal x? fitting. Despite
similarities in the SEDs of some models, such as between inclined, rotating FHSCs and
young cores in first collapse phase, we find it is possible to constrain the nature of the
sources in some cases. Some sources are better constrained than others. None of our model
SEDs fitted Aqu-MM2 and SerpS-MM22 well. These sources are more luminous than
the other Serpens South candidates and, even at the close distance, the models required
scaling beyond the range of masses for which the SEDs are valid. It is possible that these
sources could be fitted by using a combination of parameters we have not considered here,
such as a different radius, greater mass and a fast rotation rate. It is more likely, however,
that Aqu-MM2 and SerpS-MM?22 are more evolved young protostars, especially given the
bolometric luminosities of 0.95 L and 0.2 L, (Maury et al. 2011). The estimated masses

of the PBRs were nearly all > 2 Mg, , higher than the range of masses considered here,
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and only HOPS 401 remains a strong FHSC candidate based on this SED fitting since its
best-fitting models are exclusively from the FHSC phase and its mass is estimated to be

The results of fitting models for K242 and HOPS 401 provided some insight into
their nature because there was a high level of consistency among the properties of the
best fitting models. Interestingly, where there was a strong preference for models from the
early FHSC phase, no models were selected for the earlier first collapse stage, suggesting
that these two stages are observationally distinguishable. After first collapse the 160 pm
flux rises quickly relative to the longer wavelengths and the peak shifts. The cold, dim first
collapse SEDs could not be reproduced by a more evolved object, even at high inclination,
meaning that it does seem possible to differentiate between empty “starless” cores and
cores containing an FHSC. Similarly, Commercon et al. (2012a) suggest that a starless cores
and an FHSC are distinguishable at far-infrared wavelengths. CB17-MMS was fitted by
both first collapse SEDs and SEDs from more evolved cores at high inclination, so there is
some level of degeneracy between those parameters. However, we can see from Fig. 3.25
that none of the models is able to fit the 160 pm flux and the other data points concurrently
and the location of the SED peak is not well constrained. This is likely to explain the spread
of best fitting models, since the location of the peak is different for very young pre-stellar

cores and more evolved cores at high inclination.

On the other hand, it is more difficult to distinguish between an FHSC and more
evolved object observationally. Where the SED fitting shows a strong preference for the
late FHSC stage, for example HOPS 401, second collapse SEDs also provide good fits.
Differences in the SED are caused by changes in the temperature structure and opacity
of the envelope and infalling material. These changes are more significant between first
collapse and FHSC formation as the object transitions from the isothermal to adiabatic
phase. Second collapse takes place far quicker than the first and, although the temperature
rises quickly, it does so primarily within the radius of the FHSC. The SED only allows
observers to probe down to the region surrounding the FHSC. This region is slow to heat
and so there are unlikely to be significant differences between the SEDs of the FHSC,

second collapse and early stellar core phases.
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Aqu-MM1 and K242 were well fitted by model FHSC SEDs and had correspondingly
low x? values. More than 200 models provided good fits for Aqu-MM1 and, consequently,
there was no consistency among them. Even though it is not possible to further constrain
the properties of this source it remains a good FHSC candidates. In such cases, this SED
fitting is useful for indicating which sources are promising FHSC candidates and which
can be rejected. The dust grain size distribution strongly affects the shape of the SED.
Because of this, maximum grain size was perhaps the most consistently fitted property.
Models with amax > 10 pm were only among the best fitting models for Per-Bolo 58 and
Cha-MMS 1. This supports the idea that large dust grains are unlikely to be present in the
envelopes of pre-stellar cores. It is possible that grain growth is occurring in Per-Bolo 58

and Cha-MMS 1 or both sources could be more evolved objects.

Omukai (2007) suggests that the optical depth is reduced enough in the vertical
direction of a rotating core that FHSC radiation may be visible at low inclinations. How-
ever, like Saigo and Tomisaka (2011), we find that the FHSC heats the region immediately
surrounding it and that it is from this region that most of the observed radiation is emit-
ted. Even for a core with a higher rotation rate viewed face-on the FHSC is unlikely to be

directly visible at wavelengths < 850 pm.

Currently, a detection at 70 ym is used to distinguish protostellar (class 0) sources
from starless cores after radiative transfer modelling showed that the 70 ym flux is pro-
portional to the internal luminosity (Dunham et al. 2008) and from previous attempts to
model FHSC SEDs. With a realistic density structure, we find that the FHSC is obscured
which significantly reduces the 70 pm flux (see also Saigo and Tomisaka 2011; Commerc¢on
et al. 2012a). The 70 pm flux is highly dependent upon the structure of the centre of the
core and the extent of the envelope. With a photometric sensitivity of a few mJy at 70 pm,
Herschel may be able to detect some FHSCs, depending on the geometry of the FHSC and

its envelope but others will be too faint.

RHD?2 includes a more physical treatment of radiation than RHD1 and we do see
a strong preference for SEDs produced from the RHD2 model in the SED fitting, which
indicates that the more realistic temperature structure provides a better fit to observations.

Only three of the FHSC candidates here, B1-bN, CB17-MMS and K242, were fitted best
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by RHD1 SEDs and these are the only sources to have SED peaks at A > 250 ym. The
SEDs produced from RHD2 models all peaked at shorter wavelengths than this, except
when large dust grains were used, due to heating from the ISRF. We attempted to fit these
three sources with only RHD2 SEDs but were only able to obtain a good fit for K242. It is
interesting to note that K242 appears to lie outside the main filament (see Fig. A1 of Young
etal. (2018)), which means the ISRF and extinction could be different for this source. When
the incident ISRF was reduced, the SED peaked at a longer wavelength. This suggests that
the preference for RHD1 SEDs could simply be due to local differences in the ISRF and we
have not included model SEDs of cores with different levels of exposure to the ISRF in the
fitting procedure. It should be possible to distinguish a more evolved core with an initially
low temperature from a less evolved core with an initially higher temperature because the
temperature structure will be different, as shown in Section 3.3.2. When the FHSC forms,
the temperature in much of the envelope remains unchanged. The emission from the inner
envelope, which makes a significant contribution to the SED, from the more evolved core
will still be less bright than from the same region of the less evolved but initially warmer

core for most of the lifetime of the FHSC, leading to a difference in the shape of the SED.

Finally, the selection of the best fitting SEDs is sensitive to small differences in the
observed fluxes. Consequently, any errors in the observation could lead to a different
interpretation of the properties of the core, although these are not expected to affect the

possibility of distinguishing starless cores and FHSCs.

3.6 Conclusion

We have produced RHD simulations of the collapse of pre-stellar cores with different ini-
tial properties. Snapshots from these models at the key stages of FHSC formation and
evolution were then used to simulate SEDs using a 3D radiative transfer code. We com-
pared the SEDs of cores at different stages in their evolution and of cores with different
properties. Secondly, we fitted the observed SEDs of several FHSC candidates with model
SEDs from a set of 1440.

Differences in the temperature structure of the core affect the shape of the SED even
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though the FHSC itself is not observable directly at wavelengths < 850 pm. Most notably,
fast rotation leads to significant flux at 24 pym during FHSC phase and so FHSC candidates
with observed flux at this wavelength should not necessarily be ruled out. If the core is
initially warmer (e.g. 15K) or initially less compact (e.g. 7ini = 1.5 x 10! ¢cm) we find no
evolution of the SED as the core evolves, which means a younger core could appear more

evolved.

Some of the FHSC candidates were fitted well by just a small number of model
SEDs with consistent properties, which allowed us to make suggestions as to their na-
ture. We found that the SED may be used to distinguish between cores undergoing first
collapse and cores containing an FHSC but not between the FHSC and second collapse
stages. Although FHSC SEDs may appear featureless, they can nonetheless be useful in

characterising sources and ruling out candidates that are probably more evolved.

Of the FHSC candidates that we have fitted with model SEDs, B1-bN, CB17-MMS,
Aqu-MM1, K242 and HOPS 401 are most likely to be FHSCs. Aqu-MM?2 is likely to be
rotating and at a low inclination. SerpS-MM19 may be more evolved than an FHSC but is
probably rotating moderately quickly and oriented at a high inclination. Aqu-MM1 is also
likely to have a high rotation rate and to have an edge-on inclination and CB17-MMS could
be an FHSC embedded in an edge-on disc. From our results, we consider Chamaeleon-
MMST1 and Per-Bolo 58 to be more evolved and they have probably undergone stellar core

formation.
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Chapter 4

Synthetic molecular line
observations of the first hydrostatic

core from chemical calculations

This chapter, except for Sections 4.3.2 and 4.5.5, form the basis of the paper ‘Synthetic
molecular line observations of the first hydrostatic core from chemical calculations’ (Young

et al., 2019, MNRAS, 487, 2853-2873).

4.1 Introduction

In Chapter 3 we showed that SED fitting can shed light on the likely nature of FHSC candi-
dates and is useful for indicating which sources warrant further observation in the search
for the FHSC. Nevertheless, we still require spatially resolved observations and kinematic
data for further insight into the evolutionary stage of these objects. In this chapter we
simulate molecular line observations of the FHSC from hydrodynamical models with the
aim of predicting distinguishing characteristics of the FHSC stage that may be inferred

from high resolution observations, in particular with ALMA.

Modelling molecular line emission requires some assumption of the chemical abun-

dance of the species in question. It is inaccurate to assume a constant abundance because
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many species are significantly depleted in pre—stellar cores due to high rates of freeze—out
at the high densities and low temperatures. One better alternative would be to use a “drop
model”, for which the abundance is assumed to be constant except in regions where the
temperature and density are within a specified range, in which case a lower “depleted”
abundance is used. This approach works well for simple structures like analytical disc
models but the temperature and density structures that develop as the FHSC forms and
evolves are more complex. The depletion is also time—dependent, which is not accounted
for with a drop model. Furthermore, abundances of species like HCO' depend upon
chemical reactions and the availability of reactants rather than upon the temperature and
density directly. For these reasons, we opt to model the chemical evolution and use the

calculated chemical abundances to model spectral lines.

Here we first outline the choice of hydrodynamical models, the implementation
of the chemical model and the radiative transfer calculations used to produce synthetic
molecular line observations. We then present the results of the chemical modelling and
the synthetic observations, which we compare with observations and with previous the-

oretical work.

4.2 Hydrodynamical models

There are several steps involved with simulating molecular line observations. First, we run
R(M)HD models of the FHSC formation and evolution. Second, we post-process these hy-
drodynamical models to calculate the chemical abundances for each position throughout
the simulation to obtain pseudo-time-dependent chemistry. Third, we select snapshots
from the hydrodynamical + chemical models and use the physical conditions and chemical
abundances for the frequency—dependent radiative transfer calculations, which produce
the spectral cubes. We then process the data cubes to produce spectra and moment maps.

CASA was used to simulate ALMA observations.

Two key types of structure associated with the FHSC are nonaxisymmetric disc
structures (e.g. spiral arms) and outflows. Magnetic fields are required to drive outflows

(e.g. Bate et al. 2014; Lewis et al. 2015) but the magnetic braking effect of ideal MHD sup-
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presses the formation of rotational structures (e.g. Bate etal. 2014). For this reason we per-
formed two simulations: firstly a radiation hydrodynamical model, which we will refer to
as the RHD model, to examine rotational structures and secondly a radiation magnetohy-
drodynamical model, which we will refer to as the MHD model, to simulate observations

of the outflow.

Both simulations start with a dense core that is modelled as a 1 Mg Bonnor-
Ebert sphere of radius 7 x 10'® cm (~ 4700 AU), central density 8.34 x 10718 gcm =3 using
3.5 x 10° SPH particles. The density contrast between the central and outer regions of the

core was 15.1.

For the RHD model an initial uniform rotation of Q = 2.02 x 10~!3 rad s~ ! was
used, which gives a rotational to gravitational energy ratio 5 = 0.02, to produce an FHSC

with non-axisymmetric features.

For the MHD model, we place the Bonnor-Ebert sphere in a warm, low density,
cubic ambient medium of side length 2.8 x 10'7 cm. The ratio of the density of the outer
regions of the core and the ambient medium (the box) was 30:1, similar to the models of
Bate et al. (2014). The initial mass—to—flux ratiois 4 = 5, Q@ = 3.44 x 107'3 rad s~! and
B = 0.05. An outflow is launched from the FHSC and this extends to ~ 150 AU by the

time the stellar core forms.

4.3 Chemical modelling

4.3.1 Method and initial conditions

Chemistry calculations were performed using kroMEe (Grassi et al. 2014), as described in
Section 2.5. We include gas—phase and gas—grain reaction. Adsorption and desorption
reactions are included by considering the frozen—out species as separate species with their

own abundances.

We calculate the chemical abundances by post—processing the SPH simulations. The
total mass density, gas temperature, dust temperature and extinction for each particle are

provided by the SPH calculation for each timestep. kroMk is called for each SPH particle
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Table 4.1: Elemental abundances used for the calculation of initial ISM abundances. These were mostly taken
from Reboussin et al. (2014) and references therein and are very similar to the initial abundances of Hincelin
et al. (2016) except for ST. We use the higher ST abundance from the latter work. a) Wakelam and Herbst
(2008), b) Jenkins (2009), ¢) Hincelin et al. (2011) d) Graedel et al. (1982).

Element Abundance (nj/np)

H, 0.5

He 9x10722
N 6.2 x1075b
(@) 14 x1074¢
Cct 1.7x 104"
St 8 x 10784d
Sit 8 x 10724
Fet 3x10724d
Nat 2x1079d
Mg™ 7x 10724
P+ 2x10°10d
Clt 1x10794d

and the chemistry is evolved for a time equal to the difference between the current and

previous hydrodynamical outputs.

First we calculate the chemical evolution for dense, cold ISM conditions: 7' = 10K,
p =4x107¥gem™3 (nge = 10° em™3), A, = 20 and cosmic ray ionisation rate
¢ = 1.3 x 10717571, The elemental abundances given in Table 4.1 which were taken from
Reboussin et al. (2014) and Hincelin et al. (2016). The dust grain abundance is calculated
assuming a dust-to-gas ratio of 0.01 and that all dust grains have a negative charge initially.
The initial electron abundance is found from the difference between the number density
of cations and that of negatively charged grains such that the gas and dust have no net

charge.

The chemical abundances were evolved under the above conditions and most
closely matched those observed in the dense cores TMC-1 and L134N (Agtndez and Wake-
lam 2013) at¢ = 1.2 x 10° years. These abundances are therefore taken as the initial values
and assigned to every SPH particle in the simulated dense core. Next, the chemistry was
evolved for each particle in the initial Bonnor-Ebert sphere under their individual density,
temperature and extinction values for 60 000 years, which is approximately the free—fall
time of the core, to calculate the initial chemical abundances throughout the simulated

dense core.
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From this point, the new values of p, Tyas, Taust and A, are provided by the SPH
model for the next timestep and the chemical abundances calculated for the time be-
tween the current and previous timesteps. For the first ~ 30000 years, during the first
collapse, the physical conditions change slowly so it is unnecessary to calculate chem-
ical abundances after every hydrodynamical timestep. After each chemistry timestep,
the next minimum chemistry timestep is set relative to the local free-fall time: 6t = 1tg,
where tg = \/m The chemistry timesteps therefore decrease as the maximum
density increases. During the first collapse stage the chemistry timestep decreases from
dt ~ 8000 years to a few hundred years. During FHSC phase, the chemistry timestep is

~20-80 years.

We note that the very centre of the core is ~ 7K initially which means that the
network was extrapolated below its minimum temperature of 10 K. In the central regions
of the core the visual extinction of the ISRF becomes very large so a cap of A, = 86 is
implemented. This leads to effectively zero rates for reactions driven by UV photons for

these regions.

4.3.2 Timestepping

The initial dense core is modelled as a Bonnor—Ebert sphere heated by the ISRF. The den-
sity, temperature and visual extinction throughout the core differ from the values used to
calculate the initial chemical abundances so the chemistry should be allowed to evolve for
the initial dense core conditions for some time before the collapse commences. This is in
addition to the time of 120 kyr for which the chemistry in was evolved in 0-D under fixed
dense ISM conditions for producing initial abundances to assign to particles in the initial

dense core.

The formation mechanism and lifetime of dense cores is uncertain so it is not clear
how long the chemistry should be evolved for in the dense core before it collapses. Pre-
vious similar work has assumed various values for this initial chemistry timestep. For
example, the initial dense core used by Hincelin et al. (2016) has a uniform density
(3.97 x 10718 gem™3) and temperature (11 K) and the chemistry is initially evolved for

600 kyr; Dzyurkevich et al. (2016) evolved the chemistry for a total time of 600 kyr; Furuya
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Figure 4.1: Abundance profiles of selected species for 30 550 years (solid lines) and 33 540 years (dashed lines)
after the onset of the cloud collapse (central density 10™'?gecm ™ and 5 x 107! g cm™?) after the chemistry
has been allowed to evolve under the initial conditions for 10 kyr (black lines), 40 kyr (red lines) and 100 kyr
(blue lines).

et al. (2012) evolve the chemistry in 0-D for 100 kyr then for a further 160 kyr in the core
(which is the sound crossing time of the core); van Weeren et al. (2009) also evolve the
chemistry in 0-D for 100 kyr but then for 300 kyr in core; and Aikawa et al. (2008) evolved

the chemistry for 10° years in the core.

As explained earlier in Section 4.3.1, we first evolve the chemistry in 0-D for 1.2 x 103
years, at which time it best matched abundances measured observationally for two dense
cores. To assess the most representative length of this initial chemical timestep we mod-
elled the evolution of the chemical abundances from low resolution SPH models with
initial chemical timesteps of 10, 40 and 100 kyr. These were 1 M, Bonnor-Ebert clouds

with an initial rotation rate corresponding to 5 = 0.05.

Fig. 4.1 shows the abundance profiles for six selected species for 30 550 years after
the onset of collapse (pcen = 10712 g cm ™3, just before FHSC formation) and for 33 540 years
after the onset of collapse (pcen = 5 x 107 gem ™3, during the FHSC stage) for the three
different initial chemistry timesteps. We can see that the abundances of the low density
gas tracers HCO™, NH3 and NoH™ are identical at » < 1000 AU , which indicates that
the initial chemistry timestep, or age of the core, is less important for these on the scale of
the FHSC structures. However, the difference in abundances of HCO™, NH3 and NoH*
due to the age of the core will become significant for observations that are sensitive to

emission on larger scales. The abundance of CO is identical out to a radius of 1000 AU,
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Figure 4.2: Abundance profiles of selected species after 33 540 years after the onset of cloud collapse (central
density 5 x 107! g cm™?) after evolving the chemistry for every hydrodynamical timestep (black), evolving
the chemistry for a maximum timestep of §¢ = +tg (red) and evolving the chemistry for this timestep only
(blue). See text for further explanation.

beyond which we see that there is more CO in the gas phase for cores with shorter initial
chemistry timesteps since there has been less time for the CO to freeze out. For CS and
SO, the dense gas tracers, there is some difference in abundances for » 2 100 AU with

abundances in the infalling envelope being higher for shorter initial chemistry timesteps,

even after FHSC formation.

Within the FHSC itself the temperature quickly exceeds 100 K and the desorption
timescales become extremely short so the extent to which species are initially frozen out
becomes insignificant and the abundances do not depend on the initial timestep. The
regions of the envelope where there is some difference in abundances are 10-100 times
less dense that the outer regions of the FHSC and the CS abundances are more than four
orders of magnitude lower than in the FHSC and more than six for SO. The differences
in abundance due to the initial chemistry timestep are therefore insignificant compared
to the abundances in the much denser regions near the FHSC, which is where most of
the observable emission from the these species originates. The choice of initial chemistry
timestep appears, therefore, to matter little when calculating chemical abundances from
which to simulate observations. We finally choose to evolve the chemistry for 60 000 years

in the initial core because this is approximately its free—fall time.

In Chapter 2.5.3 we discussed how it is not always necessary to evolve the chem-

istry for every hydrodynamical timestep. In Fig. 4.2 we show the difference in abundance
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profiles during the FHSC stage after evolving the chemistry with different timesteps for
a total of 33 540 years after the onset of collapse. First, we evolve the chemistry for every
hydrodynamical output file which gives a maximum timestep of 5660 years early in col-
lapse and a minimum of 22 years after FHSC formation. Secondly we set the minimum
chemistry timestep relative to the local free—fall time, which gives chemistry timesteps of
8500 years during the first collapse and 22 years after FHSC formation when every hy-
drodynamical output is used. Finally we evolve the chemistry for an equivalent length of
time for just the snapshot taken at 33 540 years, i.e. for 33 540 years plus the initial 60 000

years.

For all species shown, the abundance profiles are very similar after the chemistry
was evolved for every hydrodynamical file (Fig. 4.2, black lines) and when the timestep
was set via the free—fall time (red lines). The exception to this is the peak abundance of CS
which is ~ 1000 times higher in the latter case, although the abundance in the two cases
only diverges within r < 4 AU. Differences in chemical abundances deep within the FHSC
will not affect the spectrum because it is optically thick. The abundance profile for when
the chemistry was evolved for just the 33 540 year snapshot (blue lines) is very similar
for CO and NyHT but differs for the other species considered. CS and SO are frozen out
to a greater degree in the envelope because the chemistry has been evolved for longer at
the higher density. During the first collapse the density in this region was lower so the
adsorption rates were lower at this time. The abundances of HCO™" and NHj; between 3
and 10 AU are much higher too, which shows that it is important to consider the physical

history for these species too.

In summary, the choice of initial chemistry timestep is only significant if CS or SO
emission from large (100-1000s AU ) scales is to be considered. For CO and NoH™ after
FHSC formation it is unnecessary to calculate the evolution of chemical abundances as
the cloud collapses and is sufficient to calculate abundances only for the snapshot of in-
terest. Otherwise, the chemical history is important and the chemically evolution should
be modelled fully. Taking a maximum chemistry timestep of 6t = itq is sufficient for

obtaining chemical abundances.
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4.4 Radiative transfer

We took snapshots from the chemical post—processing of the hydrodynamical models to
synthesize the line emission of selected molecular species with Torus, as described in
Section 2.3. First the adaptive mesh refinement (AMR) grid is populated from the SPH
particles following the method described by Rundle et al. (2010). The SPH particles were
mapped onto the cubical AMR grid of side length 6 x 10'® cm (400 AU) and mass reso-
lution of 10?7 g per grid cell for the radiative transfer modelling, with the exception of
the HCO' models. The density and temperature are low enough outside this region that
the contribution to the spectrum is negligible relative to the contribution from the in-
ner few 10s of AU. There is, however, a significant contribution from the envelope to the
HCO™ (1 — 0) spectrum, therefore a larger grid of 8 x 10'6 cm (5350 AU) with a coarser

mass resolution (10%® g per cell) was used for this transition.

The level populations were calculated assuming local thermodynamic equilibrium
(LTE) and are calculated iteratively from the radiation incident on each cell. This is a valid
assumption here because the density in the simulated collapsing cloud is higher than the
critical density for the species and transitions considered. A Monte Carlo method is used
to follow the emission and absorption of continuum and line photon packets through the
model to an observer. A turbulent line broadening of 0.1kms™! is applied. A position-
position-velocity (PPV) FITS image cube is produced for an observer at 150 pc. The PPV
cubes have a side length of 370 AU and 81 channels from —4kms™! to 4kms™!, giving a

channel width of 0.1km s 1.

The silicate dust grain type of Draine and Lee (1984) with a power law distribution
of grain sizes between 0.1 pm and 1 pym of n(a) < a~¢ with ¢ = 3.5 (Mathis et al. 1977) was
used to calculate the dust extinction, continuum emission for the continuum images, and

the continuum contribution to the spectra.

4.4.1 Processing image files

The PPV cubes generated straight from Torus are noise—free so it is sufficient to perform

the continuum subtraction with just one line—free channel. Integrated intensity maps were
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constructed from the continuum-subtracted PPV cubes by summing the channels as fol-

lows, where Av is the channel width:

I=> I,Av. (4.1)
v=1

Spectra were calculated by averaging pixels within a 0.35 arcsec diameter aperture
for CS and SO, and within a 0.67 arcsec aperture for CO and HCO™ for which the emission

is more extended.

ALMA observations were simulated from the PPV cubes using the simalma routine
in CASA (McMullin et al. 2007). Channels corresponding to —4.0kms™! to —3.5kms™!
and 3.5kms™! to 4.0 kms~! for which there was no line emission were averaged and sub-

tracted from all channels to remove the continuum emission.

Position—velocity diagrams were constructed for CO PPV cubes to examine rotation.
The PV cuts were taken perpendicular to the rotation axis, through the midplane of the disc
or pseudo—disc. The brightness of each velocity channel at each position was calculated

by adding the intensity of pixels within & 0.15 arcsec above and below this centre line.

4.5 Results

4.5.1 Morphology and velocity structure of the hydrodynamical models.

The evolution of the maximum density and central temperature are presented in Fig. 4.3.
Initially the temperature is lowest at the centre of the core and the temperature remains
~ 15 K at the edge throughout the simulation due to heating by the ISRF. It is therefore
more useful to compare the central temperature rather than maximum temperature. The
FHSC forms after 29 500 years in the RHD model and after 30 700 years in the MHD model.
The FHSC is deemed to have formed when the rapid increase in central density and tem-
perature that occurs during first collapse ceases and the density and temperature continue
increasing at a slower rate (just after point (a) in Fig. 4.3). The FHSC lasts for 3500 years
in the RHD model and for 1300 years in the MHD model. The lifetime is shorter in the

MHD model because magnetic braking slows the rotation such that the rotational support
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Figure 4.3: The time evolution of the maximum density (top) and central temperature (bottom) for the RHD
model (solid lines) and MHD model (dashed lines). Snapshots were taken from these models at certain values
of maximum density for comparing evolutionary stages and simulating observations. These are indicated
for the RHD model. Snapshot (a) is taken just before the FHSC forms. The density and temperature increase
more slowly after this point before rapidly increasing again during the second collapse.
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Figure 4.4: Density and temperature radial profiles for the RHD and MHD models at snapshots before FHSC

formation (a), during the FHSC stage (b, d) and after the formation of the stellar core (g). Profiles are shown
parallel to the rotation axis (black) and perpendicular to the rotation axis (red).
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Figure 4.5: Evolution of the column density of the RHD model viewed at ¢ = 0° and ¢ = 90° (upper two
rows) and of the MHD model also viewed at the same inclination angles (lower two rows). From left to right,
panels show FHSC snapshots (b), (c) and (d) and the stellar (second) core snapshot (g). The development of
spiral structure is apparent in the RHD model and the outflow is seen in the MHD model at i = 90°.
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Figure 4.6: Velocity structure at snapshot (d) (late FHSC). Left panels: RHD model. Cross-section of the
velocity component approaching an observer viewing the system edge—on, v, in the midplane (top) showing
a rotationally supported disc; v,, as viewed edge-on (centre); the vertical component of the velocity, v.,
(bottom). Arrows show the direction of the net velocity. Right panels: As above but for the MHD model. The
key features are the rotating pseudo-disc and outflow. The highest velocities are due to infall within +20 AU.

is reduced.

We take snapshots from the hydrodynamical models at selected times to allow com-
parison of the synthetic observations for different evolutionary stages. These are taken
at the following values of the central density: (a)107?2gem™3, (b) 5 x 107t gem ™3, (c)
10 2gem =3, (d) 1078 gem™3, (g) 1072 gem 3 (these are the same values as used in Chap-
ter 3). Snapshot (a) is taken just before FHSC formation, (b), (c) and (d) are during the
FHSC stage and (g) is taken just after the formation of the stellar core. Density and tem-
perature profiles for four key evolutionary stages are presented in Fig. 4.4. It is important
to note that the temperature remains < 100 Katr > 10 AU even at snapshot (g), i.e. shortly
after stellar core formation, and 7" < 300 K at » > 4 AU (see Fig. 4.4) which means the

chemical network is valid for observable size scales.

The morphology of the RHD and MHD models is shown in Fig. 4.5. In the RHD

model (upper two panels), the FHSC has the form of a rotationally supported disc which
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increases in radius from ~ 20 AU to ~ 35 AU (c.f. Bate 1998, 2011). Late in the FHSC stage,
after 32 000 years, a spiral instability develops. The disc is also apparent in the diagrams
of the velocity structure shown in Fig. 4.6, upper panels, as well as the infall perpendicular
to the plane of the disc. After second collapse and the formation of the second (stellar)

core, the disc and spiral structures persist.

In the MHD model, the FHSC forms after 30 700 years. The cloud core is initially
rotating quickly in this model but the rotation is significantly reduced by magnetic brak-
ing and the FHSC is not rotationally supported. A pseudo-disc forms around the FHSC,
comprised of gas with infalling, rotating motions (see Fig. 4.6). An outflow is launched
around 400 years after FHSC formation, the structure of which is shown in Fig. 4.5, lower
panels, and the lower panels of Fig. 4.6. Outflow velocities reach 0.5 km s 1to1.0kms™!
at distances of 20 to 150 AU from the midplane. Infall continues through the pseudo—disc
at [v| <0.5kms™! and also vertically within » < 10 AU with velocities exceeding 1 km s,
The line-of-sight rotational velocities in the outflow and pseudo—disc are similar to the
outflow and infall velocities which means that all of these regions must be considered to

understand the nature of the spectra.

Infall velocities reach ~ 3 km s~! in the RHD model but are lower in the MHD model

due to additional magnetic pressure and remain < 1.5 km s~ after stellar core formation.

4.5.2 Chemical evolution

Chemical abundances as a function of radius for the RHD case are shown in Figs. 4.7 and
4.8. From here on we refer to chemical abundances relative to the abundance of molecular
hydrogen. Other species with high abundances not shown here include CCH, HCN, HNC
and H»O. Some interesting species such as methanol and formaldehyde form primarily
through grain surface reactions and so we cannot calculate realistic abundances for these.
The abundances beyond 100 AU remain mostly unchanged throughout FHSC phase and
stellar core formation because the temperature and density change very little. However,
for nearly all the species shown, there is a dramatic change at r < 30 AU when the FHSC
forms and the gas—phase abundances increase quickly. We note that the abundances of

the species discussed here are also high at large radii in the envelope and surrounding
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Figure 4.7: Average abundances of selected species calculated for the RHD model perpendicular to the rota-
tion axis for snapshots a—g taken as the FHSC forms and evolves (see Fig. 4.3).

7.0
- = 90
;g < -11.0
e T -130
~ ~-150
Q) 0 -17.0
)
2 = 190
£ Z 210
g 8230
25.0
1000
— 100F i, j ' —
= L H,CN = 80
z i L 90
f=4
= £ -100
= T -11.0
9, S 120
T I -130
= £.-140
g g-150
1 10 100 1000 -16.0
- — OCs — a
= 00 2 —_—
1o < 110 H d
c -11. :
= £ 130 . q
£-13.0 » -15.0 t
I o
= -17.0
Z 150 — a2l Q
= - b | T -100
;‘ -17.0 d 2 -21.0
e - 91 2230
1907 10 100 1000 1 10 100 1000 280, 10 100 1000
r (AU) r (AU) r (AU)

Figure 4.8: Same as for Fig. 4.7 but in the vertical direction (parallel to the rotation axis).
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molecular cloud. However, if we select transitions that are excited at the higher tempera-
tures of the warm core then it is only the abundances towards the centre of the cloud core

that matter for observations.

The abundance of CS peaks sharply within a radius of a few AU, indicating that
it traces the warmest region at the centre of the FHSC. The peak abundance increases
significantly during the FHSC stage so we may expect to see CS lines brighten as the core
evolves. CN traces a similar region but its central abundance increases later than CS.
The abundance of HoCN increases rapidly within the FHSC and becomes 4-5 orders of
magnitude higher than in the surrounding envelope, which may provide an indication of

the FHSC.

OCS, SO and CO trace the FHSC but to different radii. In the RHD model, these
species trace regions within ~ 15, 20 and 30 AU respectively in the disc plane. For these
species, the peak abundance does not change after the FHSC forms but the radius within
which the abundance is high increases as the disc warms up. For example, CO desorbs
from dust grains as soon as the FHSC forms and the size of the disc traced by CO increases
from ~ 15 AU to ~ 30 AU in the first half of the FHSC phase. OCS follows the same pattern

but traces the disc to a smaller (< 15 AU) radius.

Abundances in the MHD model (Figures 4.9, 4.10 and 4.11) are similar except in the
vertical direction after the outflow is launched. HCO™ and CO are abundant out to larger
radii in the vertical direction than the horizontal due to the outflow. SO still appears to
trace the central core well since the abundance decreases by several orders of magnitude
at 10 AU even in the direction of the outflow. In the MHD model, the peak abundance of

SO increases by a factor of 10 during FHSC stage.

The abundance of HCO™ is lowest in the centre of the core after FHSC formation and
increases with radius. There is a region of enhanced HCO™ abundance within a shell at
~10-50 AU. The abundance of HCO™ is lower in the outflow than surrounding envelope
and lower still in the pseudo-disc. HCO™ is therefore likely to trace the inner envelope

structure, but not the disc or pseudo—disc.

The abundance of NH3 peaks within the FHSC in the MHD model and to a lesser
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Figure 4.12: Mass weighted average abundance relative to nu, for snapshot (d), late FHSC for CO, SO, CS

and HCO™ respectively. CO and CS trace the spiral structure of the FHSC and CS traces just the central few
AU. The HCO™ abundance is lower in the spiral arms than in the envelope.
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extent also in the RHD model. NHj3 is depleted to a radius of ~100 AU within the pseudo—
disc and within the outflow. In the RHD model, NH3 is depleted within the spiral arms

but the abundance is high within a radius of » < 30 AU and is high in the envelope.

Abundances of the other species here peak sharply in the centre, except for SO which
traces out to 8 AU above the midplane and CO which traces out to 20 AU. At this distance,
CO should trace the base of the outflow but SO is more likely to trace the infall close to

the centre of the core.

The chemical abundances within and close to the FHSC are very different to the
abundances in the centre of the pre-stellar core before FHSC formation because many
species desorp from the dust grains with the rapid increase in temperature. For both
models, the species that show significant evolution in abundance during the FHSC stage
are CS, NH3 and SO. The abundance of OCS in the centre of the core decreases during

FHSC stage in the MHD model.

For all species considered here, clues to the evolutionary stage of the core are likely
to be given by changes in envelope structures revealed by certain species rather than by
changes in chemical abundances alone. Murillo et al. (2018) conclude from observations of
two Class 0 protostars that temperature is a key factor in driving the chemical composition
of a protostellar envelope. Since the temperature structures are similar, it is likely that
the kinematics rather than the chemical abundances will prove a better diagnostic of the

FHSC.

4.5.3 Synthetic observations

In this section we present synthetic observations of CO (4 — 3) (461.041 GHz), SO (87 — 7¢)
(340.714 GHz), CS (8 — 7) (391.847 GHz) and HCO™ (1 — 0) (89.198 GHz). These species
were chosen because they are expected to have high enough abundances to be detectable
and to trace different structures. CS also shows a significant change in abundance as the
FHSC grows. CN, NH3 and NoH™ are also likely to trace FHSC structures. However, at
the moment we are unable to compute the hyperfine structure lines necessary to model

the emission from these molecules.
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Figure 4.13: 230 GHz (1.3mm) continuum image for snapshot (d) from the RHD model. At millimetre wave-

lengths the continuum emission is brightest in the centre of the FHSC only and the spiral features are faint.

The brightness scale has been capped at 18.0 Jy arcsec™? but the maximum intensity is 20.2 Jy arcsec™ 2.

4.5.3.1 Continuum

The 230 GHz continuum image of the late FHSC from the RHD model is presented in
Fig. 4.13 to allow comparison with line observations. The continuum emission here is
tracing the denser regions such that the centre of the FHSC appears bright and the spiral

structures are only visible within 20 AU.

4.5.3.2 CO

From Fig. 4.12 it is clear that CO traces the region containing the spiral structures in the
RHD model. The integrated intensity maps for a snapshot late in the FHSC stage for
both the RHD and MHD models are shown in Fig. 4.14. The CO (4 — 3) line appears to
trace the rotational structures present in the RHD model in the face-on direction. The
CO (4 — 3) emission reveals two spiral arms but the emission traces the lower density
region rather than the spiral features seen in the column density and dust continuum

emission (Fig. 4.13).

There are significant absorption features in the integrated intensity maps where
the FHSC continuum emission is absorbed by cooler gas in front of it. This effect is oc-
casionally seen in observations of Class 0 protostars (e.g. Ohashi et al. 2014). The FHSC
is smaller in the MHD model so a smaller region is seen in absorption. The FHSC re-
mains axisymmetric in the MHD model and the integrated intensity map shows a 50 AU

diameter disc-like structure.
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Figure 4.14: Top: CO (4 — 3) integrated intensity map for late FHSC in the RHD model, after subtracting
continuum emission. Bottom: As above but for the MHD model.
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Figure 4.15: Spectra for CO (4 — 3) (solid lines) and CO (3 — 2) (dotted lines) at ¢ = 0° (face-on) during late
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been launched and is apparent from the double peak.
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When viewed side-on (inclination ¢ = 90°) the dense inner envelope is bright in
emission for the RHD model. The outflow structure of the MHD model is apparent in the
CO (4 — 3) emission. The CO abundance varies by less than an order of magnitude across
the inner region which it traces, indicating that the outflow structure in Fig. 4.14, bottom
right, is not caused by an increased CO abundance in the outflow. The brighter structures
are where the velocities are higher because emission at the higher velocities (> 1 kms™!)

suffers much less from self-absorption.

The spectra of the late FHSC snapshot from the MHD model in Fig. 4.15 reveal the
kinematics that could be detected at i = 0°. The spectrum for each panel was calculated
simply by summing the intensities for each pixel in the area of the image covered by the
panel. The CO (4 — 3) spectra are brighter, more sharply peaked and have deeper absorp-
tion features than the CO (3 —2) spectra. The line profiles for the snapshot just after stellar

core formation are very similar, only slightly brighter.

At i = 0° we are looking down the direction of the outflow. The double-peaked
spectra in the four central panels are indicative of the blue— and redshifted components

with velocities of ~ 1kms™1.

Self-absorption at low velocities also contributes to the
central dip. There is a second absorption feature at ~ 1 km s~! which is caused by infalling
gas directly in front of the FHSC (see Fig. 4.14, lower right). Outside of the central four
panels, the spectra peak at ~ 0.7 km s~ !. The redshifted emission from the far side outflow
is brighter than the emission from the approaching part of the outflow, which causes
this asymmetry in the spectra. The nearside emission is self-absorbed because the gas
in the outflow, through which the emission propagates, is moving at similar velocities to
the emitting gas and this is not the case for the far side emission. The effect of the near

side infalling gas on the redshifted outflow CO emission is negligible because the CO

abundance is very low in the envelope.

To examine the observable kinematics further we plot the position—velocity cuts for
three snapshots during FHSC stages (b,c,d) and shortly after stellar core formation (g) in
Fig. 4.16 for both the RHD and MHD models. These were constructed from the ¢ = 90°

velocity cubes as described in Section 4.4.1.
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Figure 4.16: Position—velocity diagrams for CO (4 — 3) for a series of snapshots of the FHSC (b, ¢, d) and
newly formed stellar core (g) viewed at ¢ = 90° inclination. The intensity was summed over an 0.3 arcsec
slice centered on the plane of the disc. Dashed lines show the Keplerian rotation profile for a 0.03 My central
protostar.
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Figure 4.17: Spectra averaged over a central 0.67 arcsec diameter aperture for RHD model (top) and MHD
model (bottom). Solid lines: ¢ = 0°, dashed lines: ¢ = 90°. Letters refer to evolutionary stage as defined in
Section 4.5.1.
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The RHD PV diagrams show the characteristics of a rotating infalling structure.
The broad absorption feature at ~ 1 — 2 kms™! indicates infalling gas and the velocity
increases towards positive offsets because of the contribution of rotation. CO is frozen out
just outwards of the spiral shocks at 2 40 AU. The extent of the emission increases as the
temperature increases and CO desorbs at increasing radii. There is blueshifted emission to
the right hand, receding, side of the object because the gas on the far side has a component
in the direction of the observer as it spirals towards the disc. This emission is not self-
absorbed due to the velocity difference between the emitting gas and the gas in the disc

and near—side envelope through which it passes.

The PV diagram for the MHD model appears to be closer to a Keplerian rotation
profile, although this is misleading because there is no rotationally supported disc and
gas is spiralling inward through the pseudo—disc. CO is frozen out at r 2 20 AU so there

is no emission beyond +0.2 arcsec.

Earlier in the FHSC stage (snapshots b and c) absorption occurs at negative veloc-
ities. For snapshot (c), this is likely to be due to absorption in the young outflow. By
snapshot (d) absorption occurs only at v > 0.4kms~! and is restricted to a very narrow
region of < 0.04 arcsec. The nature of the CO (4 — 3) absorption feature could provide an

indication of the evolutionary stage.

From the evolution of the spectra averaged within a 0.35 arcsec circle shown in
Fig. 4.17, the difference between the RHD and MHD models is even more apparent. The
disc in the RHD model is seen almost entirely in absorption against the continuum. Early
in the FHSC stage (b) the absorption and emission features are similar in magnitude in
the RHD model. The brightness of the emission changes little through to when the stellar
core forms but the depth of absorption increases by up to a factor of 3. There is no disc in
the MHD model and much of the emission is from the outflow. At (b) the line is entirely
in absorption at i = 0°. The development of the outflow leads to the emission brightening

as gas—phase CO is present in high abundance in a more extended region.

At i = 90° a double—peaked rotation signature is not seen in the RHD model due

to the strong absorption at positive velocities by infalling material. The rotating outflow
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Figure 4.18: SO (87 — 7s) integrated intensity maps for the RHD model. We do not show the MHD model
because the scale of the emission would be too small to resolve.
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Figure 4.19: Evolution of the SO (87 — 7¢) line profile in the MHD model for RHD model (top) and MHD
model (bottom). Each spectrum is averaged over pixels within a central 0.35 arcsec (53 AU) diameter circular
beam. Solid lines: 7 = 0°, dashed lines: ¢ = 90°.

produces a double—peaked spectrum in the MHD model, however, which may be mistaken

for a rotating disc (Fig. 4.17, bottom panel, dashed lines).

Our models assume a turbulent velocity of 0.1 kms™! and we note that a higher
value will result in less self-absorption at the systematic velocity of the FHSC as well as

slightly broader line widths.

4533 SO

The abundance of SO is ~ 1 x 107 within r < 20 AU in the RHD model and within
r < 10 AU in the MHD model and drops off rapidly outside this region, meaning it is
a tracer of the FHSC only in the RHD model (Fig. 4.12) and of the FHSC and very inner
envelope in the MHD model (Fig. 4.11). At a distance of 150 pc, the region traced in

the MHD model is only 0.13 arcsec across so the object will not be well resolved. The
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abundance of SO is lower in the outer parts of the spiral arms of the RHD model, although
SO traces the inner spiral well (Fig. 4.12). In Fig. 4.18, the integrated intensity plots reveal
significant absorption as seen in CO, which actually traces out the central spiral structure.
Emission is limited to a pair of spiral arms at r ~ 20 AU. At = 90°, we see a "hamburger"

structure with emission from above and below the midplane.

SO (87 — 7¢) spectra for the MHD model are shown in Fig. 4.19. The line bright-
ens considerably during the early FHSC stage as the temperature increases quickly in the
central few AU and SO traces an increasing radius. The region traced by SO incorporates
only a small section of the outflow where the outflow velocities are < 0.5kms™!. In the

same region, the infall and rotation velocities are ~ 1 km s7L.

The spectra show a clear evolution during FHSC stage. At snapshot (b) the emission
is undetectable and the line is symmetrical in absorption. By snapshot (c) the outflow has
launched and the line is asymmetrical since it is affected by self-absorption by outflowing
gas, giving rise to a redshifted peak. From snapshot (d) there is an absorption feature
against the continuum. This becomes less pronounced after the stellar core formation
because the density distribution becomes more sharply peaked. The peak becomes more

symmetrical as emission from the outflow brightens.

At i = 90°, the emission peaks at + 1.2kms™! and the blueshifted peak is brighter,
as expected for an infalling, rotating structure. The central absorption dip is skewed to
positive velocities due to absorption by infalling material (with a positive recession veloc-
ity). The infall velocity is lower here than in the vertical direction due to the added effect

of rotation.

Without an outflow, the spectra for the RHD model are quite different. There is a
very strong absorption feature from 1.5 to 2.5 km s~L. After stage (c) this does not deepen
although the emission peak brightens between snapshots (c) and (d). The ¢ = 90° spectra
do not display the characteristic double peak. Looking at the integrated intensity images
in Fig. 4.18 we can see that the disc is seen nearly entirely in absorption. Rotation speeds
are low above and below the disc where the emission originates and emission at higher

velocities is less bright than the low velocity emission from nearer the centre.
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Figure 4.20: Spectra for CS (8 — 7) obtained from a 0.35 arcsec aperture from the RHD model (top) and MHD
model (bottom). Solid lines ¢ = 0°; dashed lines i = 90°.

4534 CS

The average CS abundance for the late FHSC of the RHD model is presented in the final
panel of Fig. 4.12. The abundance peaks at a few 10~® within » < 10 AU in a symmetri-
cal distribution and is several orders of magnitude lower elsewhere. We therefore do not
expect CS to be useful for tracing rotational structures. The emission will not be well re-
solved so we consider only the spectra obtained from the total emission within a 0.35 arcsec

aperture centred on the FHSC.

Fig. 4.20 shows the spectra for CS (8 — 7). CS is extremely depleted towards the
centre of the cloud core prior to FHSC formation and the abundance soon after formation

is still too low to be detectable.

In the MHD model, at i« = 0° from snapshot (c) onwards, a sharp peak develops
around the CS (8 — 7) line centre and this brightens considerably between the FHSC and
stellar core stages. There is an absorption feature at ~ 1kms™!. At the frequency of the

CS (8 —7) transition (391.8 GHz), the envelope is optically thin and most of the continuum
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emission originates within the FHSC or from the very inner envelope near to the FHSC.
The optically thin gas directly in front of the FHSC is infalling with a velocity of ~ 1 km s ™!
and absorbs the continuum emission. The peaks of the spectra are symmetrical and show
no evidence of the outflow. The CS (8 — 7) line brightens between during and beyond the
FHSC stage.

At stage (c), mid-FHSC stage, we see symmetrical absorption features around the
central peak. The outflow has launched by then with a velocity < 1kms~!. The gas is
still relatively dense and therefore absorbs radiation from the FHSC, but does so pre-
dominantly at blueshifted frequencies since this gas is approaching the observer. Within
< 5 AU from the centre, the gas is infalling at a similar speed to the outflow, which creates

the redshifted absorption feature.

Ati = 90°, the CS (8 — 7) line is double—peaked because of the rotation of the FHSC.
The emission is fainter due to the increased optical depth caused by the disc structure such
that the emission comes from a slightly larger radius where the temperatures are a little
lower. The central dip is deepened by absorption and is skewed to positive velocities due

to infall as discussed above.

Spectra from the RHD model show only absorption at i = 0° and little asymmetry at
i = 90°. Absorption at increasing velocities as the FHSC evolves indicates the increasing
infall velocities. In the ideal MHD model, the additional support from the magnetic field

reduces infall speeds so the spectra reveal a narrower velocity range.

4.5.3.5 HCO™

The abundance of HCO™ is highest in the regions of the lowest density and it is depleted in
the FHSC and disc (Fig. 4.12). The integrated intensity map for the RHD model (Fig. 4.21,
top left) shows an asymmetrical ring with a central hole. This feature is commonly ob-
served in HCO™ near protostellar sources, albeit on scales of 100s AU rather than 10s AU
(e.g. Jorgensen et al. 2013). Only the inner envelope at r ~ 30-50 AU is warm enough
to produce significant HCO™ (1 — 0) emission and within the disc the HCO™ emission is
much fainter, primarily due to depletion at r < 15 AU (see Figs. 4.7 - 4.11). At: = 90°,

the approaching (left) side is visibly brighter in both models. This is a well known phe-



45. RESULTS 129

: : : : : : : : : : 0.4
04F HCO™ (1-0) i=0°{ | i=90¢ o
29
oy 02 @
8 o2} 1t 1 S g
(%] -
O & =
S ool 4 L 4 =) 4 40.0 8 3
-— QL (0]
£ 45 g 3
o 11 h-028 S
£S5
o4l 50 AU 11 50 AU £
! ! ! ! ! ! ! ! ! ! _04
-04 -02 00 02 04 -04 -02 00 02 04
Offset [arcsec] Offset [arcsec]
; ; ; ; ; ; ; : ; . 0.30
04 HCO™ (1-0) i=0°- i=90° =
2%
g ol 11 {1015 2 E
@ L
o eq
S, 0.0} i 1t o i[ {000 5 §
?.) = 0
7} OO
£ -0.2} 11 i e
5 02 -015 8 N
£ 5
o4 50 AU |l 50 AU £
L ! ! ! ! ! ! ! ! ! _030
-04 -02 00 02 04 -04 -02 00 02 04
Offset [arcsec] Offset [arcsec]

Figure 4.21: HCO™" (1 — 0) Integrated intensity for snapshot (d). Middle: RHD model; Bottom: MHD model

nomenon for rotating, infalling envelopes observed in an optically thin line.

The emission in the MHD model also has the appearance of a disc and a smaller
region is traced. What we see is not just the pseudo—disc but also the conical outflow from
above. Ati = 90°, the emission is also less extended than in the RHD model, despite
the presence of an outflow. Here the HCO™ line traces the pseudo—disc and outflow and
there are brighter structures in the outflow like those seen in the CO emission. The spectra
for both models are double-peaked at i = 0°. For the RHD model this is due to the
combination of infall motions and the self-absorption dip at low velocities. The spectra
for the MHD model have similar features but the infall speeds are lower. The emission
from the outflow at i = 0° in the MHD model at ~ —0.5 km s~! reduces the depth of the

dip between the central and blue shifted peaks from snapshot (c) onwards.

Before FHSC formation there is no central emission peak at the line centre. This
central peak brightens as the core evolves and, from late in the FHSC stage, it is brighter

than the blueshifted peak. This is true for both RHD and MHD models and provides a
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Figure 4.22: HCO" (1 — 0) spectra for RHD model (top) and MHD model (bottom) within a 0.67 arcsec
aperture. N.B. These use a grid of 5350 AU rather than the 400 AU grid used for the other species.

possible indication of the presence of an FHSC. The relative strengths of the line centre
and red- and blueshifted peaks do depend on the aperture over which the spectra are
averaged. The HCO™ abundance is extremely low in the centre so this emission at the line
centre is not simply coming from the FHSC. In the RHD model, the HCO* abundance
increases within a shell between ~ 20-30 AU (c.f. Figs. 4.7 and 4.8). This coincides with
the outer regions of the disc-shaped FHSC, which strongly suggests that we are seeing
the build up of material in the midplane. This feature is weaker in the MHD model (c.f.
Figs. 4.9 and 4.10), which makes sense because gas is infalling along the midplane, i.e. the

radial velocity = 0 for i = 0, but no disc forms so the density is lower.

4.5.4 Detectability with ALMA

In this section we examine the observability of features identified in the previous section
by simulating ALMA observations. For all synthetic ALMA observations we assume a re-
alistic precipitable water vapour (pwv) = 0.8 mm, unless otherwise stated, and use Briggs
weighting. Simulated ALMA integrated intensity maps are presented in Fig. 4.23 and

spectra in Figs. 4.24 and 4.25.
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Figure 4.23: Synthetic ALMA observations of snapshot (d) of the RHD model in the face—on direction all with
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configuration giving 0.15 x 0.12 arcsec beam, 8h total time.
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Figure 4.24: Synthetic ALMA observations of the MHD model snapshot (d) in CO (4 — 3). Left: face-on
direction, total integration time of 8 hours, pwv =0.8 mm and 0.1 x 0.09 arcsec beam. Each panelis 0.12 arcsec
across. Right: Red and blue contours show integrated intensity in the edge—on direction from 0km sl to
4kms™" and —4kms™' to 0kms™ " respectively. Continuum is shown in greyscale. A total integration of 6
hours, beam size 0.1 x 0.09 arcsec and pwv = 0.5.
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The asymmetric CO (4 — 3) emission is discernible after a total on source time of 8
hours with the out 14 configuration (beam size 0.11 x 0.09 arcsec) (Fig. 4.23, centre panel).
The absorption at the centre is very prominent and certainly detectable with a shorter
integration. No additional detail is gained by using a smaller beam due to the increased
noise. The CO (3 — 2) line (Fig. 4.23, left panel) is brighter and it is possible to obtain
a similar level of detail with the out16 configuration (0.1 x 0.08 arcsec beam) with a far
shorter 4 hour integration. Emission from the spiral arms clearly traces the asymmetric
central region where the CO is seen in absorption. The CO (3 — 2) line is more likely
to be contaminated by the foreground cloud so it is encouraging that the detection of
nonaxisymmetric structure is achievable in the higher (4 — 3) transition. SO (87 — 7¢)
is also detectable (Fig. 4.23, right panel) and traces the spiral arms clearly with a total

integration of 8 hours and the out14 configuration (0.09 x 0.1 arcsec beam).

The CO (4 —3) spectrum in Fig. 4.15 showed a double—peaked feature, characteristic
of the outflow, and we find that it should be possible to detect this with ALMA. In Fig. 4.24,
top, the panels each cover a larger area due to the lower resolution of the convolved image
but the feature is present in the central panels after a total on source time of 8 hours. A
high resolution of ~ 0.1 arcsec is needed to detect the double—peak, otherwise it is hidden

by low velocity emission from the pseudo—disc.

Many of the observed candidate FHSCs have accompanying detections of slow out-
flows. In Section 4.5.3.2 we showed that CO emission should trace the inner regions of the
outflow. However, in the simulated ALMA observation in Fig. 4.24, bottom panel, there
is no clear outflow structure either in the continuum or CO (4 — 3) line emission. The line
emission reveals red— and blueshifted lobes, indicative of the rotation of the outflow. The
rotation velocities are comparable to, or higher than, the outflow velocities. Even at low
inclinations, the outflow motions were not detectable but rotation should be observable

with ALMA with a 6 hour integration.

The SO (87 — 7¢) transition revealed a shift in the line centre and the development
of an absorption feature between snapshots (c) and (d). This difference is still clear in
the simulated ALMA observation (Fig. 4.25, upper panel) and may provide a method

for distinguishing a source midway through FHSC stage from a more evolved object. In
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Figure 4.25: Synthetic ALMA spectra of the MHD model in the face—on direction. Top: SO (87 — 7¢), 8 hours
total integration, out14 configuration. Itis possible to distinguish spectra early and late in FHSC stage ati = 0°
as the outflow develops. Bottom: MHD model HCO™ (1-0), 8 hours total integration, 0.21 x 0.25 arcsec beam.
As the FHSC grows emission increases at the line centre and becomes brighter than the blue peak and this is
still discernible in the synthetic interferometric spectra.

HCOT™ too (Fig. 4.25, lower panel), the difference between the spectra of snapshots (b) and

() is clear although somewhat more subtle.

CS emission was found to be indistinguishable from noise even with an 8 hour
integration with pwv = 0.5 mm for both the (8 — 7) and (2 — 1) transitions from the
MHD model. The CS (8 — 7) line only became detectable for the last snapshot (g) with
excellent observing conditions of pwv= 0.2 mm and an 8 hour integration with the out20

configuration.

4.5.5 Disc accretion feedback

So far we have calculated the chemical abundances until only shortly after the formation
of the stellar core and have found that there is little change in the chemical abundances in
the envelope because the temperature structure at r 2 200 AU remains largely unchanged.
After the stellar core forms, thermal feedback will alter the temperature of the envelope.
Although the intrinsic luminosity of the protostar will be low for some time, accretion

luminosity is expected to be significant.

We now extend the RHD simulation for a few hundred years beyond stellar core
formation to allow the temperatures in the envelope to rise so we can explore whether
there is a difference in the chemistry of the envelope and over what timescales this might
occur. To extend the calculations significantly beyond stellar core formation, we need to

use sink particles because the particle timesteps become very small at high densities (Bate
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Figure 4.26: Evolution of the density and temperature profiles after stellar core formation from the disc
accretion feedback model. Snapshots are taken shortly after the formation of the stellar core (g) and at 50,
150 and 250 years later. Black lines: horizontally averaged profiles. Red lines: vertically averaged profiles.

1995). A sink particles is inserted after the stellar core has formed, when the maximum
density exceeds 0.1 gem™3, and gas within 0.1 AU of the sink particle is accreted. The
accretion luminosity is the dominant source of heating at this early stage and to model
this we use the disc accretion feedback model of Jones and Bate (2018). For this, a sub—
grid model is implemented in which the sink particle represents a protostar and a disc
with gas accreting through the disc onto the star. The disc has an outer accretion radius
of 0.1 AU and an inner radius of 0.02 AU . For the first ten years after sink formation the
accretion rate is very high as the remnants of the FHSC fall onto the stellar core. After
this, the accretion rate becomes more steady and the accretion luminosity is calculated
assuming an initial accretion rate of 107 Mg, year~! and is added as a source term into
the flux-limited diffusion equations for gas particles surrounding the protostellar sink

particle.

Fig. 4.26 shows the evolution of the density and temperature profiles after the for-
mation of the stellar core with this disc accretion feedback model. The central density
decreases quickly after stellar core formation as the gas is accreted onto the protostar. At
r > 10 AU the density profile in the disc plane changes little but in the vertical direction
the density increases as material in the envelope falls inwards. The temperature increases

substantially over the 250 years out to » = 1000 AU and the radius at which 7" > 25 K, the
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CHAPTER 4. SYNTHETIC MOLECULAR LINE OBSERVATIONS OF THE FIRST
136 HYDROSTATIC CORE FROM CHEMICAL CALCULATIONS

approximate sublimation temperature of CO, increases from ~ 60 AU to ~ 150 AU .

The abundance profiles for snapshot ‘g’ (stellar core formation), and 50, 150 and 250
years later are presented in Figs. 4.27 and 4.28. The rapid increase of temperature results
in the sublimation radius of many species increasing quickly too in the space of just 250
years. In this time, the extent of the disc traced by CO, SO and OCS doubles. CS, CN and
H>CN were previously only present in significant abundances in the centre of the FHSC
but are present within a region of tens of AU after 250 years. The change in the abundance
profile of CS is particularly interesting because during the FHSC stage we found that CS
traced too small a region to be spatially resolvable. In this short time, CS now traces the

inner disc and envelope to r < 30 AU .

These rapid changes in the abundance profiles are likely to cause the spectra of ex-
tremely young protostars to be distinct from the spectra of FHSCs, which offers some hope
for distinguishing between the two stages observationally. We note that the accretion rate
soon after stellar core formation is uncertain and the value we use for the initial accretion
rate may be rather conservative. A higher accretion rate will produce a higher accretion

luminosity and the gas temperatures will increase even faster.

4.6 Discussion

4.6.1 Chemical abundances

Abundances of chemical species that form primarily on the surface of dust grains are
highly underestimated and so we do not simulate observations for them. We now compare
the abundances of several species presented in this paper with observed values, bearing
in mind that the observed values were measured for dense starless cores. We will later

compare our chemical abundances to the results of other simulations in 4.6.5.

The calculated initial abundance of CO is 1 x 10~* which is similar to the mea-
sured CO abundancesin TMC-1 (1.7 x 10~%)and L134N (8.7 x 10~%) (Agtindez and Wake-
lam 2013; Dickens et al. 2000). As the core collapses and the density increases, the CO
freezes out and the abundance is lower than in TMC-1 and L134N, which is to be ex-

pected as the density exceeds that of L134N (np2 ~ 2 x 10 cm~2 which corresponds to
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8 x 1072Y gem 3, Dickens et al. 2000) and TMC-1 (np2 ~ 8 x 10* cm 2 which corresponds

to 3 x 10720 gcm 3, Pratap et al. 1997).

The initial abundance of HCO" is 7 x 10~ which is similar to the measured abun-
dance of 7.9 x 1079 in L134N (Dickens et al. 2000) and a little lower than the value of
9.3 x 107 found for TMC-1 (Pratap et al. 1997). The calculated HCO™ abundance is close

to the observational values than that of CO.

The initial abundance of CS (2 x 107®) is an order of magnitude greater than that
observed in TMC-1 (Pratap et al. 1997) and the KIDA network overestimates the CS abun-
dance for t <106 years. CS freezes out in the collapsing dense core and only exceeds 1010
in the central few AU. Observations of the FHSC candidate Cha-MMSI1 (Tsitali et al. 2013)
find a CS abundance of 2.5 x 109 at a radius of 8000 AU, which is consistent with our

calculations if extrapolated to this radius.

The SO abundance is significantly lower by ~ 4 orders of magnitude initially than
observed in TMC-1 and L134N. The initial abundance of NH3 is initially ten times lower

than observed in TMC-1 and L134N and reaches a few 10~ in the core.

4.6.2 Spatially resolved structures

The spiral structure that develops in the RHD model should easily be spatially resolved in
dust continuum observations. Indeed, there are now several examples of such structures
observed in discs (e.g. Grady etal. 2013; Pérez et al. 2016; Stolker et al. 2016). We can exam-
ine whether the rotational or outflow structures are more prominent in line observations

than the continuum after modelling the chemical evolution and the line emission.

The spiral structure remains more easily observed in continuum emission on scales
of ~ 20 AU. This is, in part, because the lines of species that trace the FHSC are seen in
absorption against the continuum across most of the FHSC. SO (87 — 7¢), CO (3 — 2) and
CO (4—3) do however trace the spiral structure on scales of 50-60 AU where the continuum

emission is much fainter.

While HCO™ and CO emission traces the outflow, the extent is very small at a rep-
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resentative distance of 150 pc. HCO™ emission is also very faint. Any structure will be

difficult to distinguish from noise even with an on source time of 8 hours.

Observations of CO (4 — 3) and SO (87 — 7) lines could be used to supplement con-
tinuum observations of rotating candidate FHSCs at low inclinations to provide evidence
of rotational structures. For the MHD model here, it looks unlikely that the outflow will
be detectable in HCO™ line emission maps. The outflow is not well defined in the simu-
lated ALMA integrated intensity map, but red and blue lobes are just detectable within 8
hours in CO (4 — 3) (see Fig. 4.24, right panel).

4.6.3 Kinematics

Currently, the outflow velocity is one of the factors considered when classifying a faint,
young source as a candidate FHSC. FHSC outflows are expected to be wide and to have
velocities of a few kms—! (e.g. Tomisaka 2002; Machida et al. 2008; Bate et al. 2014; Lewis
and Bate 2017; Wurster et al. 2018). Some sources identified as candidate FHSCs have
later been reclassified when further observations revealed a collimated outflow, faster than
~ 10 km s~! once inclination effects were considered (e. g. Per-Bolo 58, Dunham et al. 2006,
and B1-bS, Gerin et al. 2015). During the relatively short lifetime of the FHSC, the extent of
the outflow is only a few 100 AU and infall velocities are comparable to outflow velocities

so it is questionable whether the FHSC outflow would be detectable.

Of the species considered here, only CO spectra clearly show the signature of the
outflow. This is because the CO abundance is much higher in the outflow out to ~ 30 AU
above the midplane than in the envelope. However, the outflow velocities are so slow that
once we consider a moderate inclination the outflow velocity component becomes negli-
gible in comparison to the rotational and, in reality, turbulent motions. The contribution
of the outflow to the HCO™ (1 —0) spectrum is less clear. This line is optically thin and still
dominated by infall due to the higher relative abundance in the envelope than the denser

central regions.

The different chemical species trace infall on different scales. Infall is apparent in

the optically thick lines as redshifted absorption against the continuum. Species such as
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CS and SO trace regions within the FHSC and a few AU above the midplane and reveal

infall onto the FHSC. As expected, HCO™ traces larger scale infall onto the disc.

Most of these species display the double—peaked rotation signature in the spectra
viewed from edge—on. This is not true of SO, CS or CO from the RHD model, however. In
both CO and SO the disc is seen in absorption. SO traces a smaller radius than CO but most
of the central part of the disc is optically thick. The SO emission comes from essentially a
narrow ring offset from the midplane. The resulting spectrum is then missing the double
peak. The same is true for CS but on a smaller scale. We emphasize that the rotation
signatures appear to be stronger for the MHD model which does not have a rotationally

supported disc but has a rotating outflow.

4.6.4 Observing with ALMA

Many species that may in theory distinguish features associated with the FHSC, including
CS, are likely to be too faint to detect, even with ALMA. Temperatures are still very low
in much of the object so abundances of ISM species are depleted with respect to the sur-
rounding envelope. In addition, outflow and disc structures are still relatively compact
(100s and 10s of AU respectively). Efforts to identify an FHSC should therefore concentrate

on just the most abundant species.

Although these structures are still compact, the resolution is a less important con-
sideration than minimising the noise. We find the optimum resolution is 0.08 to 0.1 arcsec
for detecting rotational structures at 150 pc. With a synthesized beam of 0.1 arcsec, the
largest recoverable scale is ~ 1.5 arcsec which means that emission from the inner enve-
lope should be acceptably recovered. Observations were synthesized here with a realistic
value for pwv =0.8. For worse observing conditions, the FHSC structures are very likely to
be indistinguishable from noise. In order to detect the outflow spatially in CO, pwv < 0.5
is necessary. An on source time of 8 hours is required for the lines modelled here. Only

CO (3 — 2) is feasible with a shorter, 4 hour, integration.
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4.6.5 Comparison to other work

There have been only a few prior attempts to model chemistry of collapsing dense cores
that we know of, some from analytical density and temperature structures and some from
hydrodynamical models. We compare to the following work, where possible, since not
every paper includes every chemical species. Aikawa et al. (2008) calculated chemical
abundances for a 1-D frequency—dependent radiation hydrodynamical model of a col-
lapsing core. The chemical calculations included gas—phase and grain surface reactions
and assumed low metal elemental abundances. van Weeren et al. (2009) performed similar
calculations but from 2-D hydrodynamical models, allowing the effects of a disc structure
to be explored. The chemical evolution was followed for 700 tracer particles by calcu-
lating gas—phase, gas—grain and grain surface reactions. Furuya et al. (2012) used a 3-D
RMHD model of a collapsing 1 Mg, cloud, calculating chemistry for 10° tracer particles.
Gas—phase and grain surface reactions were included. Hincelin et al. (2016) specifically
set out to look for chemical differences between different components of the core in 3-D.
They performed several RMHD simulations of a collapsing 1 Mg, cloud and calculated
the chemical evolution of 10° tracer particles with gas—phase and grain surface reactions.
Dzyurkevich et al. (2016) used a reduced network of mainly gas—grain H-C-O chemistry
to calculate abundances at the same time as calculating the dynamical evolution of the
collapse of a dense core. Maret et al. (2013) attempted to model the chemistry and two
line profiles to compare to two observed pre-stellar cores. They took an analytical density
profile which did not vary in time since they did not seek to model a collapsing core but
these results are useful to compare with the abundances in the envelope here. The chem-
ical model included gas—phase and gas—grain reactions. We note that the above papers
quote abundances relative to the total density of hydrogen nuclei and we account for this

in the comparison.

The highest abundances of CO that we obtained during the collapse of the pre-
stellar core are approximately a factor of 2 higher than those reported by Furuya et
al. (2012), which used a ~ 50 per cent lower elemental C* abundance. The envelope abun-
dance of COwas a few x 10~7 which is similar to the values of Hincelin et al. (2016), Furuya

et al. (2012) and to the abundance from the fiducial single sized dust grain model (S1) of
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Dzyurkevich et al. (2016) at ~ 2000 AU.

In the envelope, we find an HCO™ abundance of a few x 10~9, which is similar to
that of van Weeren et al. (2009) and Dzyurkevich et al. (2016) at ~ 6000 AU in their models.
This abundance is a little higher than that found for similar radii by Maret et al. (2013) and
Aikawa et al. (2008).

Abundances of CS in the FHSC and envelope have previously been calculated to
be a few x10~!! (Hincelin et al. 2016; van Weeren et al. 2009) or as high as 10~ (Aikawa
et al. 2008). Between these regions CS is very highly depleted. We find the abundance in

the centre to be a few x107? and a few x 1072 in the outer envelope.

The abundance of NHj is lower than the central values of a few 1076 to a few 107°
reported by others (Aikawa et al. 2008; van Weeren et al. 2009; Hincelin et al. 2016). The
initial abundance of NoH™ agrees well with the envelope abundances of van Weeren et
al. (2009) and Hincelin et al. (2016). The abundance in the centre is a few 1072° as was
found by Hincelin et al. (2016) but we find the abundance in the disc and pseudo—disc to

be far lower than the abundances they report for those regions.

Synthetic CS spectra were presented by Tomisaka and Tomida (2011) and these are
qualitatively very different to those here, but their models assumed a constant CS abun-
dance of 4 x 1077 throughout whereas we expect CS to be depleted as the pre-stellar core
collapses. It is not returned to the gas phase in the envelope until some time after the
protostar has formed (see also Aikawa et al. 2008 for a study of the chemical changes that
occur as the protostellar core warms up). We find that the CS sublimation radius extends
to ~ 10-15 AU in the MHD model (Figs. 4.7 and 4.8) so does not trace the gas kinematics.
In the RHD model, the CS sublimation radius extends to 20-30 AU (Figs. 4.9 and 4.10)
because the FHSC is larger due to the greater rotational support. In addition, because of
the freeze—out, the CS (8 — 7) emission is faint, and likely to be undetectable during much

of the FHSC phase.

Hincelin et al. (2016) find that species such as CS and HCO' may be useful for
distinguishing the envelope from the outflow and pseudo—disc. We also find a difference

in abundance between the envelope and these components but for CS the spectrum is still
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dominated by the central few AU where the abundance of CS and temperature are much
higher. For HCO™, the decrease in abundance in the disc and outflow is offset by the
enhanced density and temperature such that the outflow and pseudo-disc are brighter
than the envelope in emission maps. We agree with their conclusion that the chemistry of
the envelope alone cannot distinguish between FHSC formation models. The temperature
profile of the envelope changes very little and changes in the composition of the envelope
are likely to occur only on longer timescales. Nevertheless, the spectra are very sensitive
to the distribution of chemical species so chemical evolution should certainly be taken into

account when simulating molecular line observations.

4.6.6 Determining evolutionary stage

The main objective of modelling the chemistry and synthetic observations of the FHSC is
to determine how to distinguish it from "empty" pre—stellar cores and from very young
protostars. The abundances of CS and SO are extremely low before FHSC formation and
the SO (87 — 7¢) line becomes detectable midway through the FHSC stage. CS (8 — 7)
remains undetectable with 8 hours integration with ALMA throughout FHSC stage and
will still be close to the detection limit after soon after stellar core formation, even in the
best observing conditions. A detection of CS at subarcsecond scales would preclude a

source from being an FHSC.

We saw in Section 4.5.5 that after the stellar cores forms thermal feedback from
accretion warms the inner envelope and disc such that CO, CS and SO trace regions up to
100 AU , 250 years after stellar core formation. CS emission from the infalling envelope is
therefore very likely to be detectable and perhaps even spatially resolved at this stage in
contrast to the faint CS emission from the small region close to the FHSC. This strengthens
the case for CS as an indicator of an object more evolved than the FHSC, although we note
that there was some variation in peak abundance of CS as calculated with the KIDA 2011

and KIDA 2014 networks (see Sections 2.5.2 and Appendix A).

Changes in the shape of the SO (87 — 75) spectrum at low inclinations when the
outflow is launched should be detectable with ALMA. The central peak of HCO™ (1 —

0) becomes brighter than the blueshifted peak late in the FHSC stage, offering another
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possible indicator of evolutionary stage.

Factors other than age cause considerable variation in the properties of the spec-
tra. For this reason, it is probably not possible to provide generic criteria to distinguish
an FHSC from a stellar core. The positive identification of the FHSC is going to require
specific modelling of individual sources based on observationally derived morphology,
magnetic field and dust properties to determine the spectra expected from those specific

conditions.

4.6.7 Comparison to observations of candidate FHSCs

There are a few published observations of candidate FHSCs with better than 1000 AU
resolution. We now consider whether these sources are genuinely in the FHSC stage in

light of this work and also from the SED fitting of Chapter 3.

CS (2 — 1) and CS (5 — 4) transitions have been detected at the FHSC candidate
Chamaeleon-MMS1 (Tsitali et al. 2013). We do not expect there to be detectable CS emis-
sion from the FHSC and what is detected here is mostly emission from the surrounding
envelope since the beam size (24.9 arcsec) is much larger than our models. It would be
informative to obtain interferometric observations of CS emission with a smaller beam
to determine its source. The abundance of CS increases quickly within » < 50 AU af-
ter stellar core formation, during which time the extent of the outflow would not have
increased significantly. The stellar core outflow is expected to launch very quickly after
stellar core formation unless the magnetic field is weak or misaligned. While it is unlikely
that Cha-MMS1 is an FHSC, it is also unlikely to have evolved far beyond stellar core for-
mation. Further observations suggest rotational motions and an absence of shocks, which
also points to it being a very young object. The results of previous SED fitting indicated
too that Cha-MMS1 is more likely to be a very young protostar than an FHSC (see Chapter
3).

Another candidate is L1451-mm where a slow, poorly collimated outflow was de-
tected in CO (2 — 1) (Pineda et al. 2011; Tobin et al. 2015a). We find that CO should indeed

trace the outflow although in the synthetic observations the velocity channels trace the ro-
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tational motions of the outflow. The observed CO extends for several hundred AU which
is a far larger region than we would expect, unless the lifetime of the FHSC is longer than

expected.

Two candidate FHSCs in Ophiuchus presented by Friesen et al. (2018) are also con-
sistent with the results here. Blue- and redshifted CO (2 — 1) emission was detected at
SM1N without a clear outflow morphology. This is what we find from simulated ALMA
observations: the FHSC outflow has a small extent and once the image was convolved with
the ALMA beam and noise was added we did not see a clear outflow structure. N6-mm
also appears to have a compact and broad outflow. No absorption against the continuum

was observed at either source but this is not expected in CO from the MHD model.

The SED of CB17-MMS1 is consistent with a young FHSC. There is also a rather con-
fusing structure seen in CO (2—1) emission thought to be associated with the source (Chen
et al. 2012). If this is tracing an outflow then the extent is probably too great for an FHSC
since we expect only the central part of the outflow to be detectable where temperatures

are high enough for CO to desorb from dust grains.

B1-bN is another FHSC candidate that has been observed several times now. Previ-
ous SED modelling indicated that the source is consistent with an FHSC but only if it has
a substantial disc and is viewed at a near side—on inclination (see Chapter 3, Young et al.
2018). An outflow has been detected in CO (2 — 1) (Hirano and Liu 2014), HoCO (292 — 1¢1)
and several CH30H (3 — 2) lines (Gerin et al. 2015). This outflow is thought to extend to
~ 1000 AU (see Table 3 of Gerin et al. 2015). We find that CO only traces the inner few 10s
of AU of the outflow and HoCO and CH3OH are unlikely to trace a much more extended
region than CO. Therefore it is difficult to explain this observation as an FHSC outflow
with such a large extent. Gerin et al. (2015) also point out that the outflow is not aligned
with the magnetic field which means it is possible that the source is a slightly more evolved
object but with a shorter and less well collimated outflow than might be expected for its

age.

In Chapter 3 we concluded that the candidate FHSC Per-Bolo 58 is unlikely to be a

true FHSC based on the results of the SED fitting. It remains a puzzling source, however,
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and has been observed several times. As mentioned previously, a slow bipolar outflow
with a charactersitic velocity of 2.9 km s~! was discovered by Dunham et al. (2011) and this
has a clear jet-like morphology. The detection of these clear jet-like lobes in 12CO (2 —
1) indicates that the outflow must have a reasonably high inclination and therefore the
outflow velocity will be higher once deprojected, and probably faster than that expected
for a FHSC. Furthermore, in our model CO traced only the base of the outflow and the
observed Per-Bolo 58 outflow extends > 1000 AU .

4.6.8 Limitations

The chemical network used here omitted grain—surface reactions and we therefore ex-
cluded species known to be governed by surface reactions. Species such as formaldehyde
and methanol are very likely to be good tracers of the outflow so it is worth modelling
observations of these in future. The chemical network we have used is valid between 10-
800 K and is extrapolated in the inner 1 AU after late FHSC stage. While this is unlikely to
affect the results here which concern larger scales, the calculated abundances in the centre

of the FHSC may be different when additional reactions and correct rates are considered.

In this chapter we used two extreme models: one which forms a disc and another
which forms an outflow and pseudo-disc. Other initial conditions will result in a com-
bination of these structures, which may alter the spectral features. Specific modelling is

therefore required to compare with particular sources in detail.

4.7 Conclusions

We have presented synthetic CO, CS, SO and HCO™ observations produced from hydro-
dynamical and chemical modelling of the formation and evolution of the first hydrostatic
core. We showed that rotational structures should be detectable by ALMA in CO (4 — 3)
and SO (87 — 7¢) transitions in realistic observing conditions. CO emission did not re-
veal the outflow morphology in simulated ALMA maps but red and blue lobes caused by

rotation, rather than outflowing motions, were detectable.

Regarding determining the evolutionary stage, we find changes in SO and HCO*
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spectra as the FHSC develops when viewed at a low inclination. We find that CS is unde-
tectable during the FHSC stage with a reasonable integration time and observing condi-
tions with ALMA. This means that candidate FHSCs with CS detections on subarcsecond
scales (i.e. without significant contribution from the envelope) are unlikely to be FHSCs;

they are likely to be more evolved.

FHSC structures are still very compact and most chemical species are frozen out in
much of the inner envelope. Although chemical evolution alone is unlikely to provide a
diagnostic of the FHSC, synthetic molecular line observations should account for chem-
ical evolution. Using constant spatial abundances is likely to lead to incorrect synthetic

observations.

Finally, we compare these results with selected candidate FHSCs. We rule out B1-bN
due to the detection of an outflow which extends ~1000 AU. Cha-MMSI is more likely to
be a very young protostar but we cannot rule it out completely because there is no reported
detection of an outflow and existing observations resolve regions no smaller than 1000 AU.
L1451-mm is unlikely to be in FHSC stage because the extent of the observed outflow is
greater than we would expect. Similarly, if the observed CO emission near CB17-MMS1
is tracing an outflow driven by the source then it is too extended to be driven by an FHSC.

This leaves Oph A SMIN and N6-mm as the most promising sources to follow up.

Identifying the FHSC in nature will require interferometric observations of lines
such as CO (4 — 3) and SO (87 — 7) with a spatial resolution ~ 0.05 arcsec and a velocity
resolution of 0.2 km s~ to detect structures on the scale of a few 10s AU. Detection of these

lines should be achievable within an 8 hour integration with ALMA.
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Chapter 5

Chemical modelling of star cluster

formation

5.1 Introduction

In this chapter we apply the chemical calculations developed in Chapter 4 to a larger scale
model of the formation of a stellar cluster. Previously, the chemical calculations were lim-
ited to single collapsing cores but we are now able to investigate the chemical abundances
in the wider context of the surrounding molecular cloud. We also compare the chemical
abundances calculated with kroME to those found from the simple chemical model em-
ployed in the RHD code of Bate and Keto (2015), which was used for the 1 M, core models

and for the 500 M, cluster formation discussed in this chapter.

5.2 Method

We follow a similar approach to post-processing the hydrodynamical simulation as pre-
sented in Chapter 4. The hydrodynamical model we use here was the calculation pre-
sented in Bate (2019), using the solar metallicity opacities. This calculation follows the
collapse of a molecular cloud under self-gravity and includes radiative transfer and the
diffuse ISM model of Bate and Keto (2015). Included in the latter is a simple chemical

model which computes abundances of C, C* and gas—phase CO, including CO depletion
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(Keto and Caselli 2008) to allow accurate calculation of cooling rates. A model for the
formation and dissociation of molecular hydrogen (Glover et al. 2010) is also included for

calculating heating rates.

The abundances of atomic carbon, CO and C" are calculated using the following

two equations (Keto and Caselli 2008; Glover and Clark 2012a; Bate and Keto 2015):

co 6 x 10~ 0np, 5.1)
Ct 1.4 x 10711Gpexp(—3.24,)’ '

1 —16
g 6 x 10 NH2 (52)

CT ~ 2.1 x 101G exp(—2.64,)

Here G| is the ISRF in units of the Habing flux (Habing 1968) and we use Gy = 1. The

visual extinction is calculated with Equation 2.17.

The initial spherical cloud is formed of 500 Mg of molecular gas and has a ra-
dius of 0.404 pc (83300 AU ) giving a uniform initial density of 1.2 x 1071 gem™
(ng ~ 6 x 10* cm™3). An initial turbulent velocity field was applied and the initial tem-
perature is set so that the cloud is in equilibrium with the ISRF, as for the RHD2 model
of Chapter 3 and the RHD model of Chapter 4. The calculations are described in detail in
Bate (2019).

This cluster calculation used 3.5 x 107 SPH particles. The memory of regular com-
pute nodes is exceeded if we require an array storing abundances of 679 chemical species
for each particle. To avoid this issue we divide the cluster into eight parts. Since the chem-
ical calculation for each particle is independent of the other particles, the post-processing
of each part of the model can be undertaken separately. This process follows the same
method as used in Chapter 4: the chemical solver kroMmE is called for each particle and
the abundances are updated accordingly. The separate parts of the model are then later

merged together.

This model makes use of sink particles, which were inserted when the density ex-
ceeded 10~° g cm 3. This occurs during the second collapse, before the stellar core forms.
Any gas particle within r,.. = 0.5 au of a sink particle is accreted if it is bound and it

has insufficient specific angular momentum to form a circular orbit at r,.. from the sink
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particle. Sink particles within 0.03 au of each other are merged and there is no radiative

feedback from the sink particles.

The main difference here is that we start with a whole molecular cloud rather than
an isolated dense core, which means that a different initial timestep should be used.
The initial abundances used to set each SPH particle initially are identical to those used
for the dense cores in Chapter 4, calculated for dense ISM conditions with 7" = 10 K,
p=4x10"8gem™3 and A, = 20. The chemistry was evolved for 1000 yrs for the ini-
tial uniform sphere. After this, the minimum chemistry timestep was 700 yrs. As for
the 1 M, core calculations, this means that not every SPH dump file is used because the

temperature and density tend to change slowly between consecutive files.

5.3 Results and discussion

As the cloud collapses, dense filaments begin to form due the turbulent velocity field
that was applied initially. Dense cores form primarily in the centre of the cloud and also
along the dense filaments. The development of these structures can be seen in the column
density figures in the top row of Fig. 5.1. The dense cores which continue collapsing form
protostars which are represented by sink particles, shown as white circles in the figure.
The protostars interact gravitationally which causes some of them to be flung away from

their birthplaces into less dense regions of the cloud.

We first discuss the distribution of chemical abundances in the collapsing cloud
and then compare the abundances calculated by post—processing the hydrodynamical
calculation with xromE to the abundances calculated in the hydrodynamical model for

determining cooling rates.

5.3.1 Chemical abundances in the molecular cloud

In Fig. 5.1 we present the column density, gas temperature, dust temperature and abun-
dances of CO, SO, HCO" and CS for a 0.6 pc x0.4 pc region at the centre of the molecular
cloud for snapshots taken at 148 400, 190 300 and 227 900 yrs after the start of the simu-

lation. The temperatures are lower in the higher density regions due to efficient cooling
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Figure 5.1: Rows 1-3: Column density and mass—-weighted average gas temperature and dust temperature
from the RHD calculation. Rows 3-6: mass-weighted average abundances of CO, SO, HCO* and CS for three
snapshots calculated with kRoME . Protostars (sink particles) are plotted as white circles and each panel spans
0.6 x 0.4 pc.
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Figure 5.2: Column density and mass-weighted dust temperature and selected chemical abundances of a
zoomed-—in region of the cluster showing the increased abundances on small scales close to the protostars
due to desorption. 1000 AU ~ 0.005 pc, sink particles are plotted as white circles.

by dust grains. The exception to this is on small scales of ~ 100 au near to the protostars
where gravitational contraction heats the gas. In the regions of lower density we can see
that the dust temperatures tend to be lower than the gas temperatures because dust cools

more efficiently than gas and the two components are less well coupled at lower densities.

The abundance of CO in the gas phase decreases as the density increases through-
out the simulation since the adsorption rate increases with increasing density. In the re-
gions where stars form, the CO abundance is at least 1000 times lower than in the wider

molecular cloud. As we saw in Chapter 4, CO desorbs rapidly when the dust temper-
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ature Tyust =

~

25 K which is reached shortly before FHSC formation. In each snapshot
of CO there are some dense cores where CO is being desorbed but have yet to reach the
density required for a sink particle and towards the centre of the cluster larger regions of
gas—phase CO are forming where the density of protostars is higher. However, it is still
noticeable that the CO abundance is highest only in very small scale regions at this early

stage and abundances remain low for most of the centre of the cluster.

We see depletion of HCO™, SO and CS in the dense filaments as well. The abun-
dance of HCO™ is highest in the cloud outside of these filaments. CS, however, is de-
pleted relative to its initial calculated ISM abundance of ncs/ni = 8.5 x 1072 in most of
the region shown and the abundance decreases throughout the calculation, except near

to protostars.

We present a zoomed-in region of the cluster in Fig. 5.2 to show the chemical
changes on the smaller scales where protostars have formed. This region spans approxi-
mately 3000 AU x 3000 AU and contains four sink particles within filaments of dense gas.
Two of the protostars have large discs of diameters 100-200 AU . As we also saw in Chap-
ter 4, once the FHSC forms, the temperature is high enough for all species to be rapidly
desorbed but only within » < 100 au of the centre of the FHSC. The gas—phase abundance
of CO is high out to » ~ 300 AU of the sink particles with discs and the SO abundance is
high out to » ~ 100 AU . CS desorbs later at higher temperatures and we only see high
CS abundances near to the protostars with large discs. We found previously that after
the formation of the stellar core, gas—phase CS was present in significant quantities only
within a few AU of the centre of core. HCO™ is destroyed at high densities and so its

abundance near the protostars is even lower than in the nearby dense filaments.

HCO™ is commonly used to trace dense gas because, as we see here in Fig. 5.2, it
does not suffer from significant depletion, except within the dense filaments. CO, SO and
CS are still significantly depleted in this dense part of the cloud and their abundances will

not increase without radiative feedback from the protostars.
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Figure 5.3: Phase diagrams of gas temperature versus density at 227900 yrs (the end of the hydrodynamical
calculation). Left column: abundances from the simple chemical model implemented in the RHD calcula-
tion of Bate (2019) (solar metallicity) for each value of temperature and density. Right column: abundances
calculated with xroME . The phase diagram for frozen-out CO is included in Fig. 5.4.
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Figure 5.4: Phase diagrams of gas temperature versus density at 227900 yrs (the end of the hydrodynamical
calculation) as for Fig. 5.3 but for species from the krome model only. CO (gr) refers to CO frozen out onto
dust grains.
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Figure 5.5: Phase diagrams of dust temperature versus density at 227 900 yrs (the end of the hydrodynamical
calculation) as for gas—phase CO and CO frozen out onto dust grains, CO (gr).
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5.3.2 Comparison with the abundances from the RHD model

Simple carbon chemistry was implemented in the RHD model for more accurate calcu-
lation of cooling rates since CO is a major coolant in the ISM and the gas cooling rate
therefore depends on the abundance of CO. This model does not treat the desorption of
CO after it has frozen out. We compare the abundances of atomic carbon, C*t and CO
obtained from this simple model with the abundances obtained from post-processing the
hydrodynamical simulation with xromE. Fig 5.3 shows phase diagrams of density versus
gas temperature and abundances relative to total hydrogen for the RHD calculation on
the left and from the krRoME chemistry calculation on the right for atomic carbon, C* and

gas—phase CO.

The desorption of CO results in much higher abundances at ng > 10% cm™3 in the
kROME model. In the xroME model, there is a clear change at ~ 25 K above which CO is
completely in gas phase at densities ny > 10° cm 3. Below this temperature, the rate of
adsorption is higher and we see in Fig. 5.4 that CO is frozen out here. Atny > 10*° cm™3

and T > 300 K there is an increased abundance of atomic carbon which we do not see in

the simple chemical model.

In the regions of intermediate density ng = 10%-108 cm—3 the abundance of atomic
carbon is similar for both models. The abundance of C* decreases slightly less quickly
with density in the kroME chemistry calculation. The abundance of CO relative to hy-
drogen is ~ 107> over most of this density range in the kromE chemistry model but in
the simple model, the abundance reaches ~ 10~* where ng = 103-10* cm 3. Where the
temperatures are high enough for CO to sublimate, the CO reacts to form other molecules

such as HCO™.

HCO™ is formed primarily by the reaction of CO with H3 (Lee et al. 2004) and this
explains the distribution seen in Fig. 5.4. HCO™ is found in the regions where nyy ~ 10%-
10? em~3 and CO is abundant in the gas—phase. In the denser regions, charged species

are depleted so there is negligible H; available and so HCO™ is also depleted.

SO and CS, being heavier molecules, desorb at higher temperatures than CO and

we see that the gas—-phase abundances of these species are only significant in the warm,
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high density regions. At number densities of ng ~ 10210 cm~3 gas—phase CS is present
in low abundance but the abundance of SO is much lower. Sulfur preferentially forms
SO over CS (Lee et al. 2004) but at temperatures < 100 K H>O, which is a main source of

oxygen, is frozen out. Without oxygen available, the CS remains.

Towards the edge of the cloud where ny S 10% em 3, the carbon is almost entirely
ionised in the simple chemical model. This is expected because there is less extinction
of the ISRF so photoionisation and photodissociation reaction rates are high. The abun-
dances of C* and atomic carbon are lower in the xrRome chemical model. This may be
partly because additional chemical reactions are possible and the carbon is contained in
free radicals and other molecules as well as being in the form of C*. However, the low

abundance of C* is more likely to be a result of the initial conditions as we consider below.

In this very low density region we also find a much lower abundance of CO in the
kroME model. Fig. 5.4, top left panel, shows that CO in the low density regions is frozen
out. In these regions the gas temperature is over 100 K but the dust temperature stays
below 20 K. The thermal desorption rate is set from the dust temperature whereas the
adsorption rate is related to the gas temperature (c.f. Equations 2.31 and 2.29). The CO
freezes out early in the simulation when the chemistry is evolved for the initial conditions,
i.e. the uniform density cloud. As the hydrodynamical model evolves, the molecular
cloud expands outwards and density of the outer regions decreases and the gas temper-
ature there rises due to heating by the ISRF. The gas and dust temperatures are poorly
coupled at these very low densities so, while the gas heats up, the dust stays cold and the
CO does not sublimate even with the high gas temperatures. Cosmic rays can heat dust
grains which causes CO to desorb but the timescale for this process is much longer than
the length of the simulation so the total CO desorption by both mechanisms remains neg-
ligible. In Fig. 5.5, we plot phase diagrams for gas—phase CO and frozen out CO, "CO (gr)",
with respect to the dust temperature rather than the gas temperature. These confirm that
the CO evaporates as expected for grain temperatures 2 25 K. In addition, there is a slope
between nyg ~ 10% ecm™3 and ~ 10! ¢cm—3 because the rate of adsorption increases with
both density and gas temperature. The chemical model assumes that all CO is desorbed

at 25 K so the abundance of CO may be overestimated because some CO remains trapped
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in the ice mantle at higher temperatures.

The chemical abundances calculated for the low density region near the edge of the
cloud are probably not realistic because in nature these regions would not have been dense
enough in the past for CO (and other species) to freeze out. In this region, the molecular
cloud meets the diffuse ISM and we would therefore expect the chemical abundances here

to be similar to those of the ISM.

5.4 Conclusion

In this chapter we have presented the results of post-processing a hydrodynamical model
of star cluster formation with the chemical model that was used in Chapter 4. This has
provided an insight into how the chemical abundances evolve on scales larger than the
1 M, dense cores modelled previously. The outcome of modelling a whole cluster empha-
sises the results from Chapter 4 that within a star-forming cloud most species are highly

depleted with respect to ISM abundances except within the inner envelope near the FHSC.

Comparing the simple chemical model with the results of the chemical post—
processing with xroMg, we find that the abundances of atomic carbon are similar but,
at first inspection, the abundance of C* may be overestimated by the simple model. In
the xrRoME model, however, gas—phase species freeze out in the molecular cloud and do
not sublimate when the edge of the cloud expands and warms up because the dust tem-
perature remains low. This will reduce the amount of carbon in the gas phase which is

almost certainly the cause of the low C* abundance.

Time-dependent chemistry can capture effects that are missed by equilibrium ap-
proximations but the dependence on the physical history can substantially affect the calcu-
lated abundances in unexpected ways. For this kind of chemical modelling, the physical
initial conditions need to be considered carefully to understand and mitigate any unreal-

istic results.
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Chapter 6

Conclusion

6.1 Summary

The earliest stages of star formation are difficult to observe. The evolutionary sequence of
very young sources is often not clear and the parent cloud, the structure of the envelope
and orientation of the disc are among factors which have a significant effect on the appear-
ance of a protostellar source. Theoretical work can explain the mechanisms of low mass
star formation reasonably well but the problem of how to verify the predicted stages ob-
servationally still requires more attention. Synthetic observations can be produced from
theoretical models to help us understand how the predicted properties of an object trans-
late into specific observables. The development of the FHSC is an important stage first
predicted fifty years ago but the FHSC has never been firmly identified in nature. For
this to be possible, more specific criteria are needed to show how to distinguish the FHSC

from more evolved objects.

In this thesis we have predicted a variety of observational characteristics of the
FHSC. In particular we have considered how to distinguish the FHSC from other faint,
young objects to help determine the best way to target candidate FHSCs and to provide
synthetic observations to compare these sources with. These synthetic observations were
all produced from hydrodynamical models of the collapse of a1 M dense core which pro-

vide a realistic density and temperature structure that does not depend on any assumed
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analytical density distribution.

In Chapter 3 we studied how the SED varies with the properties of the FHSC and
as the FHSC evolves. We expect more shorter wavelength emission (A < 100 pm) to be
detected for sources that are at lower inclinations, rotating more quickly or in lower mass
cores. We did find that several properties had similar effects on the SED, for example
rotating sources viewed edge—on may look younger because more of the shorter wave-
length radiation is reprocessed in the disc and envelope. We then fitted the SEDs of 15
candidate FHSCs from a set of 1440 synthetic SEDs produced from hydrodynamical and
radiative transfer models with various properties. This showed that SEDs can provide
an insight into the properties of these sources, even accounting for the degeneracy of the
SEDs of some models with different properties. The SED fitting is helpful for choosing
which sources to target in future observations because it can indicate whether a source
is likely to have evolved beyond the FHSC stage. Some sources such as B1-bN were fit-
ted well by FHSC SEDs but have extended outflows which means they are actually more
evolved. SED fitting is a useful first step in identifying FHSCs in nature but it is limited

and needs to be used alongside kinematic data.

The next step was to produce synthetic molecular line observations. In Chapter 4
we post—processed an RHD and an RMHD simulation to calculate chemical abundances
as the FHSC forms and evolves. The abundances of most species are strongly depleted
throughout the collapse of the pre—stellar core except close to the centre, near to the FHSC.
Only the central few 10s of AU are traced by CO and SO and these will show up the disc
and inner envelope. HCO™ emission is expected to trace the infalling, rotating inner enve-
lope. However, this emission may be too faint to be detectable in a reasonable integration
time with even the superior sensitivity of ALMA. CS is depleted in all but the central few

AU and is unlikely to be detectable at dense core scales until late in the FHSC stage.

The presence of a slow outflow is often used to argue that a protostellar source
may be a FHSC rather than a more evolved object. Since CO only traces the inner few
AU of the outflow and is frozen out elsewhere we do not expect CO emission to trace
the FHSC outflow motions. The outflow gas motions are too slow to be distinguishable

from the turbulent motion of foreground gas at all but the lowest inclinations and will
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be challenging to detect even at a face—on orientation. Rotational motions of the outflow
may however be detectable and we showed that red and blue lobes of CO (4 — 3) emission

could be detected with ALMA.

With these results, we rule out candidate FHSCs that have detected outflows extend-
ing a few hundred AU or more and recommend that ALMA observations with a spatial
resolution of ~ 0.05 arcsec, a velocity resolution of 0.2 kms™! and an 8 hour integration

are required to detect FHSC structures in CO or SO line emission.

In Chapter 5, we applied the chemistry calculations to a model of the formation of
a star cluster from a high density (~ 6 x 10*cm=2)500 M, cloud. We found that most
species are depleted compared to ISM abundances throughout much of the cloud and
are only released back into the gas—phase in small regions near to where protostars are
forming or have formed. The chemical abundances calculated for the outer parts of the
cloud are not likely to be realistic because many species remain frozen out due to the

uniform initial density of the cloud.

6.2 Future directions

As we mentioned in Chapter 4, the physical properties of pre-stellar objects such as the
rotation, mass and magnetic field strength vary and it is not possible to give generic obser-
vational criteria for the positive identification of a FHSC. Now we are able to determine
which are the strongest candidates, we can start to construct tailored models for individual
candidate FHSCs based on their observationally—derived properties. ALMA observations
of Cha-MMS1 with subarcsecond resolution are currently scheduled and these will pro-

vide suitable observational data to compare with bespoke models.

Most of the FHSC candidates that we fitted with model SEDs in this thesis are un-
fortunately too distant for high resolution observations since they will be considerably
fainter than the synthetic observations, which were calculated for a distance of 260 pc and
150 pc for the SEDs and molecular lines respectively, and the angular sizes will be very
small. We need to continue searching for nearby FHSC candidates at distances < 250 pc,

such as in the Taurus and Ophiuchus molecular clouds, and preferably in the Southern
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sky so they are observable with ALMA. This is where the SED fitting will continue to
prove useful to pick out sources that are more likely to contain a FHSC. This may involve
finding existing photometry from catalogues of protostars which usually include several

unclassified sources or sources loosely classified as Class 0 that could be less evolved.

In this thesis, we only model line emission for four chemical species. Many
molecules have now been detected in star—forming regions and several of these are com-
monly used to trace gas structures and dynamics. It would be interesting to see whether
NyHT traces the envelope where other species are frozen out, since this may reveal outflow
as well as infall motions. Formaldehyde and methanol are often found to trace outflows.
Both species form primarily through chemical reactions on the surface of dust grains and
we would need to repeat the chemical calculations with a full gas—grain network to pre-
dict their abundances. If grain surface reactions enable these species to form in the out-
flow then line emission from the outflow may be detectable to a greater extent than we,
somewhat pessimistically, predicted. NoH" and methanol produce spectra with hyper-
fine structure lines, which we were not able to model. A next step would be to implement
the calculation of hyperfine lines in Torus using a method of Keto and Rybicki (2010), for

example.

We have shown that our chemical calculations with xrRoME can be used to study
chemical evolution on molecular cloud scales. However, more thought needs to be given to
the initial conditions, particularly at the surface of the cloud. A better way should be found
to initialise the chemical abundances to avoid unrealistic depletion towards the edge of
the cloud. Animproved strategy could be to wait for the cloud to evolve slightly to a more
physical density and temperature profile before evolving the chemistry. Alternatively,
the abundances could be initialised from a 1-D rather than a 0-D model so that the initial

abundances depend on the radius.

As observations are becoming more sensitive, it is becoming clear that there are a
number of pre- or proto-stellar sources that do not fit in the current protostellar classifi-
cation schemes. PACS Bright Red sources like those fitted in Chapter 3 have high enough
luminosities that they must contain protostars but are faint or undetected at 24 pym. On

the other hand, sources such as Per-Bolo 58 have a very low luminosity but have extended
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outflows, with velocities higher than would be expected for an FHSC. It is currently diffi-
cult to explain what these sources are: perhaps they are deeply embedded protostars or
they could be very low mass objects. Future work could explore the likely nature of these

sources.

The appearance of protostellar objects is largely affected by the extinction of fore-
ground gas and dust and the contribution of radiation from the surrounding parent cloud.
We could sample protostars formed in the cluster simulation and model the radiative
transfer to help understand how the SEDs and spectra are affected by the position of the
protostar within the cloud and by turbulent foreground gas. It is possible to choose the
temperature and luminosity of the star represented by sink particles with Torus which
would allow many combinations of protostar luminosities and locations in the cloud to be
tested. We could also compare the spectra of these “embedded” protostars with the spec-
tra calculated for the individual dense cores to show how contamination from foreground

cloud motions may affect observations.

Another possibility is that these protostars may have disrupted outflows or very
weak outflows due to misalignment of the rotation axis and magnetic field. Such sources
would differ from the canonical protostar, disc and outflow structure for which the vast
majority of synthetic observations are produced. A disrupted outflow may increase the
density above the protostar, causing an increase in extinction. This scenario could be
tested by performing frequency-dependent radiative transfer modelling with Torus on

MHD models which exhibit these features (e.g. Lewis et al. 2015).

6.3 Outlook

Since the full operation of ALMA began in 2014, protostars and protoplanetary discs have
been observed with high resolutions which has revealed structures and kinematics on
unprecedented size scales. The detection of the faint, compact structures associated with
the FHSC will be challenging but, for relatively close sources, should now be within reach,
thanks to ALMA. Fifty years after the FHSC was first predicted, and following decades

of theoretical modelling and technological progress, we have reached the point where it
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should be possible to detect and characterise it in nature.
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Appendix A

Comparison of chemical abundances

to the KIDA 2014 network

We performed the chemical calculations again for the MHD model of Chapter 4 with the
gas phase reactions from KIDA 2014 network (Wakelam et al. 2015) to examine how the
results might differ. The gas—grain reactions which were added to the KIDA network
separately remain unchanged. Figs. A.1 and A.2 show the resulting abundance profiles

averaged in the plane of the disc and the rotation axis respectively.

The abundance profiles are mostly very similar with the 2011 and 2014 KIDA net-
works because it is the gas—grain reactions which drive the abundances outside of the
FHSC. The snapshot taken during the first collapse (a) shows higher central abundances
for CO and HCO™. This is simply because the desorption of these species happens very
quickly at this stage so the abundances increase rapidly and the exact abundance is sen-
sitive to the exact moment it is measured. For CO, the peak abundance in the FHSC is
slightly lower early in the FHSC stage but reaches ~ 1 x 10~* by late in the FHSC stage, as
it did with the KIDA 2011 network. The sublimation radius extends to 20 AU in the plane
of the disc, as before. The SO abundance is slightly higher deep within the FHSC but the
profiles are very similar. The abundances profiles of HCO™ are very similar for both net-
works. With the 2014 network, the CS abundance may be nearly an order of magnitude

higher deep within the FHSC (r < 3 AU). Comparing all of the molecular profiles shown
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Figure A.1: Average abundances of selected species from the MHD model perpendicular to the rotation axis,
calculated using the KIDA 2014 chemical network.

in Figs. 4.9 and 4.10 with those in Figs. A.1 and A.2, only OCS has substantially different

abundances over a wide range of radii.
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Figure A.2: Average abundances of selected species from the MHD model parallel to the rotation axis, cal-
culated using the KIDA 2014 chemical network.
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