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ABSTRACT

Models of prestellar cores often assume that the cores are isolated from their environment — material outside the core boundary
plays no role in the subsequent evolution. This is unlikely to be the case in reality, where cores are located within hierarchically
substructured molecular clouds. We investigate the dynamical and chemical evolution of prestellar cores, modelled as Bonnor—
Ebert spheres, and show that the density of the ambient medium has a large impact on the resulting chemical properties
of the cores. Models embedded in high-density, low-temperature surroundings have greatly enhanced abundances of several
molecules, such as CO and CS, compared to models with more diffuse surroundings, corresponding to relatively isolated cores.
The predicted intensities and profile shapes of molecular lines are also affected. The density of the ambient medium has a
stronger effect on the chemical evolution than whether the cores are initially in or out of equilibrium. This suggests that the
impact of environment cannot be neglected when modelling chemistry in prestellar cores; the results of these models are highly
sensitive to the assumptions made about the core surroundings.
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1 INTRODUCTION

Much of our understanding of prestellar cores is based on line
emission from molecules. Besides providing kinematic information,
different lines preferentially trace different parts of cores due to
a combination of abundance, excitation, and optical depth effects,
presenting a far more detailed picture of the objects than continuum
absorption or emission. This complexity also makes the interpretation
of molecular line emission challenging, and theoretical models are
necessary in order to fully exploit the large data sets now routinely
produced by modern submillimetre facilities.

Prestellar cores are frequently modelled as static one-zone or
spherically symmetric structures, but the dynamical and chemical
time-scales in these objects are similar (Banerji et al. 2009), making
this approximation of decoupled physical and chemical evolution
inaccurate (Sipild & Caselli 2018). Coupling hydrodynamical sim-
ulations to a time-dependent chemical network resolves this issue
(Aikawa et al. 2005; Tassis et al. 2012; Tritsis et al. 2022), at the ex-
pense of a significant increase in complexity. Selecting an appropriate
model for a particular object (or group of objects) is often done by
comparing the predicted and observed line profiles (Rawlings et al.
1992; Keto, Caselli & Rawlings 2015; Sipild & Caselli 2018). Models
that satisfactorily reproduce the line observations (sometimes in
combination with other constraints) are considered to be reasonably
accurate representations of the real core(s).

Most simulations of the type described above assume that cores
are effectively isolated from their surroundings (although there are
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exceptions; Smith et al. 2012, 2013; Bovino et al. 2021) — the core
evolves independently, with outside influence limited to a confining
pressure. It is not clear that this assumption is valid in reality.
Prestellar cores are thought to form via supersonic turbulence within
molecular clouds (Mac Low & Klessen 2004), which is difficult to
reconcile with the notion of isolated evolution. Molecular clouds
themselves show evidence of hierarchical substructure, containing
clumps and filaments that themselves contain cores (Bergin &
Tafalla 2007), with the distinction between each level of structure
being somewhat arbitrary. There are theoretical (Bonnell et al.
2001; Clark & Whitworth 2021) and observational (Peretto et al.
2020; Anderson et al. 2021; Rigby et al. 2021) arguments for
cores continuing to accrete material from their surroundings as they
evolve. Incorporating these effects is likely to significantly impact
the chemical properties of model cores.

In this paper, we investigate differences in prestellar chemical
evolution caused by a relatively benign implementation of environ-
mental effects: embedding the model core in a dense (~100cm™3),
cool (~10K) ambient medium, rather than isolating it completely
from its surroundings. The added weight of the surrounding material
changes the dynamical evolution of the core (Kaminski et al. 2014),
which consequently affects its chemical makeup and the predicted
line profiles. We show that these differences are far from negligible,
suggesting that chemical evolution in prestellar cores is strongly
affected by their larger scale surroundings.

2 METHOD

We model prestellar cores as critical Bonnor—Ebert (BE) spheres
(Ebert 1955; Bonnor 1956), spherically symmetric self-gravitating
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clouds of isothermal gas, in hydrostatic equilibrium and con-
fined by an external pressure. The dimensionless radius, & =
(4w Gpy)'?r Ja,, for central density p, and isothermal sound speed
a,, has a critical value &, ~ 6.45 beyond which no equilibrium
solutions exist. This corresponds to a physical radius r,, boundary
density p,, and pressure P, given by
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where M, is the mass of the sphere. We choose M, = 10 Mg and
a, = 0.2kms™! (i.e. molecular gas at ~10K), giving r, = 0.44 pc,
Py =7.6x 1072 gem ™3, and Py = 2.2 x 10° Kem ™.

We embed our BE spheres in a uniform ambient medium with
density

pe =Clp, €=, @)

and the isothermal sound speed increased to compensate,
a, = CVa,, 3)

so that the pressure in the ambient medium is equal to P,. We
investigate cores with C = 30, i.e. surrounded by a low-density, high-
temperature ambient medium, and C = 1, where the ambient medium
has the same properties as the BE sphere at r,,.

Critical BE spheres are in equilibrium, albeit an unstable one.
In order to induce collapse, it is common to increase the density
everywhere in the sphere by a factor F (Foster & Chevalier 1993).
This increases the inward force of self-gravity by a factor F*/?3
and the outward force due to the pressure gradient by a factor F.
Consequently, hydrostatic equilibrium is perturbed in favour of self-
gravity throughout the core, and it immediately starts to contract.
We consider values of F = 1 (quasi-equilibrium spheres) and 1.1
(non-equilibrium spheres).

We perform three-dimensional smoothed particle hydrodynamic
(SPH) simulations of model prestellar cores using PHANTOM (Price
et al. 2018). The SPH particle smoothing length is given by

h=12[mg,/pl">, (6)

so each SPH particle typically has of the order of 57 neighbours.
The computational domain is a cubic box with periodic boundary
conditions, although gravity is not periodic, so that there is no
gravitational attraction from outside the box.

The ambient medium has density p. = p, /C, and if C > 1 then
P < pg.sothereis adiscontinuous density drop across the boundary
of the BE sphere. However, due to the density smoothing inherent
in SPH, ambient-medium particles close to this discontinuity have
densities higher than p, /C. If these ambient-medium particles are
then assigned a sound speed higher by a factor C!/? than those in the
BE sphere, they are overpressured, and drive a compression wave
into the sphere (Bisbas et al. 2009). To mitigate this problem, we
adopt an equation of state
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this has the effect of smoothing out changes in the sound speed
so that the pressure in the ambient medium is everywhere exactly
equal to the pressure at the boundary of the BE sphere, as shown in
Appendix A.
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Table 1. Model names, the values of the density contrast C and
enhancement F, the time at which the model reaches a central
density of 107 em™3 (fenq), and the time for which the central
density is above 10% em™3 (fgense)-

Model c F fend (Myr) fdense (Myr)
C30F0 30 1 6.2 0.7
C30F1 30 1.1 2.6 1.1
CI1FO0 1 1 3.1 0.3
CIF1 1 1.1 2.6 0.3

We use 50000 SPH particles within the BE sphere,' and set the
thickness of the ambient medium to be 10 particle smoothing lengths,
i.e. 10h, = 12[Cmg,,/p,1"* = 0.20C'/ pc (see equation 6). Conse-
quently, the extent of the computational domain and the total number
of SPH particles both depend on C. We follow the evolution of
the simulated prestellar cores until the maximum density reaches
2.34 x 1077 gcm™3, corresponding to a number density of hydrogen
nuclei n,, = 107 cm™>.

We randomly select 10 000 particles within the prestellar core, and
use the time evolution of their densities to calculate the chemical evo-
lution using UCLCHEM (Holdship et al. 2017), a time-dependent gas—
grain chemical code, and the UMIST12 reaction network (McElroy
et al. 2013). We assume gas and dust temperatures of 10 K, a cosmic
ray ionization rate per H, molecule of 1.3 x 10717 s7!, and use the
high-metal elemental abundances from Lee et al. (1998). We assume
the cores are sufficiently well shielded that we can ignore the effect of
any external ultraviolet (UV) radiation on the chemistry. This is not
necessarily the case in real prestellar cores, but as we are primarily
interested in differences between models rather than the results of
the individual models themselves, any external UV field should have
little impact on our conclusions. Cosmic ray-generated UV photons
are included.

As molecular abundances are not directly observable quantities,
we also calculate emission line profiles for our models using LIME
(Brinch & Hogerheijde 2010). We take molecular properties from the
LAMDA data base (Schoier et al. 2005) and dust optical properties
from Ossenkopf & Henning (1994). We use 10000 sample points,
and assign each one the properties of the closest chemically post-
processed SPH particle. We adopt a '>C/"*C ratio of 77 from
Wilson & Rood (1994). Line profiles are extracted from the central
0.1 pc of the model, corresponding to typical beam sizes of single-
dish observations of nearby cores (e.g. Tafalla et al. 2002).

We consider four models, with parameters listed in Table 1, for
the four combinations of C = 30/1 and F = 1/1.1. This allows us
to distinguish effects that are due to the ambient density from those
due to whether the core is initially in or out of equilibrium. C = 30
models are our approximation to truly isolated (C = oo) cores, as
the ambient medium has relatively little effect (although it will still
eventually perturb the core into collapse). C = 1 models represent
cores embedded within molecular clouds. Observable differences
between truly isolated cores and embedded ones should be at least
as large as those between models with C = 1 and 30.

3 RESULTS

Fig. 1 shows the density and velocity profiles of the models at #.;q4,
when the central density has reached 10" cm=3. All four models

'We show in Appendix B that while the simulations are not fully converged,
this resolution is sufficient for our purposes.
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Figure 1. Density (left) and radial velocity (right) profiles at z.pg for models C30FO (red solid line), C30F1 (red dashed line), C1FO (blue solid line), and C1F1

(blue dashed line).

have very similar final density profiles — as noted by Kaminski et al.
(2014), they tend to evolve towards the same late-time behaviour. The
velocity profiles are also similar in shape. However, the magnitude
of the radial velocity differs substantially between models, and the
evolutionary pathways to the final state are very different.

Fig. 2 shows the time evolution of the central density and central
CO abundance. Models with a density enhancement (F = 1.1) begin
contracting from the outset, and approach freefall collapse at slightly
less than one sound-crossing time (fsc = r,/a, = 2.2 Myr). Both
models terminate at 2.6 Myr, and evolve similarly except for during
a brief period between 1.5 and 2 Myr where the central density and
CO abundance tracks diverge.

For F = 1, the cores are initially in quasi-equilibrium, oscillating
about the initial state, but the weight of the ambient medium pushes
a compression wave? into the core, which eventually provokes
collapse. The time-scale on which this occurs depends on the density
contrast, taking roughly one sound-crossing time for C = 1 and two
for C = 30. The C30F0 simulation thus has a significantly longer
duration than the other three, with the C1F0 model having a compa-
rable f.,q to the non-equilibrium ones. The C30F0 model’s evolution
resembles a more stretched-out version of the C1F0 model. For higher
values of C, the increase in time-scale grows until the compression
wave becomes dynamically irrelevant (Kaminski et al. 2014).

The rapid increase in central density during the freefall phase
causes a corresponding rapid decline in CO abundance due to freeze-
out on to grain surfaces, for all four models. However, for C =
30, this decline is more gradual than for C = 1, due to the weaker
compression wave caused by the ambient medium. The C = 30 cores
thus spend a significantly longer period of time at the high densities
where freeze-out is effective; the C30F0 and C30F1 models have
a central density above 10* cm= for 0.7 and 1.1 Myr, respectively,
compared to only 0.3 Myr for both C1F0 and C1F1.

While all four models eventually reach similar central CO abun-
dances, the reduced window of opportunity for freeze-out in the
C =1 models results in higher CO abundances throughout the
rest of the core, as shown in Fig. 3. At a radius of 0.01 pc, the
CO abundance is around a factor of 100 higher than that in the
C = 30 models. Molecules susceptible to freeze-out, such as CS,

2This is distinct from the artificial compression waves discussed in Ap-
pendix A, particularly as the CIFO model has no density or temperature
discontinuity, and so the effect discussed in Appendix A does not occur.

show similar behaviour to CO, whereas others such as HCO™ are
mostly unaffected by differences in the collapse dynamics. We note
that while the molecular abundances are sensitive to the value of
C, the value of F has a fairly minor effect — cores that are initially
(quasi-)stable are chemically indistinguishable from unstable cores,
despite having very different evolutionary histories. The critical
factor is the strength of the compression wave driven by the ambient
medium, and its impact on the time-scale of the late-time density
evolution.

The differences in the molecular abundances result in correspond-
ing differences in the line emission from the model cores, shown
in Fig. 3. Again, models with the same C but different F appear
very similar, with the most significant differences being between
C =30andC = 1. The 3CO J = 1—0 line has a high enough optical
depth that the large differences in abundance do not result in large
changes in the line intensity, but the line profile is much broader for
C = 1, and the shape of the self-absorption feature is different from
the C = 30 models. The CS J = 2—1 line, on the other hand, has a
peak intensity in the C = 1 models twice that of the C = 30 ones, in
addition to being broader and having much stronger self-absorption.
The intensity of the HCO"J = 1—0 line is not greatly affected, as the
abundances are comparable for all models, but it is again significantly
broader for C = 1.

4 DISCUSSION

Our results in Fig. 3 suggest that the environment of prestellar
cores has a significant impact on their chemical and observational
properties. This effect is rarely accounted for (or even considered)
in simulations, which is a concern if these simulations are to be
used to interpret observational data. As an example, if one wanted to
determine the age of a core by finding the point in the simulations
where the predicted line profiles best match those observed, the result
would clearly depend on whether the core is modelled as an isolated
or embedded object, and on the properties of the ambient medium
in the embedded case. We note that the density profiles for all four
models (Fig. 1) are so similar as to be effectively indistinguishable, so
they cannot be used to discriminate between the different scenarios.

While we have only investigated the simple case of a uniform
and static ambient medium, there is almost no limit in principle
to the density and velocity fields that one could choose to embed
model cores inside, making the predictions of chemical evolution
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Figure 2. Evolution of the central density (left) and CO abundance (right) with time for models C30FO0 (red solid line), C30F1 (red dashed line), C1FO (blue

solid line), and C1F1 (blue dashed line).
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Figure 3. Top row: The abundance profiles for CO (left-hand panel), CS (centre panel), and HCO™ (right-hand panel) at teyq. Bottom row: The corresponding
line profiles for 13CO J = 1-0 (left-hand panel), CS J = 2—1 (centre panel), and HCOtJ = 1—0 (right-hand panel) transitions. Results for the C30F0 model
at 6.2 Myr are shown as red solid lines, C30F1 at 2.6 Myr as red dashed lines, C1F0 at 3.1 Myr as blue solid lines, and CIF1 at 2.6 Myr as blue dashed lines.

models basically unconstrained. Trying to come up with specific
models to represent individual cores seems to us to be futile under
these circumstances; one can never be sure whether conclusions
drawn from the models apply in general, or only for some specific
choice of background. We suggest that chemical studies should
explore the properties of large samples of model cores, formed self-
consistently from simulations of larger scale structures (Smith et al.
2012, 2013; Bovino et al. 2021), or covering a wide range of the
parameter space of initial conditions (Priestley, Yin & Wurster 2022).
Consistent trends in molecular properties identified in this way might
be considered more robust to details of the core environment, and
therefore useful for interpreting observations of real cores.

Our line profiles in Fig. 3 are somewhat broader, and have stronger
self-absorption features, than those typically seen in observations
of prestellar cores (e.g. Lee, Myers & Tafalla 1999; Tafalla et al.
2002), regardless of the ambient density or equilibrium state of the
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core. Previous studies (Keto et al. 2015; Sipild & Caselli 2018) have
obtained narrower line profiles, closer to those observed, for cores
with more extended initial density profiles, which reach their final
central densities with mostly subsonic infall velocities. These models
have initial dimensionless radii greater than the critical value for
stability (§ = 15 in Sipild & Caselli 2018, compared to &, ~ 6.45),
and forming such an unstable object in the dynamic environment of a
turbulent molecular cloud is not obviously feasible (Whitworth et al.
1996, although see discussion in Keto et al. 2015). Yin, Priestley &
Waurster (2021) find that introducing a dynamically important mag-
netic field results in better agreement between modelled and observed
line profiles (see also Priestley et al. 2022), although this is in tension
with measured field strengths in prestellar cores (Pattle et al. 2022).
Our results here suggest that the impact of the environment on line
profiles can be comparable to these other effects, which may provide
an alternative resolution to the problem.
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5 CONCLUSIONS

We have simulated the chemical evolution of prestellar cores,
modelled as BE spheres, varying the initial equilibrium state and
the density contrast with the ambient medium. We find that cores
with the same density contrast appear chemically similar, regardless
of whether they are initially quasi-stable or out of equilibrium,
despite very different evolutionary time-scales. Changing the density
contrast, on the other hand, results in significant changes to both
the molecular abundances and the predicted line profiles. This is
due to the varying strength of the compression wave driven into
the core by the weight of the surrounding material, suggesting
that the environment of prestellar cores has a non-trivial impact
on their chemical evolution. Many studies neglect the existence of
any material outside the core boundary, and those that do not rarely
consider it to be an important aspect of the model. We argue that
this is unrealistic; the evolution of cores cannot be considered in
isolation, and the results of models that do not address this should be
treated with caution.
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APPENDIX A: TEMPERATURE SMOOTHING
ACROSS THE BOUNDARY OF THE BE SPHERE

The top panel of Fig. A1 shows the density profile of the C30F0
model, calculated by integrating the isothermal equation up to ry .
and setting the density to C~! p, beyond that point, compared to the
actual SPH particle densities as a function of radius. The particle
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Figure Al. Top panel: Exact initial density profile of the C30F0 model
(black line), and the actual particle densities as a function of radius (red
points). Bottom panel: Exact thermal pressure profile for the C30F0 model
(black line), and particle thermal pressures for (i) an isothermal equation of
state, with the sound speed increased by a factor of C!/? for particles with
r > rpcpr (ted points) and (ii) the equation of state given by equation (7)
(blue points). Note that we show only a small fraction of the BE sphere near
the boundary.

MNRAS 518, 4839-4844 (2023)

€20z Aenuer || uo sasn Aysianlun wipied Aq L€2/¥89/6€8//81G/aI01HE/SEIUW/WO0D dNO DILUSPED.//:SA)Y WO} POPEOJUMOQ


http://dx.doi.org/10.1086/427017
http://dx.doi.org/10.1093/mnras/stab2674
http://dx.doi.org/10.1088/0004-637X/692/1/283
http://dx.doi.org/10.1146/annurev.astro.45.071206.100404
http://dx.doi.org/10.1051/0004-6361/200811522
http://dx.doi.org/10.1046/j.1365-8711.2001.04270.x
http://dx.doi.org/10.1093/mnras/116.3.351
http://dx.doi.org/10.1051/0004-6361/202141252
http://dx.doi.org/10.1051/0004-6361/201015333
http://dx.doi.org/10.1093/mnras/staa3176
http://dx.doi.org/10.1086/173236
http://dx.doi.org/10.3847/1538-3881/aa773f
http://dx.doi.org/10.1088/0004-637X/790/1/70
http://dx.doi.org/10.1093/mnras/stu2247
http://dx.doi.org/10.1086/308027
http://dx.doi.org/10.1051/0004-6361/201220465
http://dx.doi.org/10.1103/RevModPhys.76.125
http://arxiv.org/abs/2203.11179
http://dx.doi.org/10.1093/mnras/staa1656
http://dx.doi.org/10.1017/pasa.2018.25
http://dx.doi.org/10.1093/mnras/stac2107
http://dx.doi.org/10.1093/mnras/255.3.471
http://dx.doi.org/10.1093/mnras/stab200
http://dx.doi.org/10.1051/0004-6361:20041729
http://dx.doi.org/10.1051/0004-6361/201732326
http://dx.doi.org/10.1088/0004-637X/750/1/64
http://dx.doi.org/10.1088/0004-637X/771/1/24
http://dx.doi.org/10.1086/339321
http://dx.doi.org/10.1088/0004-637X/753/1/29
http://dx.doi.org/10.1093/mnras/stab3740
http://dx.doi.org/10.1093/mnras/283.3.1061
http://dx.doi.org/10.1146/annurev.aa.32.090194.001203
http://dx.doi.org/10.1093/mnras/stab1039
art/stac3444_fA1.eps

4844

densities follow the exact solution throughout most of the core, but
near the boundary, the SPH smoothing kernel starts to include the
lower density ambient medium, and the model density is lower than
it should be. Similarly, there are regions of the ambient medium
with a higher density than the nominal C~' p,. When combined
with an isothermal equation of state, with the sound speed modified
according to equation (5), this gives rise to a discontinuity in the
pressure profile, as shown in the bottom panel of Fig. Al: rather than
being in pressure equilibrium, points inside the BE sphere near the
boundary are underpressurized compared to the lower density points
just outside the boundary. This drives an artificial compression wave
into the BE sphere, affecting its subsequent evolution.

Using the smoothed equation of state given by equation (7),
this bump disappears, and pressure equilibrium is restored across
the boundary of the BE sphere. The pressure does not match
the exact solution, due to the factor of 273 in equation (7), but
the gradients in the profile are removed, preventing (or at least
mitigating) unphysical behaviour. We note that the width of the region
in which the temperature smoothing is important decreases with the
number of SPH particles used in the BE sphere. However, although
an increase in the number of SPH particles improves the accuracy

E. D. Priestley, A. P. Whitworth, and E. Fogerty

of the simulation, the need for temperature smoothing does not go
away.

APPENDIX B: RESOLUTION TESTS

Fig. B1 shows the effects of increasing the resolution by a factor
of 2 for all stages of the modelling procedure for the C30F1
model, i.e. 100000 SPH particles in the BE sphere, of which
20000 are post-processed chemically, and 20000 LIME sample
points. The hydrodynamical simulations are not fully converged
with 50000 particles — the high-resolution C30F1 model reaches
the final density of 107 cm™3 at 2.8 Myr, rather than 2.6 Myr for
the standard resolution, and spends 1.2 rather than 1.1 Myr above a
central density of 10* cm~>. However, the overall evolution is still
very similar to the standard resolution case, and as such, differences
in the molecular abundances and line profiles due to the increased
resolution are minor compared to the differences caused by changing
the background density. Higher resolution in the C30F1 model causes
a slight increase in central CO abundance, and almost no change in
the 13CO line profile. The C1F1 model (with standard resolution) is
still clearly distinct from both cases.
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Figure B1. Evolution of the central density (left), CO abundance profiles at f¢pg (middle), and 13CO line profiles (right) for the C30F1 model with standard
(solid black lines) and enhanced (dashed black lines) resolution. The C1F1 model with standard resolution is shown for comparison (solid grey lines).
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