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ABSTRACT

Direct observational measurements of the magnetic field strength in prestellar
cores typically find supercritical mass-to-flux ratios, suggesting that the magnetic field
is insufficient to prevent gravitational collapse. These measurements suffer from sig-
nificant uncertainties; an alternative approach is to utilise the sensitivity of prestellar
chemistry to the evolutionary history, and indirectly constrain the degree of magnetic
support. We combine non-ideal magnetohydrodynamic simulations of prestellar cores
with time-dependent chemistry and radiative transfer modelling, producing synthetic
observations of the model cores in several commonly-observed molecular lines. We find
that molecules strongly affected by freeze-out, such as CS and HCN, typically have
much lower line intensities in magnetically subcritical models compared to supercriti-
cal ones, due to the longer collapse timescales. Subcritical models also produce much
narrower lines for all species investigated. Accounting for a range of core properties,
ages and viewing angles, we find that supercritical models are unable to reproduce
the distribution of CS and N2H+ line strengths and widths seen in an observational
sample, whereas subcritical models are in good agreement with the available data.
This suggests that despite presently having supercritical mass-to-flux ratios, prestellar
cores form as magnetically subcritical objects.

Key words: astrochemistry – MHD – stars: formation – ISM: magnetic fields – ISM:
molecules

1 INTRODUCTION

Stars form in overdense regions of molecular clouds, known
as prestellar cores, with typical densities nH & 103 cm−3

(Bergin & Tafalla 2007). While the processes that form these
structures are still not fully understood, it is generally as-
sumed that cores are magnetically supercritical, in that their
mass-to-flux ratio is above the value where magnetic support
can prevent gravitational collapse (Mouschovias & Spitzer
1976). Direct observational measurements of the magnetic
field strength in molecular clouds (Crutcher 2012; Liu et al.
2022; Pattle et al. 2022) find that at the relevant densities,
structures are trans- to supercritical, suggesting that while
they play an important role in many areas (Wurster & Lewis
2020a,b), magnetic fields are unable to significantly delay (or
otherwise regulate) star formation at the scale of prestellar
cores.

Direct measurements of the magnetic field suffer from
large uncertainties, due to the faintness of the signals in-
volved and the assumptions required to convert, for exam-
ple, polarised sub-millimetre emission into a field strength
(Lyo et al. 2021; Skalidis et al. 2021; Pattle et al. 2022).

They are also biased towards targets where such a mea-
surement is possible. These are necessarily the brightest ob-
jects, and so presumably also the most dense, which sug-
gests that they have already undergone some degree of grav-
itational contraction. In fact, magnetically-supported mod-
els of star formation predict that the central region of a
subcritical core becomes supercritical and collapses, due to
the imperfect coupling between the magnetic field and the
predominantly-neutral gas (Fiedler & Mouschovias 1993).
The fact that cores are observed to have supercritical mag-
netic field strengths does not exclude the possibility that
they form from subcritical initial conditions.1

The molecular chemistry of prestellar cores is highly
sensitive to their evolutionary history, because the
timescales of chemical reactions under these conditions are
comparable to, or longer than, those of the other relevant

1 This is necessarily the case, because the lower-density inter-

stellar medium is found to be magnetically subcritical, but the
transition to supercriticality is thought to occur well before the

formation of the cores themselves as distinct objects (Ching et al.

2022).
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processes (Banerji et al. 2009). The significantly longer du-
ration of collapse for subcritical cores compared to supercrit-
ical ones (Machida et al. 2018) alters their chemical makeup,
providing an alternative, indirect method of probing the de-
gree of magnetic support. Theoretical studies (e.g. Tassis
et al. 2012a; Priestley et al. 2018, 2019; Tritsis et al. 2021)
have found large differences in the molecular abundances of
sub- and supercritical models, suggesting their use as a di-
agnostic of the mass-to-flux ratio. However, uncertainties in
both the measured abundances and the chemical networks
employed, combined with much smaller differences in the
observationally-accessible column densities (as opposed to
volume densities; Priestley et al. 2019), have restricted the
utility of these results.

An alternative approach is to use the output of chemical
models to calculate their predicted line emission properties,
which can be directly compared to observations. While this
combination of time-dependent chemistry with line radia-
tive transfer has seen much previous use (Rawlings et al.
1992; Keto et al. 2015; Lin et al. 2020), the underlying
physical models in such studies are typically restricted to
spherical symmetry (e.g. Pagani et al. 2013; Sipilä & Caselli
2018). Magnetised cores are inherently non-spherical, par-
ticularly for subcritical mass-to-flux ratios, requiring multi-
dimensional magnetohydrodynamic (MHD) simulations to
correctly capture their structure and evolution. These sim-
ulations are now frequently coupled with time-dependent
chemistry (Priestley et al. 2019; Bovino et al. 2021; Trit-
sis et al. 2021), providing all the data required to produce
synthetic observations of the model prestellar cores.

In Yin et al. (2021), we used radiative transfer modelling
to convert the three-dimensional chemical structure of cores,
the result of combined non-ideal MHD simulations and time-
dependent chemistry, into position-position-velocity cubes of
the line intensity for a number of commonly-observed molec-
ular lines. We found that the ratio of the CS J = 2 − 1 and
N2H+ J = 1 − 0 rotational transitions could robustly dis-
tinguish between our subcritical and supercritical models.
Application of this diagnostic to the well-studied core L1498
suggested that it formed from subcritical initial conditions,
despite a direct measurement of the magnetic field strength
finding a supercritical mass-to-flux ratio (Kirk et al. 2006).
However, our analysis was limited to a single model core
(with two values of the initial mass-to-flux ratio); it is pos-
sible that changing the initial density, for example, could
reconcile supercritical models with the molecular line data.
In this paper, we expand our modelling to include cores of
different masses, densities, ages and orientations, confirm-
ing the basic validity of the CS/N2H+ diagnostic proposed
in Yin et al. (2021). A comparison of our model results with
an extended observational dataset suggests that most, if not
all, cores form as magnetically subcritical objects, in con-
trast to the conclusions drawn from direct field strength
measurements.

2 METHOD

We simulate the non-ideal MHD evolution of prestel-
lar cores using phantom, a smoothed-particle (mag-
neto)hydrodynamics (SPH) code (Price et al. 2018). Our
initial conditions are static, uniform-density spheres with a

uniform magnetic field in the z-direction. Non-ideal coeffi-
cients are calculated using the nicil library (version 1.2.6;
Wurster 2016), with an ion mass of 24.3mH and the ion
density replaced by the expression

ni/nH = 10−7
( nH

103 cm−3

)−0.6

, (1)

which approximates the output of time-dependent chemical
networks well for the range of densities investigated (Tassis
et al. 2012b; Priestley et al. 2019). The sound speed in the
cores is set to cs = 0.2 km s−1, corresponding to molecular
gas at ∼ 10 K, and the cores are surrounded by a back-
ground medium with a density 30 times lower, and sound
speed 301/2 times higher, to provide a confining pressure.
We use an isothermal equation of state, and assume the
core material is isothermal at 10 K throughout the rest of
the paper. We run the models with 200 000 particles2, and
terminate the evolution when the maximum density reaches
4.7 × 10−18 g cm−3 (i.e. nH = 2 × 106 cm−3). Model param-
eters are listed in Table 1.

We consider three combinations of core mass and radius,
covering masses of 5 and 50 M� and initial densities in the
range ∼ 103−104 cm−3. For each of these setups, we run the
model once with a subcritical and once with a supercritical
magnetic field strength, giving a total of six MHD simula-
tions. We consider mass-to-flux ratios of 4.4 (0.44) times the
Mouschovias & Spitzer (1976) critical value for the super-
critical (subcritical) models.3 The D4L1 pair of models are
those studied previously in Yin et al. (2021); we here investi-
gate whether those results generalise to cores with different
initial conditions. Model parameters are listed in Table 1.

For each model, we post-process the chemical evolution
of 10 000 randomly-selected particles using uclchem (Hold-
ship et al. 2017), with the umist12 reaction network (McEl-
roy et al. 2013), high-metal elemental abundances from Lee
et al. (1998) (listed in Table 2), a constant gas/grain temper-
ature of 10 K, a cosmic ray ionization rate of 1.3×10−17 s−1,
and no external radiation field, as cores are typically well-
shielded by their parent molecular clouds. We assume hydro-
gen is initially in molecular form, while all other elements
are atomic, and allow the chemistry to evolve at the initial
core density for 104 yr before beginning the collapse.

We use the three-dimensional chemical structure of the
cores as input for lime (Brinch & Hogerheijde 2010), a
non-local thermodynamic equilibrium line radiative trans-
fer code, with molecular properties taken from the lamda
database4 (Schöier et al. 2005) and dust properties from Os-
senkopf & Henning (1994). We use 10 000 sample points, and
assign each one the properties of the nearest post-processed
SPH particle. Molecular species considered, their collisional
partners, and references for the collisional data are given in
Table 3. We perform radiative transfer modelling at tend and
tend/2, and for viewing angles of 0◦ and 90◦ to the initial

2 We investigate the effect of using higher resolutions in Ap-

pendix B, finding that it has a negligible impact on our results.
3 These values were incorrectly stated to be 5.0 and 0.5 in Yin
et al. (2021).
4 Some of the molecular lines we consider have hyperfine struc-

ture, which is not accounted for in the default lamda data files.
In Appendix C, we find that the inclusion of hyperfine structure

is unlikely to substantially alter our conclusions.
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Magnetic prestellar cores 3

Table 1. Initial core radius, mass, density of hydrogen nuclei, magnetic field strength and mass-to-flux ratio for each of our models, the
duration of the simulation, and the initial free-fall and ambipolar diffusion timescales (Hartquist & Williams 1989; Banerji et al. 2009).

Model R/pc M/ M� nH/ cm−3 Bz/µG µ/µcrit tend/Myr tff/Myr tAD/Myr

D3L6-SUP 0.59 50 1.7 × 103 4.2 4.4 1.06 1.82 2.91
D3L6-SUB 0.59 50 1.7 × 103 42 0.44 1.59 1.82 2.91

D4L1-SUP 0.13 5 1.6 × 104 9.1 4.4 0.306 0.592 0.758
D4L1-SUB 0.13 5 1.6 × 104 91 0.44 0.965 0.592 0.758

D4L3-SUP 0.28 50 1.6 × 104 19.6 4.4 0.329 0.592 0.758

D4L3-SUB 0.28 50 1.6 × 104 196 0.44 0.428 0.592 0.758
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Figure 1. Midplane volume density profiles for the D4L1-SUP (left) and D4L1-SUB (right) models, at the point where the models have

reached central densities of approximately 2×104 cm−3 (dotted lines), 2×105 cm−3 (dashed lines), and 2×106 cm−3 (solid lines). Times

are indicated above the profiles.
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Figure 2. CS J = 2 − 1 line profiles, viewed perpendicular to the initial magnetic field direction at tend. Left: the D4L1-SUP model at
0.30 Myr (orange line), and the D4L1-SUB model at 0.97 Myr (blue line). Right: the D3L6-SUP model at 1.1 Myr (orange line), and the

D3L6-SUB model at 1.6 Myr (blue line).

magnetic field direction, and extract line profiles by aver-
aging the intensity within 0.05 pc of the centre. We thus
have four line profiles for each model in Table 1, eight for
each core mass/size combination, and a total of 24 for each
transition considered, covering a range of both physical core
properties and observational circumstances.

3 RESULTS

Figure 1 shows the evolution of the volume density profile in
the x− y plane (i.e. perpendicular to the original magnetic
field direction) for the D4L1 models. Initially, the subcritical
and supercritical models evolve on similar timescales, reach-
ing a central density of 2 × 105 cm−3 in ∼ 0.3 Myr in both
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Figure 3. N2H+ J = 1− 0 line profiles, viewed perpendicular to the initial magnetic field direction at tend. Left: the D4L1-SUP model at

0.30 Myr (orange line), and the D4L1-SUB model at 0.97 Myr (blue line). Right: the D3L6-SUP model at 1.1 Myr (orange line), and the
D3L6-SUB model at 1.6 Myr (blue line).
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Figure 4. Peak intensity of the CS J = 2−1 line versus the N2H+ J = 1−0 line for supercritical (left panel) and subcritical (right panel)
models. Red symbols are models at tend, cyan symbols those at tend/2. Symbol shapes represent the physical model, and whether the

viewing angle is parallel or perpendicular to the initial magnetic field direction. Observed peak line intensities from Lee et al. (1999) and
Tafalla et al. (2002) are shown as black circles.
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Figure 5. Full-width at half-maximum of the CS J = 2−1 line versus the N2H+ J = 1−0 line for supercritical (left panel) and subcritical
(right panel) models. Red symbols are models at tend, cyan symbols those at tend/2. Symbol shapes represent the physical model, and

whether the viewing angle is parallel or perpendicular to the initial magnetic field direction. Observed line widths from Tafalla et al.

(2002) are shown as black circles. The dashed black rectangle in the left panel indicates the size of the region covered by the right panel.
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the viewing angle is parallel or perpendicular to the initial magnetic field direction.
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Table 2. Initial gas-phase elemental abundances, relative to hy-
drogen nuclei, used in the chemical modelling.

Element Abundance Element Abundance

C 7.3 × 10−5 S 8.0 × 10−6

N 2.1 × 10−5 Si 8.0 × 10−7

O 1.8 × 10−4 Mg 7.0 × 10−7

Table 3. Molecules for which we perform radiative transfer mod-

elling, the collisional partners used, and references for the colli-
sional rates.

Molecules Partner Reference

CS H2 Lique et al. (2006)
N2H+ H2 Flower (1999)
HCN H2 Dumouchel et al. (2010)

HCO+ H2 Flower (1999)

cases. Beyond this point, their behaviour diverges. The su-
percritical model continues to collapse dynamically, reach-
ing the final density of 2 × 106 cm−3 in another 0.04 Myr.
The subcritical model is stabilised by magnetic support,

and remains in this configuration with little change for over
0.6 Myr, at which point enough flux has been removed from
the centre of the core for it to collapse. The subcritical core
thus spends an order of magnitude more time at the high gas
densities where freeze-out onto grain surfaces is effective.

Figure 2 shows CS J = 2−1 line profiles from the D4L1
and D3L6 models at tend, when the models reach a central
density of nH = 2 × 106 cm−3. The longer duration of col-
lapse for magnetically subcritical models tends to increase
the amount of freeze-out for susceptible molecules such as
CS, resulting in significantly lower peak line intensities. Su-
percritical models also have much broader line profiles, due
to the relatively unimpeded collapse and subsequent super-
sonic infall. Species which are less affected by depletion, such
as N2H+, are also less affected by the magnetic criticality
of the core. The peak N2H+ line intensities (neglecting the
line’s hyperfine structure; see Appendix C) in Figure 3 are
comparable between sub- and supercritical models, although
supercritical line profiles are still broader, particularly for
the lower-density D3L6 model.

We noted in Yin et al. (2021) that this different chem-
ical behaviour could be used to observationally distinguish
cores with significant magnetic support from those domi-
nated by self-gravity. Figure 4 shows the peak intensity of
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the CS J = 2 − 1 line versus the N2H+ J = 1 − 0 line
for all 24 core/field strength/orientation/age combinations.
The regions of parameter space occupied by supercritical
and subcritical models overlap, so the intensity ratios we
proposed as diagnostics in Yin et al. (2021) (correspond-
ing to straight lines in the Ipeak(CS) − Ipeak(N2H+) plane)
cannot unambiguously identify the magnetic criticality of
an individual core. Moreover, the same physical model can
appear in a completely different region of parameter space
if the epoch of observation or viewing angle are different,
with no obvious systematic dependence of the line intensi-
ties on either property. However, there is a clear preference
for supercritical models to have higher CS intensities, with
only three combinations of age, orientation, and initial core
properties producing Ipeak(CS) < 5 K (and all three are at
tend/2). By contrast, the majority of subcritical models have
peak intensities below this value. Line intensities from the
samples of prestellar cores presented in Lee et al. (1999) and
Tafalla et al. (2002)5 fall in a region of parameter space oc-
cupied almost exclusively by subcritical models, but have
little, if any, overlap with supercritical ones.

As noted above, supercritical models tend to produce
lines which are broader in addition to being stronger. Fig-
ure 5 shows CS and N2H+ line full-widths at half maxi-
mum (FWHMs). Supercritical and subcritical models oc-
cupy almost entirely separate regions of the FWHM-FWHM
plots (note the different axis scales), with supercritical model
FWHMs extending up to several km s−1, whereas almost all
subcritical models have subsonic (. 0.4 km s−1) line widths.
The five cores from Tafalla et al. (2002) correspond ex-
tremely well to the subcritical models, and poorly to the
supercritical ones. While CS line FWHMs for the cores in
Lee et al. (1999) are not available to us, of the 69 objects with
N2H+ line FWHMs provided, only 11 (15%) have a width
greater than 0.4 km s−1. A single observed core (BS-1) has
a FWHM above 0.6 km s−1, whereas only two supercritical
models fall below this boundary. Molecular line properties
from supercritical models appear to be very different to those
observed in real prestellar cores.

While we have so far focused on the CS and N2H+

transitions identified as promising diagnostics in Yin et al.
(2021), similar effects can also be seen for other commonly-
observed lines. Figures 6 and 7 show the peak intensity and
FWHM data for the HCN and HCO+ J = 1− 0 transitions.
HCN, like CS, is strongly affected by freeze-out, and so sub-
critical models tend to display lower peak intensities than
supercritical ones. HCO+ is less affected, and like N2H+

therefore covers a similar range of peak intensity regardless
of the initial mass-to-flux ratio. As in Figure 4, line prop-
erties for the same underlying physical model can change
significantly if the epoch of observation or viewing angle are
different, although for these lines, the supercritical models
(closer to spherical symmetry than the subcritical ones) are
only weakly affected by the orientation of the core. The line
widths are similar to those in Figure 5 - supercritical models
almost all have FWHMs greater than 0.5 km s−1, while sub-

5 See Appendix A for details on the observational sample. We

convert antenna temperatures in Lee et al. (1999) to beam tem-
peratures with an assumed efficiency of 0.17 taken from that pa-

per.

critical models are almost all below this value. This suggests
a similar test to those in Figures 4 and 5 can be performed
using alternative pairs of lines, given the availability of obser-
vational data. With modern surveys often covering hundreds
of cores in transitions from tens of species (e.g. Pety et al.
2017; Kauffmann et al. 2017; Barnes et al. 2020), it should
be possible to conduct multiple such tests with large sam-
ples of objects, mitigating the uncertainties in the chemical
and radiative properties of any particular molecule.

4 DISCUSSION

4.1 Robustness of results

The majority of our supercritical core models produce line
intensities and widths which are incompatible with observa-
tional data. One key discrepancy is that these models pre-
dict CS J = 2−1 peak intensities well above those observed,
whereas subcritical models have lower gas-phase CS abun-
dances, due to the longer duration favouring depletion onto
grain surfaces, and thus lower intensities. Our chemical ini-
tial conditions are only evolved for 104 yr at the initial core
density, so it is possible that a greater degree of initial deple-
tion could bring the models into agreement with the data.
However, neither increasing the initial ‘settling-in’ time to
105 yr, nor adopting a longer period of low-density evolu-
tion (106 yr at 100 cm−3) to approximate the initial diffuse
cloud conditions (Quénard et al. 2018), resolves this issue.
Figure 8 shows the resulting CS abundances and line profiles
for the D4L1-SUP model. Changes in the initial conditions
result in factor of ∼ 3 changes in the molecular abundance
and ∼ 0.5 K changes in the peak line intensity, nowhere near
enough to bring the model into agreement with the observa-
tional data in Figure 4. CS is classed as a ‘forgetful’ molecule
by Holdship & Viti (2022), in that its abundance rapidly
equilibrates and so is relatively insensitive to the initial con-
ditions, as are N2H+, HCN and HCO+.

Although this kind of ‘settling-in’ period is commonly
used to generate initial conditions for models of isolated
cores, it is unlikely to fully capture the previous evolu-
tion of material in a turbulent molecular cloud environment.
Many prestellar cores have detectable quantities of complex
molecules such as methanol and its deuterated isotopologues
(Scibelli & Shirley 2020; Scibelli et al. 2021; Ambrose et al.
2021), which suggests a rich chemical makeup even at this
early evolutionary stage. Cores may also continue to accrete
material from the parent molecular cloud over their lifetimes,
rather than evolving as isolated objects (e.g. Peretto et al.
2020; Clark & Whitworth 2021; Rigby et al. 2021; Ander-
son et al. 2021). Properly accounting for the prior chemi-
cal evolution of core material would require a model that
self-consistently forms the cores themselves from the larger
structures they reside in. It is difficult to predict what im-
pact this might have on the resulting line properties, and so
we leave the topic to future work.

Our chemical modelling involves additional assumptions
beyond the initial molecular abundances, such as the cos-
mic ray ionization rate, isothermality, and a high degree of
shielding from external radiation fields. Modifying any of
these assumptions, either alone or in combination, can also
have a significant impact on the resulting abundances (Tassis
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Figure 8. CS midplane abundance profiles (left) and J = 2 − 1 line profiles (right) from the D4L1-SUP model, viewed perpendicular to

the initial magnetic field direction at 0.30 Myr, with 104 (solid lines)/105 yr (dashed lines) of preliminary evolution at the initial density,
and 106 yr at a density of 100 cm−3 (dotted lines).

et al. 2012a; Priestley et al. 2018), and so could potentially
reconcile the supercritical model line properties with those
observed. A full investigation of the sensitivity of our results
to the chemical parameters is beyond the scope of this pa-
per; we simply note that our choices are all fairly standard
in the literature (e.g. Coutens et al. 2020). If real prestellar
cores do in fact have supercritical initial mass-to-flux ratios,
then some aspect of our understanding of their chemistry
appears to be inaccurate.

An issue specific to using the CS J = 2− 1 line as a di-
agnostic is that sulphur chemistry in molecular clouds is far
from completely understood (Holdship et al. 2019; Navarro-
Almaida et al. 2020). In particular, it is common for models
to invoke initial gas-phase sulphur abundances up to hun-
dreds of times lower than the accepted solar value (e.g. Bulut
et al. 2021; Navarro-Almaida et al. 2021), in order to recon-
cile predicted and observed line strengths of sulphur-bearing
molecules, whereas we use a mostly-undepleted value (Ta-
ble 2). The CS line intensities of our supercritical models
could be brought into agreement with the observational data
simply by reducing the initial abundance of sulphur. These
reduced values require an abundant solid-phase carrier for
the excess sulphur, but there is no evidence for significant
sulphur depletion in either refractory (Jenkins 2009) or icy
(Boogert et al. 2015) material. Hily-Blant et al. (2022) have
recently presented evidence that the majority of sulphur ex-
ists as free atoms in the gas-phase in young prestellar cores,
as we assume in our chemical modelling. Our subcritical
models are in good agreement with the observed CS line
strengths without invoking any additional depletion, sug-
gesting that the ‘sulphur problem’ may be caused by as-
sumptions made about the physical, rather than chemical,
properties of cores.

4.2 Comparison with prior work

The results presented in Figures 4 and 5 suggest that most
observed prestellar cores originate from magnetically sub-
critical initial conditions. This is entirely consistent with the
same objects having supercritical present-day mass-to-flux

ratios (Crutcher 2012; Liu et al. 2022; Pattle et al. 2022),
if the observed cores represent the collapsing central re-
gions of larger, magnetically supported structures (Fiedler
& Mouschovias 1993). Some estimates of core ages using
chemical clocks (e.g. Brünken et al. 2014; Lin et al. 2020)
return values & 1 Myr, much greater than the typical free-
fall times, and thus also suggestive of a subcritical mode
of star formation. Other studies find ages closer to a few
105 yr (Pagani et al. 2007, 2009, 2013; Hily-Blant et al. 2020;
Caselli et al. 2022), but these cannot be considered conclu-
sive evidence in either direction: our D4L3-SUB model, for
example, has a similar lifetime (0.4 versus 0.3 Myr; Table
1) to the corresponding supercritical model core, and a low
inferred age could simply indicate a subcritical core seen at
an early evolutionary stage. The ages obtained from molec-
ular line observations are also highly sensitive to the details
of the model employed, such as whether the density profile
is taken to be static or allowed to evolve (Sipilä & Caselli
2018). These studies are all plausibly consistent with cores
having initially subcritical mass-to-flux ratios.

Our supercritical models struggle to reproduce the low
(. 0.4 km s−1) line FWHMs typically observed in cores
(Figure 5). Previous studies, using a variety of purely-
hydrodynamical models, have not found this to be a prob-
lem (Rawlings et al. 1992; Keto & Caselli 2010; Keto et al.
2015). These models typically start from much more dif-
fuse initial conditions - the preferred model of Keto et al.
(2015) for L1544 is a Bonnor-Ebert sphere with a mean
density nH ∼ 100 cm−3, resulting in lower infall velocities
and correspondingly narrower lines. This configuration is in
quasi-equilibrium; the inner regions collapse, while the outer
parts of the core initially remain static. This is qualitatively
similar to the evolution of a magnetically subcritical core
(Fiedler & Mouschovias 1993), and agrees with our conclu-
sions here, in that rapidly collapsing, highly non-equilibrium
models are disfavoured by the molecular line data.
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5 CONCLUSIONS

We have combined non-ideal MHD simulations of prestellar
cores, time-dependent gas-grain chemistry, and line radia-
tive transfer modelling to produce self-consistent synthetic
molecular line observations, for a variety of initial core prop-
erties, ages and viewing angles. While line properties vary
significantly - even for the same underlying physical model,
if the viewing angle or epoch of observation are different -
we find that cores with subcritical mass-to-flux ratios typi-
cally have lower ratios of the CS J = 2−1 line to the N2H+

J = 1− 0 line, as previously found by Yin et al. (2021), due
to the longer duration of collapse and corresponding increase
in freeze-out of CS onto grain surfaces. Subcritical models
also have much smaller line FWHMs (. 0.4 km s−1) than
supercritical ones.

An observational sample of cores taken from the liter-
ature falls in a region of Ipeak(CS) − Ipeak(N2H+) param-
eter space almost exclusively occupied by models with a
subcritical initial mass-to-flux ratio. Magnetically supercrit-
ical cores struggle to reproduce the observed distribution of
line strengths, and have significantly larger line widths than
nearly all the observational sample of cores. This contradicts
direct measurements of the magnetic field strength in cores,
which generally find supercritical present-day mass-to-flux
ratios, and suggests that the observed cores may represent
the densest central regions of larger, magnetically-supported
structures. This would imply that magnetic fields have a
much more important role in star formation than is often
assumed.
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Sipilä O., Caselli P., 2018, A&A, 615, A15

Skalidis R., Sternberg J., Beattie J. R., Pavlidou V., Tassis K.,

2021, A&A, 656, A118
Tafalla M., Myers P. C., Caselli P., Walmsley C. M., Comito C.,

2002, ApJ, 569, 815

Tassis K., Willacy K., Yorke H. W., Turner N. J., 2012a, ApJ,
753, 29

Tassis K., Willacy K., Yorke H. W., Turner N. J., 2012b, ApJ,
754, 6

Tritsis A., Federrath C., Willacy K., Tassis K., 2021, MNRAS,

Wurster J., 2016, Publ. Astron. Soc. Australia, 33, e041
Wurster J., Lewis B. T., 2020a, MNRAS, 495, 3795

Wurster J., Lewis B. T., 2020b, MNRAS, 495, 3807

Wurster J., Bate M. R., Price D. J., Bonnell I. A., 2022, MNRAS,
511, 746

Yin C., Priestley F. D., Wurster J., 2021, MNRAS, 504, 2381

APPENDIX A: OBSERVATIONAL DATA

We compare our model cores with observations of the CS
J = 2− 1 and N2H+ J = 1− 0 lines towards the cores from
Lee et al. (1999) and Tafalla et al. (2002). For the five cores
in Tafalla et al. (2002), we digitise the line profiles presented
in their figures 3 and 5, and use these to determine the peak
intensities and FWHMs. For Lee et al. (1999), the larger
number of cores and the presentation of the data make this
impracticable. We instead estimate by eye the peak inten-
sity above the continuum of the two lines, for each of the 43
cores in their figure 1. Most of these estimates are rounded
to the nearest 0.05 K, as the resolution of the data presented
did not allow a more accurate determination, which results
in several points in Figure 4 falling on the same horizontal
or vertical line. These data are presented as antenna tem-
peratures, which we convert to beam temperatures using an
efficiency of 0.17 taken from that paper. This does not ac-
count for the forward beam efficiency (e.g. Barvainis & Salah
1994) - including this would lower the resulting beam tem-
peratures, worsening the discrepancy with our supercritical
models and thus strengthening our conclusions. The data
from Tafalla et al. (2002) and Lee et al. (1999) are given in
Tables A1 and A2 respectively.

The definition of peak N2H+ intensity differs between
our two samples, due to the molecule’s hyperfine structure
- we take the peak intensity of the strongest component de-
tected in the Tafalla et al. (2002) data, whereas Lee et al.
(1999) present observations of the isolated component. Ad-
ditionally, our models treat all hyperfine transitions as com-
ing from the same level. We show in Appendix C that the
predicted peak intensity from non-hyperfine models is in-
termediate between, and within a factor of about two of,
the isolated and the overall peak intensities from models
including the hyperfine structure. Compared to the signifi-
cant scatter caused by varying other model parameters, we
consider this an acceptable level of accuracy.

APPENDIX B: RESOLUTION TESTS

To investigate whether our models have sufficient resolution
to produce reliable line properties, we repeat all stages of
modelling for the D4L1-SUP model with the resolution in-
creased by a factor of five (i.e. 106 SPH particles, of which
50 000 are used in the chemical modelling, and 50 000 lime

Table A1. CS J = 2− 1 and N2H+ J = 1− 0 peak intensities and

FWHMs for the five prestellar cores in Tafalla et al. (2002).

CS J = 2 − 1 N2H+ J = 2 − 1
Core Ipeak/K W/km s−1 Ipeak/K W/km s−1

L1498 1.55 0.62 0.95 0.31
L1495 1.12 0.36 1.75 0.32

L1400K 1.66 0.09 1.48 0.25

L1517B 1.62 0.10 1.34 0.29
L1544 2.27 0.06 1.71 0.34

sampling points). While the high-resolution MHD model
shows some minor differences, these have a negligble impact
on the quantities of interest. This is consistent with Wurster
et al. (2022), who find that significant deviations due to reso-
lution occur well beyond the densities analysed here. Figure
B1 shows the CS midplane abundance profiles and J = 2−1
line intensities for the normal and higher resolution models,
and the (normal) subcritical model for comparison. There
are small changes to both the CS abundance and line profile
when the resolution is increased, but these are dwarfed by
the difference between sub- and supercritical models, which
are primarily driven by the different collapse timescales of
the models. While our models may not be fully converged
numerically, they are clearly sufficiently close to convergence
for our purposes.

APPENDIX C: HYPERFINE STRUCTURE

Figure C1 shows N2H+ and HCN line profiles from the
D4L1-SUP model, with and without the consideration of the
hyperfine structure of these transitions. There are clearly
significant differences in both the line profiles and the in-
tegrated intensities, but the peak hyperfine intensities are
within a factor of ∼ 2 of the non-hyperfine values in both
cases. Different core properties, or different epochs or view-
ing angles of observation, can cause much larger changes
in the peak intensity. We therefore assume that the peak
intensities of non-hyperfine models are sufficiently accurate
for our purposes. The difference in line widths caused by
introducing hyperfine structure is even smaller than that in
intensity, and can safely be neglected.
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Table A2. CS J = 2 − 1 and N2H+ J = 1 − 0 peak intensities for the 43 prestellar cores with detections of both in Lee et al. (1999).

Ipeak/K Ipeak/K Ipeak/K Ipeak/K

Core CS N2H+ Core CS N2H+ Core CS N2H+ Core CS N2H+

L1333 0.20 0.15 B217-2 0.55 0.20 L1512-1 0.40 0.30 L234E-1 0.45 0.15

L1521F 0.65 0.30 L1524-4 0.25 0.10 L183B 0.40 0.40 L429-1 0.40 0.05
TMC2 0.80 0.30 L1507A-1 0.40 0.15 L1704-1 0.55 0.10 L922-1 0.35 0.10

L1495 0.30 0.25 CB23 0.40 0.10 L1544 0.50 0.30 L63 0.30 0.60

L1400K 0.45 0.10 L1622A-2 0.50 0.30 L183 0.35 0.30 L673-7 0.30 0.10
B18-5 0.35 0.10 L1696A 0.90 0.40 L1709B-2 0.70 0.20 L1049-1 0.20 0.10

L1399-2 0.20 0.05 L1517B 0.45 0.15 L158 0.20 0.25 L462-2 0.30 0.10

L1400A 0.35 0.05 L1622A-1 0.55 0.25 L492 0.45 0.10 L694-2 0.35 0.30
TMC1 0.65 0.25 L1696B 0.40 0.50 L1041-2 0.24 0.04 L1049-2 0.20 0.06

L1148 0.25 0.05 L1062C-2 0.25 0.10 L1197 0.30 0.15 L1155C-2 0.22 0.06

L1251A-2 0.20 0.05 CB246-2 0.25 0.10 L1155C-1 0.35 0.10
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Figure B1. Midplane CS abundances (left) and J = 2 − 1 line intensities viewed perpendicular to the initial magnetic field direction

(right) for the D4L1-SUB model at 0.97 Myr (blue solid lines), and the D4L1-SUP model at 0.30 Myr with standard (orange solid lines)

and enhanced (orange dashed lines) resolution.
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Figure C1. N2H+ J = 1 − 0 (left) and HCN J = 1 − 0 (right) line profiles viewed perpendicular to the initial magnetic field direction for
the D4L1-SUP model at 0.30 Myr, with (dashed lines) and without (solid lines) hyperfine structure.
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