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ABSTRACT

A gas—grain time-dependent chemical code, ucL_cHEM, has been used to investigate the possi-
bility of using chemical tracers to differentiate between the possible formation mechanisms of
brown dwarfs. In this work, we model the formation of a pre-brown dwarf core through turbu-
lent fragmentation by following the depth-dependent chemistry in a molecular cloud through
the step change in density associated with an isothermal shock and the subsequent freefall
collapse once a bound core is produced. Trends in the fractional abundance of molecules
commonly observed in star-forming cores are then explored to find a diagnostic for identify-
ing brown dwarf mass cores formed through turbulence. We find that the cores produced by
our models would be bright in CO and NHj but not in HCO™. This differentiates them from
models using purely freefall collapse as such models produce cores that would have detectable
transitions from all three molecules.
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1 INTRODUCTION

Abrown dwarf is a substellar object with a mass less than 0.075 M;
the H-burning limit. Since their discovery in 1995 (Rebolo, Zapatero
Osorio & Martin 1995), the origin of brown dwarfs has challenged
simple theories of star formation. Various theories have been put
forward to explain how objects much smaller than the average Jeans
mass in a molecular cloud can become gravitationally bound and
unstable to collapse. There is expected to be some overlap between
the lowest mass brown dwarfs and highest mass planets. Precisely
how brown dwarfs form may therefore be the main criterion for
categorizing them.

For example, if brown dwarfs form by condensing out of the
outer regions of a massive pre-stellar disc (Rice et al. 2003), then
they would be hard to separate from giant planets. Other formation
theories include ejection from a common envelope (Reipurth &
Clarke 2001) in which several protostars fragmenting from a core
accrete competitively leaving one at much lower mass than the
others. In simulations of three or more of these mutually bound
objects, the lowest mass companion is regularly ejected. If this
happens whilst the object is substellar, it will remain so as it will no
longer have an envelope to accrete from.

Another way brown dwarfs could form is through the photo-
erosion of a pre-stellar core (Hester et al. 1996). If a star-forming
core is overrun by an H 1 region, its outer layers will be ionized
potentially liberating enough mass to leave an object with a total
mass below the H-burning limit.
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Finally, the theory considered in this work is that of turbulent
fragmentation (Padoan & Nordlund 2002; Hennebelle & Chabrier
2008). In these theories, bound cores are formed by the collision of
supersonic flows within molecular clouds. The resulting isothermal
shocks produce dense cores of gas which may collapse to form stars.
The range of core masses produced depend on the cloud’s turbulent
power spectrum and spans masses from the smallest brown dwarfs
to the most massive stars. Both of the referenced works produce a
core mass function consistent with theory and observation, implying
that a universal star formation process could be responsible for all
masses of stellar objects.

Differentiating between these theories requires observations of
brown dwarfs in the earliest stages of their evolution and few
of these have been found. In principle, the physical characteristics
of more evolved brown dwarfs could be used to identify the forma-
tion process. However, this has its difficulties. For example, a brown
dwarf having a small disc could imply formation through ejection
as the disc is expected to be truncated by the gravitational inter-
action. Unfortunately, simulations by Bate (2012) have shown that
whilst most discs are truncated to <40 au, discs can extend as far as
120 au. This means that despite recent ALMA observations (Ricci
etal. 2014) of three brown dwarfs which found all had discs >70 au,
ejection cannot be ruled out though it does seem disfavoured.

Several candidate proto-brown dwarfs have been found in the
follow up of the very low luminosity objects first discovered by
Spitzer (Kauffmann et al. 2005). A recent candidate from SMA
observations by Palau et al. (2014), is a good example of a brown
dwarf mass object in the earliest stages of its evolution. Its mass
is very likely in the brown dwarf range and it has many features
that are found in low-mass stars at the same stage. The similarity of
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these ‘proto-brown dwarfs’ to low-mass protostars seems to imply
that both sets of objects form in the same way. This view favours
more universal theories of star formation such as the turbulent frag-
mentation scenario as they would produce both low-mass stars and
brown dwarfs through the same mechanism.

Whilst using physical clues to find the main route for brown dwarf
formation has proven difficult, it may be possible to differentiate
the models chemically. The molecular abundances in a proto-brown
dwarf formed from material in the disc of a massive star is likely
to be different to that of a proto-brown dwarf formed in a shocked
region of a molecular cloud.

In this paper, we present an adaptation of the chemical model
ucL_cHeM (Viti et al. 2004) that simulates the formation of a brown
dwarf through turbulent fragmentation. The aim is to present molec-
ular tracers that could be used to identify a pre-brown dwarf core
that has formed through shock compression. Chemical abundances
are highly sensitive to the cloud density so the fast increase that
accompanies a shock in a molecular cloud should give rise to cer-
tain molecules having abundances incompatible with a less violent
density increase such as a freefall collapse. In Section 2, the chem-
ical code and physical model are described. In Section 3, the ef-
fect of changing model parameters on the fractional abundance of
molecules is explored along with the variation of species abundance
with radial position. In Section 4, observational tests of the models
are suggested and the models are compared to observations. Finally,
a summary is given in Section 5.

2 THE MODEL

The chemical code ucL_cHeEm (Viti et al. 2004) was adapted to
model the turbulent fragmentation and collapse of a low-mass core.
In this work, the chemical model follows the abundances of 160
gas-phase species and 54 grain-surface species through a network
of 2413 reactions for a box of gas in a collapsing molecular cloud.
By running several of these boxes at points along a line of sight in
a molecular cloud, a 1D model can be built up. The physical model
comprises three stages, in which the density of the gas changes in
different ways. Density is given here as the total number of hydrogen
nuclei per cubic centimetre.

In stage one, the gas density increases in freefall from ny =
102 cm~2 up to a final density typical of a molecular cloud, usually
10* cm™3. Whilst the density is then held at this value, the model
continues to run for a further 1 or 10 Myr. This allows the age of
the cloud to be varied. The temperature is set to 10 or 30 K in this
stage and held constant throughout. The purpose of stage one is to
produce a self-consistent molecular cloud for the next two stages
rather than assuming the conditions and abundances of a molecular
cloud.

In stage two, the formation of cores by turbulent fragmentation
is simulated. We consider a bound core that is formed as supersonic
flows within a molecular cloud collide. In this process, the centre
of the core forms first and grows outwards as gas is deposited on to
it. The radius of the core would grow at a rate given by the velocity
of the flow. To model this, the density and chemistry of 10 points
are followed, spaced evenly between the centre and edge of the
core. The innermost point (iyoine = 0) is immediately increased to
the post-shock density and each point afterwards is increased to the
same density at a time given by its distance from the centre and the
shock speed, as in equation (1),

ipoim Fshock (1)
Npoinls -1 Mv Cs '
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Ishock =

where Fghock 18 the radius of the final, post-shock core and 7y is
a counter ranging from 0 to (Npins — 1). The post-shock density,
Nghock» 18 taken to be the critical density of the Bonnor-Ebert sphere
of the mass chosen for the model and is given by equation (2) taken
from Padoan & Nordlund (2004). The final density is proportional
to M? in an isothermal shock, thus the Mach speed of the shock is
set by the required post-shock density in this model. A sound speed
of C;, = 0.2 km s~! is assumed,

M, -2 T 3
Nshock ™ 103 Cm73 s Thw . 2
33Mg 10K

In the third stage of density increase, each point begins to col-
lapse according to the same freefall equation as stage one im-
mediately after reaching ngock. This means that the innermost
points in the core are already collapsing by the time the shock
reaches the outer points. This collapse is to a maximum density
of 108cm™3, beyond which three body reactions become non-
negligible. The chemical network used does not include these
reactions.

These shocks were considered to be isothermal, the temperature
set in stage one (typically 10 K) is kept constant. A short period of in-
creased temperature immediately following the shock was included
to test the effect this would have. A typical post-shock temperature
for a strong shock at the shock speeds used in these models is 125 K
(Draine 2011). Including a temperature increase up to 500 K did
not significantly alter the results and so the period of temperature
increase was subsequently left out of the model.

The fractional abundances of molecular species and the density
of each point are averaged for each time step giving the average
density and species’ fractional abundances for a line extending from
the centre to the edge of a core. Whilst ucL_cHEM keeps track of a
total of 214 species, we focus on five molecules in particular: CO,
HCO™, CS, NH;3 and N,H". These molecules are chosen as they
are amongst the most commonly observed molecules in molecular
clouds (see Section 4.2).

To explore the effect of varying initial conditions, eight sets of
parameters were used in stage one to produce different starting
points for stages two and three. Table 1 lists the sets of conditions
reached in stage one. Throughout the paper, the models and figures
are labelled according to the following nomenclature: N-Mgp. N
refers to the model number in Table 1, giving the parameters used
in stage one for that model. Mpp, is the mass of the core chosen to
be modelled. For example, 1-0.07 refers to a stage one run at 10 K
to produce a cloud of age 1 Myr limited to a density of 10* cm™3
which is subsequently used for the initial conditions to simulate the
creation of a 0.07 M, core.

Table 1. List of final conditions reached by stage one mod-
els. Each stage two model uses the final output of a stage one
model as its initial conditions.

Model  Temp (K)  Final density (cm™3)  Time (Myr)
1 10 10* 1

2 10 10° 1

3 30 10* 1

4 30 10° 1

5 10 10* 10

6 10 10° 10

7 30 104 10

8 30 10° 10
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3 RESULTS

3.1 Sensitivity to initial conditions

It is important to know how sensitive the model is to the initial
conditions of the cloud. To this end, eight variations of stage one
were explored each with varying cloud age, density and temperature.

The age of the cloud, taken as the amount of time elapsed since
the cloud reached its final stage one density, was tested at 1 and
10 Myr. Changing the age of the cloud leads to larger freeze out for
older clouds and thus lower initial gas-phase molecular abundances
at stage two. However, these changes were less than an order of
magnitude on average and are almost completely lost in the post-
shock gas.

The density of the cloud has a larger effect. Not only are the
initial abundances for stage two different, but the shock itself is also
less violent. The density increase required to create a bound core of
the chosen mass is smaller for higher density clouds and thus the
shock is slower. However, the differences in molecular abundances
diminish throughout stage two and are lost in the freefall collapse
after the shock.

Of the three cloud properties varied, temperature has the largest
effect. It affects chemistry by changing the rates of reactions and
also changes the shock speed. Higher temperature gas must be
more dense to be bound and so higher temperature models must
have faster shocks to produce higher densities. During the shock,
molecular abundances vary by more than two orders of magnitude
on average. However, before and after the shock abundances differ
by less than an order of magnitude and so many of the results
presented in this paper are unaffected. This is discussed further in
Section 4.1.

3.2 Stratification

Comparisons to the core as a whole could well be enough to match
observations to the models and determine whether they could be
formed through turbulent fragmentation. However, modern instru-
ments could resolve a core, allowing for characterization of its
density and temperature structure. For example, the full capability
of ALMA will allow angular resolutions of 0.015 arcsec, allowing
scales as small as 2 au to be resolved at distances of 140 pc; the
distance to the Taurus molecular cloud. It is therefore possible to
ask whether the abundance of certain molecules would be expected
to be higher in the centre of the core or at the edge.

The models are run as a series of single point models along a radial
line from the centre to the edge of a core, allowing stratification to be
seen by plotting fractional abundance against radial point position
for given times. Fig. 1 shows the abundances of four molecules at
varying times for the 1-0.07 model. Of the five molecules examined
in this paper, four have been plotted as CS follows the behaviour
of CO.

The dashed lines in Fig. 1 show the fractional abundance of
molecules just after the shock reaches the final point; when the core
is considered to be just formed. At this time, there can be large
differences between the core’s edge and centre. NH3 in particular
is over an order of magnitude more abundant in the centre than at
the edge. However, the solid lines show 0.1 Myr later and there
are no differences in fractional abundances between points at this
time. Given that the shock period is relatively short compared to
the lifetime of the core, it is unlikely that a core will be observed
mid-formation and therefore no stratification will be observed.

Chemical tracers of pre-brown dwarf cores
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4 OBSERVATIONAL TESTS

4.1 Observational predictions

The models produced here may be best used by comparing them in
detail to individual pre-brown dwarf cores. However, a number of
general conclusions can be drawn from the models. If the majority of
pre-brown dwarf cores are formed through turbulent fragmentation
then it is expected that they will be consistent with our predictions.

In order to qualify whether our predictions can lead to observ-
ables, the radiative transfer code RADEX (van der Tak et al. 2007)
was used to give an indication of what might be observable in pre-
brown dwarf cores considering the fractional abundances given by
the models. RADEX was run repeatedly using the results of the mod-
els at different time steps to produce the line intensities for several
molecular transitions as a function of time. For each time step, the
density was halved to give the number density of H, molecules, as
the vast majority of H nuclei are in H, for all models. A kinetic
temperature of 10 K is used, in line with the model temperature.
The line width is assumed to be turbulence dominated and taken
to be 1 km s~'. RADEX also requires a column density which was
calculated by multiplying the density of each species by the radius
of the core.

By considering the brightest line emitted by each molecule that
would be visible using a ground-based telescope and applying a
lower limit for visibility, several key diagnostics of a core formed
through turbulent fragmentation were found. The capabilities of
ALMA and the Very Large Array were used as a guide. Of course,
the results given assume most of the flux is recovered which may
not be the case. No adjustment for beam size has been made as
both arrays have synthesized beamwidths smaller than the typical
angular size of these cores; ~10 arcsec at 140 pc. Ty = 100 mK has
been used as the lower limit for a detectable line (see Section 4.2).
The results discussed in this section are based on models using the
first set of initial conditions: ng = 10* cm™3, T = 10 K and an age
of 6 Myr.

For bound cores above 0.04 M, detection of the CO 2-1 and
NHj3 1(1,0—1¢1, 0 transitions are expected. They are difficult to dif-
ferentiate from a core formed through freefall using the 100 mK cut
off. However, the behaviour of the HCO™ 3-2 transition is very dif-
ferent between turbulent fragmentation model and freefall. HCO™
is an order of magnitude brighter in freefall cores than in the turbu-
lent fragmentation models. A comparison between a 0.07 M, and
equivalent freefall model is shown in Fig. 2.

This is not the case for an extremely low-mass core (<0.04 M).
Such cores are extremely dense and are formed very quickly, giving
bright lines in CS 3-2 and NoH™ 1, 3)~0(1. 2) which are not apparent
in higher mass cores or cores formed through freefall. Cores are
unlikely to be detected during the shock as this is a very short
lived stage. However, an unusually bright CS 3-2 line would be an
indicator of a shock in progress.

Table 2 shows which of the molecules considered in this paper
are observable in cores at densities of ny >107 cm~>. The models
shown use Model 1 conditions. 30 K models have much higher ngpock
values and so molecules remain detectable at higher densities. All
five molecules are detectable up to at least ny =108 cm™ for the
0.04 and 0.01 M models at 30 K.

4.2 Comparison to observations

Only one pre-brown dwarf core has been detected so far. André,
Ward-Thompson & Greaves (2012) presented observations of a core

MNRAS 455, 2371-2376 (2016)
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Figure 1. Fractional abundances with distance from core centre for four molecules, the model shown is a 0.07 M@ core formed from the first set of initial
conditions. The x-axis shows the point number, with the centre of the core being point 0 and the edge being 9 for a total of 10 points distributed along the core
radius. The dotted lines show the start of stage two where only the first point has had a density increase, the dashed line shows the end of the shock passage
when the final point has been reached and the solid line shows 0.1 Myr after the shock.

of mass less than 0.03 M with a good detection in the 3.2 mm
continuum and the NoyH™ 1, 1y=0(1, 2y line. The core is estimated
to be at ny > 7.5 x 107 cm™3. Fig. 3 shows the RADEX output
for this transition for the models as a function of density. Whilst
an NoH' detection at this density would not fit with freefall or
higher mass models it would fit with low-mass models where the
density has been greatly increased by the shock. This is by no means
conclusive but it does show that there are measured abundances in
very low mass cores that do not fit with simple freefall models and
can be fitted by assuming a fast density increase due to a shock.
The turbulent fragmentation process is not brown dwarf specific,
therefore pre-stellar cores in the low-mass star range could be used
to test the model until more pre-brown dwarf cores are discovered.
Seo et al. (2015) used a source finding algorithm with NH; obser-
vations of the L1495-B218 filaments in the Taurus molecular cloud
and found many low-mass cores which are potentially pre-stellar
cores. In their work, Seo et al. present core masses estimated from
dust emission and from NHj3 column densities using an assumed
fractional abundance of NHj;. Using these to calculate their mea-
sured mass of NH; and assuming the mass from dust is the total
core mass, we have arrived at NH; fractional abundances for their
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cores. Table 3 shows a comparison between those NH3 abundance
estimates and the models. The models show poor fits for the brown
dwarf mass cores. However, it is worth noting that none of these
cores are gravitationally bound according the Virial masses calcu-
lated by Seo et al. (2015). The models in this paper use the mass to
set ngpock assuming that a bound core will be produced, therefore an
unbound core is not expected to be a good match to the models. For
this reason, models were run with higher mass cores to compare to
bound objects in the paper. For the higher mass cores in Table 3, the
fractional abundance of NHj is much closer and is a good match
considering that without density measurements, the abundances can
change by a factor of a few depending on which density value is
chosen. The model abundances chosen are during the post-shock
period where many molecules maintain constant fractional abun-
dances for close to a million years. This is the most likely stage in
which to view the cores as it is by far the longest.

For further comparison, the models were fitted to data on dense
cores in the Lupus molecular cloud, presented by Benedettini et al.
(2012), which could be pre-stellar cores. Whilst the density and mass
of these cores is unknown, they do calculate the column densities
of up to five species for each core. The three cores (Lupusl C4,
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Figure 2. Brightness temperature expected for the five transitions discussed in Section 4.1. On the left, a freefall model is shown and on the right a turbulent
fragmentation model in which a 0.07 M, core is formed from a cloud using the first set of initial conditions. A clear gap is apparent in the turbulent
fragmentation model with CO and NH3 being much brighter than other molecules.

Table 2. Observable molecules for different models at nyg >107 cm™3.

Where an observable molecule is considered to be one that has a transition
which would emit with a brightness temperature greater than 100 mK. All
models use the first set of initial conditions. A + indicates an observable
molecule.

Molecule  0.01 Mg 0.04Mgp  007Mg  0.10Mg  Freefall
Cco + + + + +
HCO™* +
CS +
NH3 + + + + +
N2HJr +

C6 and C7) with the most column density data were chosen and
the column densities were used to compare the ratios of CH3;0OH,
HC;N, N,H™ and NH; with CS to the same ratios from our models.
For each model, the best-fitting density was found through a x test
and used to evaluate which model and density would best fit the
cores. This test was done for all the initial conditions and brown
dwarf masses; none were considered to be a good fit. This seems
to imply that, whether they are gravitationally bound or not, the
objects presented by Benedettini et al. (2012) are not high-density
cores formed through turbulent fragmentation.

5 SUMMARY

A gas—grain time-dependent chemical code, ucL_cHEM, has been
adapted to investigate the formation of brown dwarfs through tur-
bulent fragmentation. To do this, a multipoint model has been used
to emulate a 1D model of a shock travelling through a cloud. The
resulting chemistry is expected to be representative of a pre-stellar
core formed by the collision of turbulent flows. Without more obser-
vations to compare to, it is difficult to say how reliable the models
are. However, certain aspects are promising as they essentially re-
produce the results of freefall models for low-mass stars and show
behaviour that is incompatible with freefall in brown dwarf cores
where the effects of turbulent compression would be strongest.

T T ee ol Jreefall

=
o
W
T

10} Tl b
Teeip0a

10-5 Il Il Il 1 Il 1
50 55 6.0 65 7.0 7.5 80 8.5

log(n, /cm™)

Figure 3. Brightness temperature of the NoH' 19, 1y=0(1, 2) transition for
three models; 0.01 M@, 0.04 M@ and freefall. Only the lowest mass tur-
bulent fragmentation model can produce a bright line for this transition at
nyg = 7.5 x 107 cm™3; the density calculated by André et al. (2012).

Table 3. List of cores from Seo et al. (2015) with model equivalents. Frac-
tional abundances given in units of 1072, those from the model are taken to
be the average abundance for the post-shock core.

Mass (MQ) Virial Mass (M@) X(NH3)observed X(NH3)model
0.04 0.31 1.13 0.07
0.07 0.22 1.07 0.32
0.10 0.58 1.8 0.5
0.88 0.77 3.65 1.5
0.95 0.98 1.35 2.5
0.99 1.09 1.00 1.0
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For example, in an extremely low-mass brown dwarf, the NoH™
abundance is three orders of magnitude higher than in an equivalent
freefall model.

The model is not strongly sensitive to the initial conditions inves-
tigated, though changes in the gas temperature do affect the results.
In principle, temperature measurements may includ when fitting
with the models. However, despite this sensitivity, the models pro-
duce molecular abundances which are incompatible with freefall
models for a wide range of initial conditions. This has allowed us
to provide general observational tests that could mark a core as
worth following up with more observations. These include the de-
tection of CO and NHj3 in a low-mass core without the detection of
HCO™ which would be expected from freefall. Whilst the existence
of pre-brown dwarf cores does in itself reduce the possible forma-
tion routes, the possibility of matching the chemistry to a specific
formation model would add to the body of evidence available for
determining how very low-mass objects form.

Modern telescopes offer the opportunity to look for these small,
dark objects and observe them with enough resolution to obtain data
on their molecular abundances. One such object has already been
observed, implying that more could be found in the near future.
This model could then be used to add to the evidence available
when considering formation processes.

Introducing the shock to the model produces many changes to the
chemistry when compared to freefall models. The largest effects of
the shock are in maintaining high abundances of molecules at high
core densities where they would normally have frozen out during
a freefall collapse. An example is CS which is undetectable at Xcg
<107'2 in a core of density ny = 107 cm™ for freefall models but
has a fractional abundance of Xcg = 108 for the lowest mass brown
dwarf model. Similarly, CS freezes out more quickly than CO during
afreefall, leading to a larger ratio at higher densities during a freefall
collapse. However, this ratio does not increase during the shock as
both species remain at roughly constant fractional abundance. This
flattening in the CS trends also means that it is never less abundant
than NoH™ in the shock models whilst it freezes out more quickly
than N,H™ in freefall and is generally less abundant.

Due to the chemical differences between the freefall and turbu-
lent fragmentation models, it is reasonable to expect that the most
likely formation process responsible for the formation of a particular

MNRAS 455, 2371-2376 (2016)

brown dwarf could be found by an extensive spectral survey of pre-
brown dwarf cores. This could include measurements of fractional
abundances to compare to the models presented here as well as in-
vestigations into line profiles to reveal the importance of turbulence
in regions forming brown dwarfs.
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