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Collimated jets from the first core
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ABSTRACT
We have performed smoothed particle magnetohydrodynamics (SPMHD) simulations demon-
strating the production of collimated jets during collapse of 1 M� molecular cloud cores to
form the ‘first hydrostatic core’ in low-mass star formation. Recently, a number of candidate
first-core objects have been observed, including L1448 IRS2E, L1451-mm and Per-Bolo 58,
although it is not yet clear that these are first hydrostatic cores. Recent observations of Per-Bolo
58 in particular appear to show collimated, bipolar outflows which are inconsistent with pre-
vious theoretical expectations. We show that low-mass first cores can indeed produce tightly
collimated jets (opening angles �10◦) with speeds of ∼2–7 km s−1, consistent with some of
the observed candidates. We have also demonstrated, for the first time, that such phenomena
can be successfully captured in SPMHD simulations.
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1 IN T RO D U C T I O N

Majestic, collimated jets are a defining hallmark of the star forma-
tion process, observed during the earliest stages of star formation
when the nascent young protostar remains deeply embedded in its
parental molecular cloud. Magnetic fields are thought to provide
the main mechanism for launching such outflows during protostel-
lar collapse – via either a centrifugal ‘fling’ (Blandford & Payne
1982) or a magnetic-pressure-driven ‘spring’ (Lynden-Bell 2003)
– though the details are only just beginning to be understood via
numerical models of the star formation process (e.g. Seifried et al.
2011). The earliest models of protostellar collapse by Larson (1969),
performed in spherical symmetry, showed that gravitational collapse
evolves through two distinct ‘stall’ phases. First, the gas becomes
optically thick to radiation – trapped due to dust opacity – leading
to adiabatic heating and the formation of the ‘first hydrostatic core’.
This phase persists for a relatively short time (103–104 yr; e.g. Boss
& Yorke 1995; Masunaga, Miyama & Inutsuka 1998; Masunaga &
Inutsuka 2000; Tomida et al. 2010; Bate 2011) before the dissocia-
tion of molecular hydrogen leads to the onset of a secondary collapse
phase to form the second, or stellar, core. Recent numerical mod-
els have followed the first and second collapse in three dimensions
with increasing physical realism: beginning with barotropic hydro-
dynamics (Bate 1998), magnetohydrodynamics (MHD; Banerjee &
Pudritz 2006), resistive MHD (Machida, Inutsuka & Matsumoto
2006, 2008) and radiative transfer in the flux-limited diffusion ap-
proximation (Bate 2011).

�E-mail: daniel.price@monash.edu

Magnetohydrodynamical calculations of either the first or both
stages of collapse of isolated molecular cloud cores tend to show
relatively low-velocity (v ∼ 2 km s−1), wide-angled outflows pro-
duced during the first-core phase (Tomisaka 2002; Machida et al.
2006, 2008; Hennebelle & Fromang 2008; Commerçon et al. 2010;
Bürzle et al. 2011) with faster, high-velocity (v � 30 km s−1) and
well-collimated outflows only produced during the second collapse
to form the protostar (Banerjee & Pudritz 2006; Machida et al.
2006, 2008). The production of collimated outflows from the sec-
ond collapse phase is in line with observed protostellar jets which
are very well collimated and contain velocities of up to several hun-
dred km s−1 (e.g. Reipurth & Bally 2001; Bally, Reipurth & Davis
2007), consistent with the escape velocity very close to the pro-
tostellar surface. Slower and less collimated outflows produced in
simulations are generally associated with the observed wide-angled
molecular outflows (Richer et al. 2000; Arce et al. 2007; Hatchell,
Fuller & Richer 2007).

Recent observations have given tantalizing hints of objects de-
tected while still in the earliest, first hydrostatic core phase: L1448
IRS2E (Chen et al. 2010), L1451-mm (Pineda et al. 2011) and Per-
Bolo 58 (Enoch et al. 2010; Dunham et al. 2011). While L1451-mm
shows hints of a slow (∼1.3–1.7 km s−1 for L1451-mm; see Pineda
et al. 2011), wide outflow consistent with simulations of the first-
core phase, Dunham et al. (2011) report a slow (v � 2.9 km s−1) but
well-collimated outflow (opening angles of ∼8◦) associated with
Per-Bolo 58. This is in contrast to simulations which tend to show
poorly collimated outflows during the first-core phase.

In this Letter, we report on simulations, performed in ideal MHD,
of the collapse of an idealized 1 M� molecular cloud core to the
first-core phase. These demonstrate that highly collimated jets with
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velocities of up to ∼7 km s−1 and opening angles of �10◦ may
indeed be produced from the first core, provided the degree of
ionization is sufficiently high.

2 M E T H O D S

We solve the equations of self-gravitating, ideal MHD given by
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∇2φ = 4πGρ, (4)

where ρ is the density, v is the velocity, P is the hydrodynamic
pressure, B is the magnetic field, φ is the gravitational potential and
μ0 is the permeability of free space. We solve these equations us-
ing a standard smoothed particle magnetohydrodynamics (SPMHD)
scheme, evolving B/ρ as the magnetic field variable (equation 3),
using the Børve, Omang & Trulsen (2001) source-term approach
for stability, and with artificial viscosity and resistivity terms added
to capture shocks and magnetic discontinuities, respectively (Price
& Monaghan 2005). We use time-dependent artificial viscosity
and resistivity parameters as described in Price (2012), here using
αAV ∈ [0.1, 1] and αB ∈ [0, 0.1]. In particular, we do not employ
the Euler potentials approach, as used in previous star formation
simulations (Price & Bate 2007, 2008, 2009), which means that
there is no restriction on the geometry or winding of the field in
our simulations. Instead, we control magnetic divergence errors by
employing a version of the hyperbolic divergence cleaning scheme
proposed by Price & Monaghan (2005), but revised and substan-
tially improved as described in Tricco & Price (2012). We find
that this approach reduces the divergence errors in the collapsing
core by at least two orders of magnitude, substantially reducing
the non-conservation errors in momentum that previously resulted
in our inability to evolve beyond the collapse phase with a B/ρ-
based approach (see e.g. Price & Federrath 2010; Price 2011). It
also improves on the approach employed by Bürzle et al. (2011),
where artificial resistivity alone was used to control the divergence
errors. We found artificial resistivity alone insufficient for stable
and accurate long-term evolution of the jet/outflows found here.

In this Letter, we use a simple barotropic equation of state

P =

⎧⎪⎪⎨
⎪⎪⎩

c2
s ρ, ρ < ρc

c2
s ρc(ρ/ρc)7/5 ρc ≤ ρ < ρd

c2
s ρc(ρd/ρc)7/5ρd(ρ/ρd)1.1 ρ ≥ ρd

, (5)

where cs is the isothermal sound speed, ρc = 10−14 g cm−3 and ρd =
10−10 g cm−3. Particles initially in the external medium are assigned
a higher cs corresponding to the higher temperature. Sink particles
(Bate, Bonnell & Price 1995) of radius 5 AU are inserted once the
peak density exceeds 10−10 g cm−3, meaning that in this Letter we
restrict our study to the first-core phase only.

The initial conditions are a 1 M� dense, cold spherical, uniform
density and slowly rotating core in pressure equilibrium with a
warm, low-density ambient medium. The core has radius Rc = 4 ×
1016 cm (2.7 × 103 AU), giving an initial density of ρ0 = 7.4 ×
10−18 g cm−3 and a gravitational free-fall time of tff = 2.4 × 104 yr.

We use cs = 2.2 × 104 cm s−1. The core is placed inside a larger,
cubic domain with a side length of 8 × 1016 cm and a 30: 1 density
ratio between the core and the ambient medium, in pressure equi-
librium, giving a sound speed in the external medium of cs,medium =
1.2 × 105 cm s−1, or c2

s,medium 
 4.2GM/R, so that the self-gravity
of the external medium is irrelevant. For simplicity, we use pe-
riodic but non-self-gravitating boundary conditions on the global
domain. The core is set in solid body rotation with � = 1.77 ×
10−13 rad s−1, corresponding to a ratio of rotational to gravitational
energy β r 
 0.005 and �tff = 0.14. We use 1 × 106 equal mass
particles hydrodynamics particles in the core, with the density ratio
giving 4.8 × 105 particles in the surrounding medium. We also per-
formed calculations using 3 × 105 particles in the core. Resolving
the Jeans length according to the Bate & Burkert (1997) criterion
would require ∼3 × 104 particles.

The magnetic field is initially uniform in the z-direction, with
strength B0 characterized by the parameter μ, specifying the mass-
to-magnetic flux ratio (M/�) in units of the critical value for a
uniform spherical cloud (e.g. Mestel 1999; Mac Low & Klessen
2004):
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where c1 is a parameter determined numerically by Mouschovias
& Spitzer (1976) to be c1 
 0.53. We have performed simulations
over a range of magnetic field strengths (μ = 20, 10, 7.5, 5, 4 and
3), but the main calculations we show employ μ = 5, corresponding
to B0 = 163 μG in physical units and an initial plasma β (ratio of
gas to magnetic pressure) of 3.3 in the core. It should be noted that
the initially imposed vertical field is extremely weak compared to
the 10–300 mG fields that are wound up to produce the jet.

The set-up described above is otherwise identical to that em-
ployed by Price & Bate (2007, hereafter PB07), except that a bug
later discovered in the code meant that although PB07 stated that
their cores were in pressure equilibrium, in fact the calculations
in that paper were performed with zero pressure in the external
medium. The main effect of this is that the collapse time is slightly
longer and that the gas pressure at a given time is slightly lower
in the collapsing core. We have here performed calculations both
with and without an external confining pressure, finding similarly
well-collimated jets, but at a slightly lower initial field strength
when the external pressure is absent, consistent with the plasma β

being the main parameter controlling the launch/collimation of the
outflows. Jets and outflows were not produced in the PB07 calcula-
tions because of the restrictions on the field geometry imposed by
the Euler potentials formulation, meaning that the winding of the
toroidal field that launches the jet (cf. Section 3) was not captured.

3 R ESULTS

Fig. 1 shows snapshots of column density from the μ = 5 calcula-
tion taken every 0.02 free-fall times (490 yr) from t/tff = 1.03–1.13,
shortly after the formation of the first core. The wind-up of toroidal
magnetic fields in the inner disc leads to the launch of a strong,
well-collimated (�10◦ opening angle) jet, with outflow velocities
of ∼5 km s−1. The jet itself can be seen to entrain a slower, wider
outflow and at later times (rightmost panels) shows distinct ‘kinks’
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Figure 1. Column density rendering showing the launch and propagation of the first-core jet and the entrained outflow from our simulations of a collapsing
1 M� core, showing snapshots every 0.02 free-fall times (490 yr). The well-collimated jet at the centre of the flow expands outwards at 3–7 km s−1 with an
opening angle of �10◦, similar to the outflow recently observed by Dunham et al. (2011) from the candidate first hydrostatic core Per-Bolo 58.

or ‘wiggles’ as a result of material entrained in the helical mag-
netic field expanding in the z-direction. At ∼3000 yr after first-core
formation (rightmost panel), the outflow has already expanded to
several thousand AU, beyond our initial core radius and well into
the surrounding medium. The jet continues to be driven essentially
until all of the collapsing material has been used up (this occurs
at t/tff ≈ 1.2, after which material from the initially hot external
medium starts to be accreted, though the outflow continues to be
driven as long as mass is supplied). Although a flattened, disc-like
object appears surrounding the central object, orbital velocities in
the mid-plane are sub-Keplerian by a factor of ∼3–4.

Fig. 2 shows the accreted mass (i.e. the mass of the sink particle;
red short-dashed line) and ejected mass (defined as all material with

a spherical vr > 0.1 km s−1; green long-dashed line) as a function of
time in the simulation, as well as the sum of these (solid line). The
outflow is remarkably efficient – with up to 40 per cent of the initial
material in the core ejected. The lower panel shows the maximum
velocity of jet material (solid line) together with the mean velocity
of all particles with vr > 0.1 km s−1, indicating maximum speeds
of 5–7 km s−1 in the jet with a mean velocity of outflowing material
around 2 km s−1.

Fig. 3 shows a rendering of the magnetic field in the simulation
at t/tff = 1.1 (showing the field on each SPMHD particle drawn
with an opacity proportional to the field strength). The field near
the protostar is strong (∼100 mG) and tightly wound in a toroidal
geometry, which is responsible for the high degree of collimation.
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Figure 2. Cumulative total accreted and ejected mass as a function of time
(top panel, as indicated), together with the maximum velocity of ejected
material (bottom panel, solid/black line) and the mean velocity of all par-
ticles with vr > 0.1 km s−1 (bottom panel, red/dashed line). The outflow is
remarkably efficient, expelling 40 per cent of accreted material by the end of
the simulation (halted once the complete initial core mass has been accreted)
at maximum speeds of 5–7 km s−1 (bottom panel), with a mean velocity of
all outflowing material ∼2 km s−1.

Figure 3. Rendering of the magnetic field geometry (left) and magnetic
current (right) in the μ = 5 simulation, showing the strongly wound, toroidal
magnetic field and strong currents that launch the jet. Wiggles and kinks
seen in the column density (Fig. 1) can also be seen in the field geometry,
indicating that this material is entrained by the magnetic field. Magnetic
field strengths in the jet are ∼10–300 mG.

Animations of the field evolution show clearly the growth of this
‘magnetic tower’ flow (Lynden-Bell 2003).

We find that similar jets are produced for a range of magnetic field
strengths, specifically for 4 � μ � 10 in our set-up (Fig. 4), cor-
responding to initial field strengths of B0 ≈ 80–200 μG and initial
plasma β values in the range 2–13. The μ = 10 calculation pro-
duces a transient jet but then only a wide angled, poorly collimated

Figure 4. Effect of varying the initial magnetic field strength. With weaker
fields (μ = 10, left-hand panel), an initial fast jet is launched but detaches,
leaving a transitory ‘knot’ in a wide-angled, poorly collimated wind. At
higher field strengths, the jet is more tightly collimated (μ = 5 and 4,
middle and right-hand panels, respectively).

wind, while simulations with μ � 4 tend to induce strong magnetic
braking of the central object. Weaker field (μ � 20) calculations
are complicated by the fact that secondary fragmentation tends to
occur in the present set-up when a barotropic equation of state is
used (cf. Bürzle et al. 2011).

4 D I SCUSSI ON

In this Letter, we have demonstrated the production of highly colli-
mated jets with velocities of up to 7 km s−1 during the first hydro-
static core phase of star formation. The features are similar to the
collimated jets found in other simulations, either during the second
collapse phase (Tomisaka 2002; Banerjee & Pudritz 2006; Machida
et al. 2008), at much higher masses (Seifried et al. 2011), or at low
mass but with lower velocities (Ciardi & Hennebelle 2010).

First, our simulations serve to demonstrate, for the first time, the
production of stable, well-collimated jets with an SPMHD tech-
nique. Bürzle et al. (2011) demonstrated that a standard artificial-
resistivity-based SPMHD approach (Price & Monaghan 2005)
could be used to simulate protostellar outflows, without the re-
strictions on magnetic field geometry associated with earlier Euler-
potentials-based approaches (e.g. PB07; Price & Bate 2008). We
find that using artificial resistivity alone to control the diver-
gence error is insufficient for long-term, stable evolution of the
jets found here and that a high resistivity is required simply to
control the divergence error. Our implementation of a new diver-
gence cleaning technique (described in detail in Tricco & Price
2012) means that we have been able to follow the stable growth
of the jet to several thousand AU – until the entire molecular
cloud core has been accreted – without requiring a high resistiv-
ity, which we found could suppress the formation of the collimated
flow.

The jets we find are similar to those produced in other calcula-
tions, both protostellar and in accretion discs more generally (see
review by Pudritz et al. 2007), driven by a ‘magnetic tower’ of tightly
wound toroidal magnetic field expanding at a velocity related to the
orbital velocity at the footpoint of the tower (Lynden-Bell 2003).
Wiggles similar to those seen here (e.g. Fig. 1) and a corkscrew-like
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morphology are a common feature arising from 3D jet simulations
(Ouyed, Clarke & Pudritz 2003).

We find the main requirements for the production of collimated
outflows during the first core to be weak, but not too weak, initial
magnetic fields (specifically, 4 � μ � 10 for the set-up described
here), rotational motion and relatively low resistivity. Machida et al.
(2006) also note that the jets produced in their (second core) sim-
ulations are sensitive to resistivity, noting that jets always occur in
their calculations employing ideal MHD, but not always in their re-
sistive MHD calculations. Ciardi & Hennebelle (2010) find similar,
collimated outflows from the first core in their ideal MHD simu-
lations, albeit with lower outflow speeds (v ≈ 1.2–1.8 km s−1) and
dependent on the angle between the magnetic field and the rotation
axis.

Considering the high physical resistivity thought to be present
in molecular clouds at these densities (e.g. Nakano, Nishi &
Umebayashi 2002), the use of ideal MHD, both here and in Ciardi
& Hennebelle (2010), is extremely unrealistic, and one would not
expect jets to be produced from the first core on this basis. How-
ever, the Dunham et al. (2011) observations do suggest a collimated,
bipolar outflow from a first-core candidate. One possibility is that
first-core jets are still possible at high resistivity (η � 1020 cm2 s−1)
but require higher magnetic field strengths in the initial conditions
or only occur at higher density. Preliminary investigations in this
regard suggest that this may indeed be the case. The other pos-
sibility is that the conductivity in Per-Bolo 58 is indeed higher
than the estimates given by Nakano et al. (2002), perhaps due to
thermal ionization following first-core formation. Further simula-
tions should be able to distinguish between these two possibilities.
Measurements of the magnetic field strength and/or geometry in
Per-Bolo 58 would also provide a critical constraint on simulation
models.

Our simulations suggest that objects such as Per-Bolo 58, show-
ing a collimated, bipolar outflow with a characteristic velocity of
∼3 km s−1, may indeed be viable first-core candidates. The outflow
in L1451-mm is less well collimated, but remarkably efficient –
Pineda et al. (2011) note that the amount of mass needed to keep
material at 560 AU with a velocity of 1.3 km s−1 is ≈0.53 M�,
almost twice the mass observed in the dense core itself. This is
consistent with the high efficiency found here (Fig. 2; see also
Ciardi & Hennebelle 2010), where up to 40 per cent of the mass
in our original core is ejected (and more if mass is continually
supplied from an external reservoir). On the other hand, speeds of
∼25 km s−1 reported for L1448 IRS2E (Chen et al. 2010) would
seem inconsistent with an object in the first-core phase, though it
should be noted that velocities �9 km s−1 would not be reached in
the simulations shown here due to the 5 AU size of the central sink
particle.
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Commerçon B., Hennebelle P., Audit E., Chabrier G., Teyssier R., 2010,

A&A, 510, L3
Dunham M. M., Chen X., Arce H. G., Bourke T. L., Schnee S., Enoch M.

L., 2011, ApJ, 742, 1
Enoch M. L., Lee J.-E., Harvey P., Dunham M. M., Schnee S., 2010, ApJ,

722, L33
Hatchell J., Fuller G. A., Richer J. S., 2007, A&A, 472, 187
Hennebelle P., Fromang S., 2008, A&A, 477, 9
Larson R. B., 1969, MNRAS, 145, 271
Lynden Bell D., 2003, MNRAS, 341, 1360
Mac Low M., Klessen R. S., 2004, Rev. Modern Phys., 76, 125
Machida M. N., Inutsuka S., Matsumoto T., 2006, ApJ, 647, L151
Machida M. N., Inutsuka S.-i., Matsumoto T., 2008, ApJ, 676, 1088
Masunaga H., Inutsuka S. I., 2000, ApJ, 531, 350
Masunaga H., Miyama S. M., Inutsuka S. I., 1998, ApJ, 495, 346
Mestel L., 1999, Stellar Magnetism. Clarendon, Oxford
Mouschovias T. C., Spitzer L., Jr, 1976, ApJ, 210, 326
Nakano T., Nishi R., Umebayashi T., 2002, ApJ, 573, 199
Ouyed R., Clarke D. A., Pudritz R. E., 2003, ApJ, 582, 292
Pineda J. E. et al., 2011, ApJ, 743, 2
Price D. J., 2007, Publ. Astron. Soc. Australia, 24, 159
Price D. J., 2011, in Alves J., Elmegreen B. G., Girart J. M., Trimble V., eds,

Proc. IAU Symp. 270, Computational Star Formation. Cambridge Univ.
Press, Cambridge, p. 169

Price D. J., 2012, J. Comput. Phys., 231, 759
Price D. J., Bate M. R., 2007, MNRAS, 377, 77 (PB07)
Price D. J., Bate M. R., 2008, MNRAS, 385, 1820
Price D. J., Bate M. R., 2009, MNRAS, 398, 33
Price D. J., Federrath C., 2010, in Pogorelov N. V., Audit E., Zank G. P., eds,

Astronum-2009 Vol. 429, Numerical Modeling of Space Plasma Flows.
Astron. Soc. Pac., San Francisco, p. 274

Price D. J., Monaghan J. J., 2005, MNRAS, 364, 384
Pudritz R. E., Ouyed R., Fendt C., Brandenburg A., 2007, in Reipurth B.,

Jewitt D., Keil K., eds, Protostars and Planets V. Univ. of Arizona Press,
Tucson, p. 277

Reipurth B., Bally J., 2001, ARA&A, 39, 403
Richer J. S., Shepherd D. S., Cabrit S., Bachiller R., Churchwell E., 2000,

in Mannings V., Boss A. P., Russell S. S., eds, Protostars and Planets IV.
Univ. of Arizona Press, Tucson, p. 867

Seifried D., Pudritz R. E., Banerjee R., Duffin D., Klessen R. S., 2011,
preprint (arXiv:1109.4379)

Tomida K., Machida M. N., Saigo K., Tomisaka K., Matsumoto T., 2010,
ApJ, 725, L239

Tomisaka K., 2002, ApJ, 575, 306
Tricco T. S., Price D. J., 2012, J. Comput. Phys., submitted

This paper has been typeset from a TEX/LATEX file prepared by the author.

C© 2012 The Authors, MNRAS 423, L45–L49
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

 at U
nversity of E

xeter on Septem
ber 17, 2014

http://m
nrasl.oxfordjournals.org/

D
ow

nloaded from
 

http://mnrasl.oxfordjournals.org/



