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ABSTRACT

We have performed Smoothed Particle Magnetohydrodyna8€VIHD) simulations
demonstrating the production of collimated jets duringayde of I/, molecular cloud

cores to form the ‘first hydrostatic core’ in low mass stamfation. Recently a number of
candidate first core objects have been observed, includidg® IRS2E, L1451-mm and Per
Bolo 58, although it is not yet clear that these are first hgtitic cores. Recent observations
of Per Bolo 58 in particular appear to show collimated, tapautflows which are incon-
sistent with previous theoretical expectations. We shat litw mass first cores can indeed
produce tightly collimated jets (opening angjed 0°) with speeds of- 2—7 km/s, consistent
with some of the observed candidates. We have also demtatstfar the first time, that such
phenomena can be successfully captured in SPMHD simugation
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and outflows — ISM: magnetic fields

1 INTRODUCTION

Majestic, collimated jets are a defining hallmark of the ttze for-
mation process, observed during the earliest stages ofcstaa-
tion when the nascent young protostar remains deeply ensdedd
in its parental molecular cloud. Magnetic fields are the ¢iduo
provide the main mechanism for launching such outflows durin
protostellar collapse — via either a centrifugal ‘fling’ éBldford

& Payne 1982) or a magnetic pressure-driven ‘spring’ (Lynde
Bell 2003) — though the details are only just beginning to he u
derstood via numerical models of the star formation pro¢ess
Seifried et al. 2011). The earliest models of protosteltatapse
by Larson (1969), performed in spherical symmetry, shovined t
gravitational collapse evolves through two distinct ‘tghases:
First, the gas becomes optically thick to radiation — trappae

to dust opacity — leading to adiabatic heating and the foilonat
of the “first hydrostatic core”. This phase persists for atieély
short time (03-10* years, e.g. Boss & Yorke 1995; Masunaga
et al. 1998; Masunaga & Inutsuka 2000; Tomida et al. 2010e Bat
2011) before the dissociation of molecular hydrogen leadhé
onset of a secondary collapse phase to form the secondller,ste
core. Recent numerical models have followed the first andrekc
collapse in three dimensions with increasing physicalisealbe-
ginning with barotropic hydrodynamics (Bate 1998), maghgt
drodynamics (MHD) (Banerjee & Pudritz 2006), resistive mag
tohydrodynamics (Machida et al. 2006, 2008) and radiataesfer

in the flux-limited diffusion approximation (Bate 2011).

Magnetohydrodynamical calculations of either the firstathb
stages of collapse of isolated molecular cloud cores tersthoov
relatively low velocity ¢ ~ 2 km/s), wide-angled outflows pro-
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duced during the first core phase (Tomisaka 2002; Machida et a
2006, 2008; Hennebelle & Fromang 2008; Commercon et aD201
Burzle etal. 2011) with faster, high velocity £ 30 km/s) and well
collimated outflows only produced during the second cobajos
form the protostar (Machida et al. 2006; Banerjee & Pudrit2&,
Machida et al. 2008). The production of collimated outflonsi
the second collapse phase is in line with observed protasiets
which are very well collimated and contain velocities of opsév-
eral hundred km/s (e.g. Reipurth & Bally 2001; Bally, Reipur
& Davis 2007), consistent with the escape velocity very elts
the protostellar surface. Slower and less collimated omusflpro-
duced in simulations are generally associated with the rebde
wide angled molecular outflows (Richer et al. 2000; Arce et al
2007; Hatchell et al. 2007).

Recent observations have given tantalising hints of objadet
tected while still in the earliest, first hydrostatic coreaph: L1448
IRS2E (Chen et al. 2010), L1451-mm (Pineda et al. 2011), &nd P
Bolo 58 (Enoch et al. 2010; Dunham et al. 2011). While L145%-m
shows hints of a slow~1.3-1.7 km/s for L1451-mm, see Pineda
et al. 2011), wide outflow consistent with simulations of fhiet
core phase, Dunham et al. (2011) report a slow(2.9 km/s) but
well-collimatedoutflow (opening angles of 8°) associated with
Per-Bolo 58. This is in contrast to simulations which tengtiow
poorly collimated outflows during the first core phase.

In this Letter, we report on simulations, performed in ideal
magnetohydrodynamics, of the collapse of an idealiséd.
molecular cloud core to the first core phase. These demdba st
highly collimated jets with velocities of up t& 7 km/s and open-
ing angles of< 10° may indeed be produced from the first core,
provided the degree of ionisation is sufficiently high.
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2 METHODS
We solve the equations of self-gravitating, ideal MHD giv®n

dp
E - pv v, (1)
2
v _ _1V<p+13__@)_v¢7 )
dt p 2 o o
d /B B
w(3) - G ©
V¢ = 4nGp, 4

wherep is the densityy is the velocity, P is the hydrodynamic
pressureB is the magnetic fieldy is the gravitational potential
and po is the permeability of free space. We solve these equa-
tions using a standard Smoothed Particle Magnetohydradipsa
(SPMHD) scheme, evolvin®/p as the magnetic field variable
(Eq. 3), using the Bagrve, Omang & Trulsen (2001) source-term
approach for stability, and with artificial viscosity andsisivity
terms added to capture shocks and magnetic discontinuitigsec-
tively (Price & Monaghan 2005). We use time dependent ailfic
viscosity and resistivity parameters as described in R2642),
here usingaav € [0.1,1] andag € [0,0.1]. In particular, we

set in solid body rotation wit) = 1.77 x 10~ 3rad 7!, corre-
sponding to a ratio of rotational to gravitational enefyy~ 0.005
andQtg = 0.14. We usel x 10° equal mass SPH particles in the
core, with the density ratio giving.8 x 10° particles in the sur-
rounding medium. We also performed calculations using 10°
particles in the core. Resolving the Jeans length accortdirte
Bate & Burkert (1997) criterion would require 3 x 10* particles.
The magnetic field is initially uniform in the-direction, with
strengthB, characterised by the parameterspecifying the mass-
to-magnetic flux ratio §//®) in units of the critical value for a
uniform spherical cloud (e.g. Mestel 1999; Mac Low & Klessen

2004),
(M M
‘U' - (6) / (6)01‘%7 (6)
where
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® )" mR2Bo’ ) .. 3 \VaGuo

wherec; is a parameter determined numerically by Mouschovias
& Spitzer (1976) to be; ~ 0.53. We have performed simulations
over a range of magnetic field strengths= 20, 10, 7.5, 5,4 and

do not employ the Euler potentials approach, as used in previous 3), but the main calculations we show employ= 5, correspond-

star formation simulations (Price & Bate 2007, 2008, 2008)ich
means that there is no restriction on the geometry or windfrige
field in our simulations. Instead, we control magnetic djesice
errors by employing a version of the hyperbolic divergenear-
ing scheme proposed by Price & Monaghan (2005), but revisdd a
substantially improved as described in Tricco & Price (201%e
find that this approach reduces the divergence errors inaitegps-
ing core by at least two orders of magnitude, substantiatiiyicing
the non-conservation errors in momentum that previousvlted
in our inability to evolve beyond the collapse phase witB 4o-
based approach (see e.g. Price & Federrath 2010; Price.2011)
also improves on the approach employed by Birzle et al.1(201
where artificial resistivity alone was used to control theedjence
errors. We found artificial resistivity alone insufficierdrfstable
and accurate long-term evolution of the jet/outflows fouadeh

In this paper we use a simple barotropic equation of state

c§p7 p < pec
_ 2 7/5
P = czﬂc(p/pc) - L PeSp<pa ®)
c2pe(pa/pe)Ppalp/pa)"  p = pa

wherec, is the isothermal sound speed, = 10~ **g/cn? and

pa = 107 %/cn?. Particles initially in the external medium are
assigned a highet; corresponding to the higher temperature. Sink
particles (Bate et al. 1995) of radius 5 AU are inserted ohee t
peak density exceed®~°g/cnt, meaning that in this Letter we
restrict our study to the first core phase only.

The initial conditions are a M, dense, cold spherical, uni-
form density and slowly rotating core in pressure equilibri
with a warm, low density ambient medium. The core has radius
R. = 4 x 10'%cm 2.7 x 10® AU), giving an initial density of
P0 7.4 x 10718 glen? and a gravitational free-fall time of
trr = 2.4 x 10* yrs. We usec; = 2.2 x 10* cm s7'. The
core is placed inside a larger, cubic domain with a side leiogt
8 x 10'% cm and &30 : 1 density ratio between the core and the
ambient medium, in pressure equilibrium, giving a soundedpe
in the external medium of; medium = 1.2 X 10° cm s7*, or
cimedium ~ 4.2GM/R so that the self-gravity of the external
medium is irrelevant. For simplicity we use periodic but remif-
gravitating boundary conditions on the global domain. Theeds

ing to By = 163uG in physical units and an initial plasnia(ratio
of gas to magnetic pressure) of 3.3 in the core. It should bedno
that the initially imposed vertical field is extremely weakpared
to the 10-300 mG fields that are wound up to produce the jet.
The setup described above is otherwise identical to that em-
ployed by Price & Bate (2007) (hereafter PB07), except tHaig
later discovered in the code meant that, although PBO7csthts
their cores were in pressure equilibrium, in fact the caltiahs
in that paper were performed with zero pressure in the eatern
medium. The main effect of this is that the collapse timeighsly
longer and that the gas pressure at a given time is slightfgddn
the collapsing core. We have here performed calculatiotisusith
and without an external confining pressure, finding simjlaréll-
collimated jets, but at a slightly lower initial field strehgvhen the
external pressure is absent, consistent with the plasimging the
main parameter controlling the launch/collimation of theflows.
Jets and outflows were not produced in the PB0O7 calculatiens b
cause of the restrictions on the field geometry imposed b¥the
ler potentials formulation, meaning that the winding of thidal
field that launches the jet (c.f. Sec. 3) was not captured.

3 RESULTS

Fig. 1 shows snapshots of column density from ghe 5 calcula-
tion taken every 0.02 free-fall times (490 years) frofty = 1.03—
1.13, shortly after the formation of the first core. The winulaf
toroidal magnetic fields in the inner disc leads to the lauoch
strong, well-collimated€ 10° opening angle) jet, with outflow ve-
locities of ~ 5 km/s. The jet itself can be seen to entrain a slower,
wider outflow and at later times (rightmost panels) showsrdis
‘kinks’ or ‘wiggles’ as a result of material entrained in thelical
magnetic field expanding in the z direction. At3, 000 years after
first core formation (rightmost panel) the outflow has alyeax-
panded to several thousand AU, beyond our initial core sadnd
well into the surrounding medium. The jet continues to beeri
essentially until all of the collapsing material has beesdusp (this
occurs at/tg ~ 1.2, after which material from the initially hot ex-
ternal medium starts to be accreted, though the outflow moesi
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Figure 1. Column density rendering showing the launch and propagatighe first-core jet and the entrained outflow from our satiohs of a collapsing
1M, core, showing snapshots every 0.02 free-fall times (49@sye@he well-collimated jet at the centre of the flow expaadtwvards at 3—7 km/s with an
opening angle of 10°, similar to the outflow recently observed by Dunham et al1@Grom the candidate first hydrostatic core Per Bolo 58.

to be driven as long as mass is supplied). Although a flattetiect
like object appears surrounding the central object, driaéicities
in the midplane are sub-Keplerian by a factora&—4.

Fig. 2 shows the accreted mass (i.e., the mass of the sirik part
cle, red short-dashed line) and ejected mass (defined astdtial
with a sphericab, > 0.1 km/s, green long-dashed line) as a func-
tion of time in the simulation, as well as the sum of theseidsol
line). The outflow is remarkably efficient — with up to 40% oéth
initial material in the core ejected. The lower panel shdvesrhax-
imum velocity of jet material (solid line) together with timean
velocity of all particles withv,, > 0.1 km/s, indicating maximum
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speeds of 5—7 km/s in the jet with a mean velocity of outflowing
material around 2 km/s.

Fig. 3 shows a rendering of the magnetic field in the simutatio
att/tyy = 1.1 (showing the field on each SPMHD particle drawn
with an opacity proportional to the field strength). The fiakhr
the protostar is strong( 100 mG) and tightly wound in a toroidal
geometry, which is responsible for the high degree of caition.
Animations of the field evolution show clearly the growth bfst
“magnetic tower” flow (Lynden-Bell 2003).

We find similar jets are produced for a range of magnetic field
strengths, specifically fot < p < 10 in our setup (Fig. 4), cor-
responding to initial field strengths &fy ~ 80-200x.G and initial
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Figure 2. Cumulative total accreted and ejected mass as a functiamef t
(top panel, as indicated), together with the maximum véjoof ejected
material (bottom panel, solid/black line) and the mean aigjoof all par-
ticles withwv,, > 0.1 km/s (bottom panel, red/dashed line). The outflow is
remarkably efficient, expelling0% of accreted material by the end of the
simulation (halted once the complete initial core mass leas laccreted) at
maximum speeds of 5-7 km/s (bottom panel), with a mean \glo€iall
outflowing materiak 2 km/s.

plasmag’s in the range2—13. Thep = 10 calculation produces a
transient jet but then only a wide angled, poorly collimatédd,
while simulations with. 2> 4 tend to induce strong magnetic brak-
ing of the central object. Weaker fielgh (< 20) calculations are
complicated by the fact that secondary fragmentation témae-
cur in the present setup when a barotropic equation of statedd
(c.f. Burzle et al. 2011).

4 DISCUSSION

In this Letter we have demonstrated the production of higioly
limated jets with velocities of up to 7 km/s during the firstdhg-
static core phase of star formation. The features are sinalthe
collimated jets found in other simulations, either durihg second
collapse phase (Tomisaka 2002; Banerjee & Pudritz 2006hiMac
et al. 2008), at much higher masses (Seifried et al. 2011} lona
mass but with lower velocities (Ciardi & Hennebelle 2010).

Firstly, our simulations serve to demonstrate, for the finse,
the production of stable, well collimated jets with a Smeattrar-
ticle Magnetohydrodynamics (SPMHD) technique. Burzleakt
(2011) demonstrated that a standard artificial-resigtibdsed
SPMHD approach (Price & Monaghan 2005) could be used to
simulate protostellar outflows, without the restrictiomsmagnetic
field geometry associated with earlier Euler-potentiasea ap-
proaches (e.g. Price & Bate 2007, 2008). We find that usirig art
ficial resistivity alone to control the divergence errorrisufficient
for long term, stable evolution of the jets found here and &Hzigh
resistivity is required simply to control the divergenceoer Our
implementation of a new divergence cleaning techniquectitesd
in detail in Tricco & Price 2012) means that we have been able t
follow the stable growth of the jet to several thousand AU —tlun
the entire molecular cloud core has been accreted — witleouiir-
ing a high resistivity, which we found could suppress thefation
of the collimated flow.

The jets we find are similar to those produced in other cal-

26890 yrs
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Figure 3. Rendering of the magnetic field geometry (left) and magreetie
rent (right) in thex, = 5 simulation, showing the strongly wound, toroidal
magnetic field and strong currents that launch the jet. eigaind kinks
seen in the column density (Fig. 1) can also be seen in thedaddnetry,
indicating that this material is entrained by the magnettdfi Magnetic
field strengths in the jet are 10-300 mG.

culations, both protostellar and in accretion discs momeegsly
(see review by Pudritz et al. 2007), driven by a ‘magneticeidw
of tightly wound toroidal magnetic field expanding at a véipc
related to the orbital velocity at the footpoint of the towleynden-
Bell 2003). Wiggles similar to those seen here (e.g. Fig.nt) a
corkscrew-like morphology are a common feature arisinghfB8D
jet simulations (Ouyed et al. 2003).

We find the main requirements for the production of colli-
mated outflows during the first core to be weak, but not too weak
initial magnetic fields (specificallyt < p < 10 for the setup
described here), rotational motion, and relatively lowistasty.
Machida et al. (2006) also note that the jets produced im {gec-
ond core) simulations are sensitive to resistivity, notihgt jets
always occur in their calculations employing ideal MHD, biot
always in their resistive MHD calculations. Ciardi & Henedb
(2010) find similar, collimated outflows from the first coretheir
ideal MHD simulations, albeit with lower outflow speeds 1.2—
1.8 km/s) and dependent on the angle between the magnetic field
and the rotation axis.

Considering the high physical resistivity thought to bespre
in molecular clouds at these densities (e.g. Nakano et @2)2¢he
use of ideal MHD, both here and in Ciardi & Hennebelle (2019),
extremelyunrealistic, and one would not expect jets to be produced
from the first core on this basis. However, the Dunham et 112
observations do suggest a collimated, bipolar outflow frofinsa
core candidate. One possibility is that first-core jets &hep®ssi-
ble at high resistivitys > 10%° cm?/s) but require higher magnetic
field strengths in the initial conditions or only occur atlmg den-
sity. Preliminary investigations in this regard suggest this may
indeed be the case. The other possibility is that the coilycin
Per-Bolo 58 is indeed higher than the estimates given by INaka
et al. (2002), perhaps due to thermal ionisation followimgt ftore
formation. Further simulations should be able to distisgube-
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Figure 4. Effect of varying the initial magnetic field strength. Witreaker
fields (» = 10, left panel) an initial fast jet is launched but detacheayiteg
a transitory ‘knot’ in a wide angled, poorly collimated win&t higher field
strengths the jet is more tightly collimated & 5 andyp = 4, middle and
right panels, respectively).

tween these two possibilities. Measurements of the magfietd
strength and/or geometry in Per-Bolo 58 would also providata
ical constraint on simulation models.

Our simulations suggest that objects such as Per-Bolo 58,
showing a collimated, bipolar outflow with a characteristitoc-
ity of ~ 3 km/s, may indeed be viable first core candidates. The
outflow in L1451-mm is less well collimated, but remarkabffj-e
cient — Pineda et al. (2011) note that the amount of mass deede
keep material at 560 AU with a velocity of 1.3 km/sis0.53 M,
almost twice the mass observed in the dense core itselfigbom-
sistent with the high efficiency found here (Fig. 2, see alsod &
Hennebelle 2010), where up46% of the mass in our original core
is ejected (and more if mass is continually supplied from>xare
nal reservoir). On the other hand, speeds-af5 km/s reported for
L1448 IRS2E (Chen et al. 2010) would seem inconsistent with a
object in the first core phase, though it should be noted tlati
ties> 9 km/s would not be reached in the simulations shown here
due to the 5 AU size of the central sink particle.
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