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Star formation is a complex process involving the interplayof many physical effects, including
gravity, turbulent gas dynamics, magnetic fields and radiation. Our understanding of the process has
improved substantially in recent years, primarily as a result of our increased ability to incorporate
the relevant physics in numerical calculations of the star formation process. In this contribution
we present an overview of our recent studies of star cluster formation in turbulent, magnetised
clouds using self-gravitating radiation-magnetohydrodynamicscalculations[1, 2]. Our incorporation
of magnetic fields and radiative transfer into the Smoothed Particle Hydrodynamics method are
discussed. We highlight how magnetic fields and radiative heating of the gas around newborn
stars can solve several of the key puzzles in star formation,including an explanation for why
star formation is such a slow and inefficient process. However, the presence of magnetic fields
at observed strengths in collapsing protostellar cores also leads to problems on smaller scales,
including a difficulty in forming protostellar discs and binary stars [3, 4], which suggests that our
understanding of the role of magnetic fields in star formation is not yet complete.

INTRODUCTION

Star formation is a ubiquitous phenomenon in spiral galaxies such as our very own
Milky Way. However the detailed process by which gas is converted into stars in such
galaxies is still relatively poorly understood. One of the key open questions is why star
formation is so remarkably inefficient, with only a few percent of the mass of gas in a
molecular cloud ending up in stars. Recent observational results for nearby molecular
clouds in the Spitzer cores-to-discs survey [5] find the massof stars in a star-forming
clouds typically around 3-6% of the mass of the parental molecular cloud, the latter
estimated by multiplying the column density inferred from interstellar dust extinction
maps by the area of the cloud (defined by an extinction threshold). Equivalently the
observational result can be restated as saying that only a few percent of molecular cloud
gas is converted into stars per gravitational free-fall time.

Thus star formation appears to be bothinefficient— in the sense that not much gas has
been converted into stars — andslow, in the sense that, over the timescales necessary
for gravity to act on the global cloud, not many stars have formed. It is also important
to note that the inefficiencies found by Evans et al. [5] referto nearby molecular clouds
that are actively forming stars. It is a further challenge toexplain molecular clouds where
relatively little star formation occurs at all, such as the Pipe Nebula (efficiency∼ 0.06%,
Forbrich et al. [6]) that lies in stark contrast to the profusion of star formation occurring
in the nearbyρ-Ophiuchus cloud.



The fact that star formation appears to occur on a slower timescale than the gravita-
tional one indicates that the answer must lie in physics beyond gravity, or at least beyond
theself-gravityof the cloud. To achieve inefficiency of star formation over time scales
much greater than the dynamical time must further involve involve unbinding the cloud
in some way – for example by internal driving of turbulence byjets and outflows [7] or
invoking tidal forces from the Galactic potential [8].

Magnetic fields are, observationally, a good candidate for explaining why clouds in
otherwise similar environments can have vastly different star formation efficiencies. For
example, recent optical polarisation maps of the Pipe Nebula [9] reveal a remarkable
degree of uniformity in the magnetic field (as inferred from the polarisation angles), in
contrast to the wide dispersion in polarisation angles (on large scales) seen in active
star forming regions like Orion [10]. The nearby Taurus molecular cloud, recently
surveyed by Goldsmith et al. [11], forms an intermediate case, with relatively inefficient
star formation (but more efficient than the Pipe Nebula) and also a well-ordered large
scale magnetic field (better ordered than Orion, though lesswell ordered than the Pipe),
together with compelling evidence for magnetic fields strong enough to control the flow
of gas in (relatively) low density outer regions [12].

The effect of a magnetic field on the self-gravitating collapse of gas to form stars
can be quantified in terms of the ratio of mass within a volume to the magnetic flux
threading the surface of that volume. At a critical value magnetic fields are able to
prevent collapse entirely, unless some decoupling of the magnetic field from the gas
occurs (i.e., ambipolar diffusion). Indeed, this theoretical understanding led to the so-
called ‘standard model’ of star formation as a quasi-staticdiffusion process mediated
by magnetic fields [13]. However for all star formation to occur in this manner requires
that all molecular cloud cores are sub-critical (magnetic fields able to prevent collapse),
whereas Zeeman measurements of field strengths in cores indicate that they are generally
marginally supercritical (mass-to-flux ratios of few timescritical, see Crutcher [14]). A
further difficulty is the problem of how to maintain the observed turbulent motions in
the cloud, since supersonic turbulence decays rapidly withor without magnetic fields in
the absence of a continual driving mechanism [e.g., 15].

This latter consideration in particular has led many to consider so-called ‘rapid’ or
‘turbulent’ models of star formation, where the main controlling ingredient is turbulence
rather than magnetic fields, with clouds that assemble, formstars and disperse within
roughly one crossing time [16]. Indeed, simulations based on simply the interaction of
turbulent gas dynamics and gravity alone [e.g. 17, 18, 19] doa remarkably good job of
reproducing many observed statistical properties of star formation, including the gross
characteristics of the initial mass function, multiplicity as a function of mass and the
frequency of low mass binary stars [19]. However, the star formation efficiency in these
calculations is much higher than observed, since the fraction of gas that is initially bound
and will remain so in the absence of feedback processes, giving a SFE of order 50% (the
typical fraction of gas that is bound at the end of the calculations). Improved statistics in
more recent calculations of larger clouds [19] also suggestthat there is also a problem
in terms of an over-production of very low mass stars and brown dwarfs.

Whilst observations indicate that magnetic fields are not strong enough to prevent
global collapse in typical clouds, they can nevertheless play a determining role in the
internal dynamics by acting as a source of pressure within the cloud (quantified by the



ratio of gas-to-magnetic pressure: The plasmaβ ) and by the magnetic braking of rotating
cores. Indeed, observationally typical values forβ in molecular cloud cores are of order
0.3 (that is, magnetic pressure dominant over gas pressure by afactor of 3) [14, 20],
similar to the value found in the cold neutral medium thoughtto be the precursor of
molecular clouds [21].

In a recent series of papers [3, 1, 2] we have studied the effect of magnetic fields
on the formation of stars in precisely this regime: where themagnetic field is too weak
to prevent global collapse but sufficiently strong to play animportant role as a source
of additional pressure and in magnetic braking of rotating cores. In addition we have
combined this with an improved treatment of the thermodynamics of the gas on small
scales by incorporating a full treatment of radiative transfer in the flux-limited diffusion
approximation. We propose that slow and inefficient star formation can be explained
by the combined effects of magnetic fields and radiative feedback on the star formation
process [2]. We give an overview of our findings below.

NUMERICAL METHODS

Modelling star formation is made difficult by the tremendousrange of length and
time scales involved. For example, to follow the collapse ofa giant molecular cloud
of size ∼a few pc (∼ 1011 km) and containing up to 104M⊙ of material to a star
the size and mass of the Sun (R⊙ ∼ 105 km) requires resolution over 6 orders of
magnitude in length, around 14 orders of magnitude in density [104M⊙/(106R⊙)3

→

M⊙/R3
⊙

] and roughly 11 orders of magnitude in timescale (from the dynamical time of
a GMC,∼1 million years, to the timescale for sound-waves in the Sun of order a few
minutes). Thus the computational challenge is extreme, andone cannot hope to model
star formation, using for example, uniform grid techniques, though the development of
such methods are well advanced. Furthermore the physics of star formation is far from
simple, involving self-gravitating, turbulent gas dynamics over a huge range of length
and timescales with important contributions from magneticfields — ultimately requiring
non-ideal magnetohydrodynamics —, radiation transport inboth optically thick and thin
regimes, dust and molecular chemistry and many other physical effects which should be
incorporated into a realistic model.

Smoothed Particle Hydrodynamics [SPH, for recent reviews see 22, 23] is a method
very well suited to star formation studies because the resolution follows the mass by
discretising the fluid equations onto Lagrangian particlesthat follow the fluid motion.
The Lagrangian formulation, giving an exact treatment of mass advection, means that
important conservation properties such as that of angular momentum are automatically
satisfied, which requires very high resolution in grid techniques, even using adaptive
mesh refinement (AMR). Techniques for solving the equationsof self-gravitating hy-
drodynamics over large ranges of length and time in SPH are well established, based on
the tree code algorithms used inN−body codes. By contrast, the solution of the equa-
tions of magnetohydrodynamics (MHD) in SPH has proved more challenging, in part
due to the early discovery [24] of numerical instabilities associated with particular for-
mulations of the MHD equations. Our goal over the last few years has been to develop
the techniques for MHD in SPH sufficiently to be able to study the role of magnetic



fields in star formation problems. This has involved dealingcarefully with many of the
numerical issues including the aforementioned instabilities [25], the treatment of MHD
shocks [26, 27] and perhaps most importantly (and the main difficulty), exploring meth-
ods for enforcing the∇ ·B = 0 “no monopoles” constraint with sufficient accuracy to
perform calculations which evolve beyond the actual point of star formation [25, 3, 28].

The method we have found for enforcing the divergence constraint that is sufficiently
robust for star formation studies has been to use the ‘Euler Potentials’ or ‘Clebsch’
formulation, whereby the magnetic field is written in terms of two scalar potentials in
the formB = ∇α ×∇β . The corresponding induction equation for the magnetic field
takes the form

dα
dt

= 0;
dβ
dt

= 0, (1)

corresponding to the advection of magnetic field lines by Lagrangian particles. The
Euler potentials are thus very naturally suited to a Lagrangian description, but there
are important limitations to their use. The main one is that fields with complicated
topologies (such as a poloidal field wrapped by a toroidal one) cannot be represented by
Euler potentials because they would become double-valued.A corollary to this is that
such fields also cannot be generated during the calculation and thus important dynamo
processes are not captured. Another way to understand this is to appreciate that evolution
of a field using (1) is, in effect, a mapping of the field from theinitial to final positions of
the SPH particles, and requires a one-to-one mapping, afterwhich the field winding will
no longer be captured. A further issue is that it is difficult to formulate non-ideal MHD
terms for the Euler potentials — although we add artificial dissipative terms to capture
shocks it is clear that these do not and cannot be used to represent a correct physical
dissipation [see 29].

Nevertheless, with the above caveats in mind, we have been able to study the effect
of magnetic fields on the star formation process, mainly studying the influence of the
magnetic field in supporting the cloud in the initial stages of collapse, and the effect
of this on the subsequent star formation sequence. Rather than starting with global
turbulent-cloud star cluster formation calculations, we first studied the effect of magnetic
fields on the formation of individual stars at small scales, from which we have proceeded
to study star cluster formation on larger scales (see following sections).

Alongside the development of the MHD algorithms, we have also developed an algo-
rithm for incorporating the effect of radiation using the flux-limited diffusion approxi-
mation. This is an approximation in radiation is assumed to be transported by diffusion
through both optically thick and thin regions, but with the diffusion speed limited to the
speed-of-light in optically thin regimes. The key challenge for adapting grid-based flux-
limited diffusion techniques into an SPH context was to develop an implicit integration
method that enables the radiative transport to (which is much faster than the gas dynam-
ics, particularly in optically thin regions) to be computedon a timescale similar to the
hydrodynamics [for details see 30, 31].



FIGURE 1. Effect of magnetic fields on the formation of circumstellar discs around young stars:
Results of a simulation following the collapse of a rotating1M⊙ spherical cloud core without (top) and
with (bottom) a uniform magnetic field threading the initialcloud. Field strengths are given in terms of
the mass-to-magnetic flux ratio divided by the critical value at which magnetic fields prevent collapse
altogether. Despite the relatively weak field with respect to gravity the magnetic field is able to almost
completely prevent disc formation due to a combination of magnetic braking and magnetic pressure in the
collapsing core. Time is shown in units of the gravitationalfree-fall time (t f f ).

SINGLE AND BINARY STAR FORMATION

Our first application of our MHD-SPH algorithm was to the collapse of a 1M⊙, R =
4×1016cm molecular cloud core to form single and binary stars. As the initial condition
we assumed a dense, spherical, cold (T ∼ 10K) core in pressure-equilibrium with a
warm, low density medium with an initially uniform magneticfield threading the core
and the medium. The sphere was given an initial solid body rotation, ofΩ = 1.77×10−13

rad s−1 for the case of a single star, andΩ = 10−12 rad s−1 for a binary, in the latter case
also imposing an initialm= 2 perturbation in density to seed the binary formation. We
considered a range of field strengths from zero up to the observed mass-to-flux ratios
of a few. The efficient cooling of the molecular gas was modelled using a barotropic
(pressure-dependent-on-density) equation of state that assumes isothermality whilst the
density is below a threshold physical value (ρc = 10−14 g/cm3) and becomes polytropic
with γ = 1.4 above the critical density in order to approximate the effect of the gas
becoming optically thick to radiation. Above a particular (much higher) density and
provided the gas is gravitationally bound and collapsing, a‘sink’ particle is inserted
to replace the densest, bound gas in the calculation, such that the calculations can be
followed beyond the point of actual star formation.

The results of a typical set of calculations are shown in Fig.1, showing the projected
column density as it evolves beyond one gravitational free-fall time (left-to-right, times
given in units oft/t f f ), for a calculation with no magnetic fields (top) and with a mass-
to-flux ratio of 4 times the critical value — that is magnetic fields that are too weak
to prevent collapse by a factor of 4). Despite the relativelyweak field the effect on the
formation of the circumstellar disc is catastrophic. In theabsence of a magnetic field
a disc is formed that is sufficiently massive so as to become unstable to gravitational



instability in the form of large scale spiral arms, yet with amagnetic field only the
faintest trace of a disc is visible even at the end of the calculations.

Since our initial calculations by several other groups havefound similar results based
on numerical simulations [e.g. 4, 32] and also semi-analytic calculations by Galli et al.
[33] (see Galli, this volume). In fact [4] somewhat alarmingly discuss a ‘fragmentation
crisis’ and speculate further that, given the paucity of observational evidence for discs in
the earliest (class 0) phase of star formation, perhaps theydo not exist (instead forming
later). More likely the solution lies in the fact that we haveassumed ideal MHD in
a regime where it is clear that non-ideal MHD effects are known to be important.
Indeed later analysis by Shu et al. [34] suggests that Ohmic resistivity can provide a
solution, though nonetheless requiring a diffusion parameter considerably higher than
the microscopic value. We intend to explore non-ideal MHD effects in the near future,
though it requires a shift away from the Euler potentials formulation [for recent progress
on this, see 28].

A similarly dramatic effect of magnetic fields on binary formation was also observed,
though for the case of binaries the effect depended more strongly on the magnetic
field configuration, since in certain circumstances the fieldconfiguration could assist
binary formation by forming a “magnetic cushion” between two overdense, collapsing
regions. It was also found that a sufficiently large perturbation would produce a binary
regardless of the magnetic field strength. Nevertheless it is clear that the presence of
even a relatively weak magnetic field in a molecular cloud core can drastically change
the star formation picture.

EFFECT OF MAGNETIC FIELDS ON CLUSTER FORMATION

We have also considered the effect of magnetic fields on larger scales, important to the
formation of whole star clusters [1, 2]. Our initial study was to evaluate the influence
of magnetic fields in star cluster formation calculations similar to those performed by
Bate et al. [17]. The initial conditions consist of a cold (T = 10K), 50M⊙, uniform
density cloud of radius∼ 0.2 pc, with an imposed turbulent velocity field with a power
spectrum and Mach numberM = 6.7 consistent with observed motions in molecular
clouds. As previously we initially adopted a barotropic equation of state (see above) to
approximate the effect of the gas becoming optically thick,and thus heating and halting
the collapse, beyond a certain critical density. The initially turbulent cloud was threaded
with a uniform magnetic field, though with no external medium. Instead, SPH particles
in the initially expanding outer layers of the cloud carry the magnetic field outwards and
form a low density medium into which the field is anchored.

Despite the relatively weak field strengths with respect to gravity, magnetic fields
were found to have a dramatic effect on the large scale structure of the clouds, as can
be seen from the column density projection shown att/t f f = 1.23 in Fig. 2. This is
because the fields arenot weak with respect to gas pressure, so the magnetic field is
able to act as the dominant source of pressure within the cloud, producing large-scale
magnetically-supported voids (middle and bottom rows) that are completely absent from
purely hydrodynamical calculations (top row).

The means by which magnetic fields are able to act as a source ofpressure on large



FIGURE 2. Effect of magnetic fields and radiation on the large scale structure of star-forming 50M⊙

molecular cloud cores. Showing calculations with no magnetic fields (top row), a mass-to-flux ratio of 5
(middle row) and 3 times the critical value (bottom row). In the regime where magnetic pressure exceeds
gas pressure the magnetic fields there is a dramatic influenceon the global cloud structure, with the
appearance of large-scale, magnetically supported voids.The large scale evolution of the cloud with
radiative transfer explicitly calculated (right panels) is identical to that using an approximate, barotropic
equation of state (left panels), at least for low mass star formation.



scales is relatively simple to understand, since in ideal MHD the gas motions are tied to
the magnetic field lines. For a relatively strong field, this means that gas is channelled
along field lines as it collapses (rather than the gas dragging the field lines around in
the weak field case). Since in ideal MHD the mass-to-flux ratiois conserved along any
given flux tube, any gas collapsing to form dense structures inevitably leaves behind
a region evacuated of gas pressure but with the magnetic fieldstrength (and magnetic
pressure) unchanged. Thus the ratio of gas-to-magnetic pressure decreases substantially
away from the densest gas. New material is prevented from re-entering the evacuated
region because of the inability to cross magnetic field lines. Thus the region, once
evacuated, remains as a magnetic-pressure supported void.At a recent meeting the above
mechanism was paraphrased by Carl Heiles as “magnetic fieldsabhor a vacuum”, since
it is easy to remove gas from a region of space along the magnetic field lines, but the
magnetic fields themselves will remain.

The effect of the support provided to the large scale regionsof the cloud is a dramatic
slow-down in the star formation rate with increasing magnetic field strength (discussed
below, see Fig. 5), most effective in the regime where magnetic pressure exceeds gas
pressure (β < 1) and independent of the fact that the field may be weak relative to
gravity and/or turbulence. An unexpected finding from [1] was the resultant change to
the initial mass function of stars formed in the calculations, in the form of a reduction
in the number of sub-stellar objects (i.e., brown dwarfs) relative to higher mass objects
(i.e., stars). This occurs not because of some complicated influence of the magnetic
fields on the fragmentation — we do not resolve the magnetic fields structure on the
smallest scales in these calculations — but simply because of the overall slowdown
in the star formation rate and a consequent reduction in the importance of dynamical
interactions and the associated ejection of low mass objects from multiple systems.
Given the low number of objects formed overall in the strong magnetic field calculations,
it is not possible to state whether or not this effect is sufficient to resolve the statistical
disagreement in the number of low mass objects and the observed IMF found by Bate
[19], but the trend is certainly in the right direction.

In the strongest field calculation, we also found that the expanding outer regions of
the cloud started to show a ‘striped’ appearance as the gas was channelled along the
magnetic field lines. This is strongly reminiscent of the ‘magnetically aligned striations’
observed in the outer regions of the Taurus molecular cloud in the recent12CO and
13CO molecular line emission maps by Goldsmith et al. [11], co-located with measurable
velocity anisotropy aligned with the global magnetic field [12]. This is a good indication
that Taurus lies in a regime where the magnetic field is able toexert considerable
influence on the star formation process.

INFLUENCE OF RADIATIVE FEEDBACK ON STAR CLUSTER
FORMATION

A key limitation to all of the calculations discussed above was the approximate treatment
of the thermodynamics of the gas via the use of a barotropic equation of state where
gas pressure is a function of density alone, rather than being a function of density and
temperature. Naturally this assumption simplifies the calculations considerably, but it



FIGURE 3. Combined effect of magnetic fields and radiative feedback onstar cluster formation. The
plots show a zoomed-in subsection of the clouds shown in Fig.2 at 1.23 initial gravitational free-fall
times for the calculations of three different magnetic fieldstrengths (top to bottom), without (left) and
with (right) a full modelling of radiative transport in the gas. The effect on the small scale fragmentation
is dramatic: Once the gas becomes optically thick to radiation the heating effect provided to neighbouring
material completely inhibits any subsequent fragmentation within a radius of several AU. The result is a
trend towards fewer but more massive stars and a further reduction in the overall star formation rate on
top of the large-scale effect provided by the magnetic field.



misses important feedback processes, especially once the gas enters the optically thick
regime. In particular, using the barotropic approximationthe temperature is assumed to
rise strictly with density, but this neglects the fact that radiation in actual fact should
diffuse from the hot, dense, compressed gas into the less-dense surrounds, thus heating
it and preventing it from fragmenting further.

In the initial phases of the cloud evolution and on the largest scales the radiation has
very little influence, evident from Fig. 2 which compares thecloud structures using the
barotropic equation of state (left panels) with calculations incorporating the transport
of radiation within the gas via the flux-limited diffusion approximation (right panels).
This is partly the case because we form only low-mass stars inthe calculations, but also
because we have neglected both the accretion luminosity within the sink radius and the
luminosity of the protostars themselves. Thus the effect ofradiation that we consider is
very much a lower limit to the true feedback effect. However,to capture as much of the
radiative feedback as possible we have reduced the accretion radius on the sink particles
to a mere 0.5 AU in size, compared to 5 AU sink radii in previous calculations [e.g.
17, 1]. Other authors [35] adopt a prescription for providing radiative feedback from
the protostars themselves, but this brings a number of assumptions about the protostellar
evolution process that at this stage we have preferred to avoid since it ultimately requires
a detailed sub-grid stellar evolution model in order to constrain the parameters.

The effect provided by the transport of radiation from the hot, collapsing, compressed
gas into neighbouring material does however have a dramaticimpact on the small-
scale fragmentation in the cloud. This is illustrated in Fig. 3 that shows a close up
view of the star formation occurring in the 6 model clouds shown in Fig. 2. Whilst
the effect of the magnetic field on the large scales is to reduce the overall rate at
which the global cloud collapses, radiative feedback completely inhibits any secondary
fragmentation in the material immediately surrounding theprotostars (comparing left to
right panels). The result is a reduction in the formation of low mass objects (visibly
being ejected from the multiple systems resulting in the topleft panel), particularly
those that initially resulted from fragmentation in circumstellar discs which with the
radiative feedback effect included become sufficiently heated such that no further sub-
fragmentation occurs. Similarly in the middle panels at moderate field strength it may be
observed that an object that initially fragmented into a binary system using the barotropic
equation of state no longer fragments when radiative transport is accounted for, instead
producing a single star with a circumstellar disc.

The reason for the dramatic reduction in small scale fragmentation that occurs when
radiative feedback is easily understood from our above discussion, and may be readily
illustrated by a plot of the integrated temperature

∫
ρTdz/

∫
ρdz shown in Fig. 4 for the

hydrodynamic calculations using the barotropic equation of state (left panel) and with
radiative feedback included (right panel). With the barotropic equation of state (left)
the temperature is high only at several discrete points corresponding to where the gas
density exceeds the threshold for the polytropic index to change fromγ = 1 to γ = 1.4.
Once the transport of radiation from hot to cold regions is modelled (right panel), a
spatially extended region of high temperature gas is produced in the region surrounding
each collapsing protostar, producing the effect on the fragmentation seen in Fig. 3. Our
results regarding the effect on small-scale fragmentationproduced by the transport of
radiation have been confirmed by calculations employing similar physics performed by



FIGURE 4. Effect of radiative feedback on star cluster formation: Theplot shows the distribution of
average temperature

∫
ρTdz/

∫
ρdz from the hydrodynamic calculations shown in the top row ofFigs. 2

and 3 employing a barotropic (pressure-proportional to density) equation of state (left panel) compared to
the calculation (right) where the radiation is explicitly modelled and thus the transport of radiation from
hot to cold regions is captured. Whereas using the barotropic approximation only the material above the
critical density becomes hot, in the radiation hydrodynamics calculation an extended region surrounding
each protostar is heated and thus fragments no further (see Fig. 3).

Offner et al. [35] using an adaptive mesh refinement code.
The resultant effect on the initial mass function strengthens the trend already pro-

duced by the magnetic field, namely towards producing fewer and more massive objects.
As previously stated, this is in the right direction to resolve the discrepancy with the ob-
served IMF found by Bate [19] in barotropic calculations, but given the very low number
statistics — particularly with the overall reduction in star formation rate produced by the
combined influence of the magnetic fields and radiation — we are reluctant to draw firm
conclusions in this regard.

COMBINED INFLUENCE OF MAGNETIC FIELD AND
RADIATIVE FEEDBACK ON THE STAR FORMATION RATE

AND EFFICIENCY

Having assessed the effect of both magnetic fields and radiative feedback on the star
cluster formation, we may return to our original question: namely, are these two pieces
of missing physics the necessary and sufficient ingredientsrequired to explain the kind
of slow and inefficient star formation observed in real molecular clouds?

The combined effect on the star formation rate is shown in Fig. 5, showing the total
mass accreted onto the sink particles for the full suite of calculations as a function
of time. The primary influence on the star formation rate is the strength of the initial
magnetic field, since it affects the large scale structure ofthe cloud and thus the amount



FIGURE 5. Combined influence of magnetic fields and radiative feedbackon the star formation rate in
our 50M⊙ model clouds. Line styles correspond to the four different magnetic field strengths employed:
no magnetic fields (solid, black), and mass-to-flux ratios of10, 5 and 3 in units of the critical value for
preventing collapse altogether (dotted red, dashed blue and dot-dashed magenta lines respectively), whilst
the line width shows whether (thick lines) or not (thin lines) radiative feedback was modelled (if not, a
barotropic equation of state was employed). The magnetic field strength has the dominant influence on
the star formation rate, with a secondary effect due to radiative feedback occurring at later times.

of material that is able to later collapse and form stars. Radiative feedback enters as a
secondary effect, reducing the star formation rate further, particularly at later times as
the radiation diffuses further from the protostars into thesurrounding medium.

It is notable that only the calculations employing the strongest magnetic fields (mass-
to-flux ratio of 3 in units of the critical value) produce a star formation rate that is
even remotely close to the observed rate of 3-6% per gravitational free-fall time found
by Evans et al. [5]: The rate in the strongest field calculation with radiative feedback
is 0.18M⊙/0.34t f f/50M⊙ ≈ 10% per free-fall time. This is not unreasonable since
molecular cloud cores are indeed observed to have mass-to-flux ratios of a few times the
critical value, and radiative feedback is clearly an important effect. Relative differences
in the star formation rate across the Galaxy can also be explained as being due to
variations in the global flux threading individual star forming clouds. We can speculate
that the remaining discrepancy between our results and observational estimates of the
star formation rate is due to our neglect of additional feedback processes, namely the
intrinsic and accretion luminosity from the protostars themselves as well as mechanical
feedback from jets and outflows.



The question of the overall star formationefficiencyin the presence of magnetic
fields and radiation transport is more difficult to answer given the limited time for
which we have been able to evolve the calculations beyond onefree-fall time. Ideally
one would continue the calculations over several global dynamical times until star
formation activity has ceased, however this is currently prohibitively expensive in terms
of CPU time. Observational estimates are limited in a similar manner because a star
forming molecular cloud is defined as one in which star formation has initiated but not
completed, and once completed one has little insight as to the initial mass of the parental
cloud. If we assume that star formation continues at the rateobserved in Fig. 5 and
that the molecular cloud survives for 2-3 free-fall times beyond star formation, then
the overall star formation efficiency in the strongest field case would be of order 20-
30%. By contrast, for the calculations without magnetic fields the efficiency would
be close to 100% on a similar timescale. Since at supercritical mass-to-flux ratios the
field is relatively weak compared to gravity, the fraction ofbound gas at the end of the
calculation remains relatively high even for the highest field strengths, of order 85%
for the mass-to-flux ratio of 3 (times critical) calculationwith radiative feedback, so
the main requirement for a low overall efficiency is that the cloud should be dispersed
after several dynamical times and that the star formation rate should not accelerate
considerably with time.

ACKNOWLEDGEMENTS

DJP is supported by a Monash Fellowship, though much of this work was completed
whilst funded by a UK Royal Society University Research Fellowship at the University
of Exeter. We thank the organisers for their hospitality in both Milan and Como, the
opportunity to attend and present at the conference.

REFERENCES

1. D. J. Price, and M. R. Bate,MNRAS, 385, 1820–1834 (2008).
2. D. J. Price, and M. R. Bate,MNRAS, 398, 33–46 (2009).
3. D. J. Price, and M. R. Bate,MNRAS, 377, 77–90 (2007).
4. P. Hennebelle, and R. Teyssier,A&A, 477, 25–34 (2008).
5. N. J. Evans, M. M. Dunham, J. K. Jørgensen, M. L. Enoch, B. Merin, E. F. van Dishoeck, J. M.

Alcalá, P. C. Myers, K. R. Stapelfeldt, T. L. Huard, L. E. Allen, P. M. Harvey, T. van Kempen, G. A.
Blake, D. W. Koerner, L. G. Mundy, D. L. Padgett, and A. I. Sargent,ApJS, 181, 321–350 (2009).

6. J. Forbrich, C. J. Lada, A. A. Muench, J. Alves, and M. Lombardi, ApJ, 704, 292–305 (2009).
7. F. Nakamura, and Z.-Y. Li,ApJ, 662, 395–412 (2007).
8. J. Ballesteros-Paredes, G. C. Gómez, L. Loinard, R. M. Torres, and B. Pichardo,MNRAS, 395, L81–

L84 (2009).
9. F. O. Alves, G. A. P. Franco, and J. M. Girart,A&A, 486, L13–L16 (2008).
10. H. Li, C. D. Dowell, A. Goodman, R. Hildebrand, and G. Novak, ApJ, 704, 891–897 (2009).
11. P. F. Goldsmith, M. Heyer, G. Narayanan, R. Snell, D. Li, and C. Brunt,ApJ, 680, 428–445 (2008).
12. M. Heyer, H. Gong, E. Ostriker, and C. Brunt,ApJ, 680, 420–427 (2008).
13. F. H. Shu, F. C. Adams, and S. Lizano,Ann. Rev. Astron. Astroph., 25, 23–81 (1987).
14. R. M. Crutcher,ApJ, 520, 706–713 (1999).
15. E. C. Ostriker, J. M. Stone, and C. F. Gammie,ApJ, 546, 980–1005 (2001).
16. B. G. Elmegreen,ApJ, 530, 277–281 (2000).



17. M. R. Bate, I. A. Bonnell, and V. Bromm,MNRAS, 339, 577–599 (2003).
18. M. R. Bate, and I. A. Bonnell,MNRAS, 356, 1201–1221 (2005).
19. M. R. Bate,MNRAS, 392, 590–616 (2009).
20. T. L. Bourke, P. C. Myers, G. Robinson, and A. R. Hyland,ApJ, 554, 916–932 (2001).
21. C. Heiles, and T. H. Troland,ApJS, 151, 271–297 (2004).
22. D. J. Price,Magnetic fields in Astrophysics, Ph.D. thesis, University of Cambridge, Cambridge, UK.

astro-ph/0507472 (2004).
23. J. J. Monaghan,Rep. Prog. Phys., 68, 1703–1759 (2005).
24. G. J. Phillips, and J. J. Monaghan,MNRAS, 216, 883–895 (1985).
25. D. J. Price, and J. J. Monaghan,MNRAS, 364, 384–406 (2005).
26. D. J. Price, and J. J. Monaghan,MNRAS, 348, 123–138 (2004).
27. D. J. Price, and J. J. Monaghan,MNRAS, 348, 139–152 (2004).
28. D. J. Price,MNRAS, 401, 1475–1499 (2010).
29. A. Brandenburg,MNRAS, 401, 347–354 (2010).
30. S. C. Whitehouse, and M. R. Bate,MNRAS, 353, 1078–1094 (2004).
31. S. C. Whitehouse, M. R. Bate, and J. J. Monaghan,MNRAS, 364, 1367–1377 (2005).
32. P. Hennebelle, and A. Ciardi,A&A, 506, L29–L32 (2009).
33. D. Galli, S. Lizano, F. H. Shu, and A. Allen,ApJ, 647, 374–381 (2006).
34. F. H. Shu, D. Galli, S. Lizano, and M. Cai,ApJ, 647, 382–389 (2006).
35. S. S. R. Offner, R. I. Klein, C. F. McKee, and M. R. Krumholz, ApJ, 703, 131–149 (2009).


