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Star formation is a complex process involving the interpdfiymany physical effects, including
gravity, turbulent gas dynamics, magnetic fields and rasiaOur understanding of the process has
improved substantially in recent years, primarily as altesfuour increased ability to incorporate
the relevant physics in numerical calculations of the stamftion process. In this contribution
we present an overview of our recent studies of star clustendtion in turbulent, magnetised
clouds using self-gravitating radiation-magnetohydraipics calculations[1, 2]. Our incorporation
of magnetic fields and radiative transfer into the Smoothadid®e Hydrodynamics method are
discussed. We highlight how magnetic fields and radiativatihg of the gas around newborn
stars can solve several of the key puzzles in star formatmafiding an explanation for why
star formation is such a slow and inefficient process. Howehe presence of magnetic fields
at observed strengths in collapsing protostellar cores l@lads to problems on smaller scales,
including a difficulty in forming protostellar discs and hiy stars [3, 4], which suggests that our
understanding of the role of magnetic fields in star formmaisonot yet complete.

INTRODUCTION

Star formation is a ubiquitous phenomenon in spiral gaksigch as our very own
Milky Way. However the detailed process by which gas is comkinto stars in such
galaxies is still relatively poorly understood. One of tley lopen questions is why star
formation is so remarkably inefficient, with only a few pentef the mass of gas in a
molecular cloud ending up in stars. Recent observatiorsalltefor nearby molecular
clouds in the Spitzer cores-to-discs survey [5] find the nodisdars in a star-forming
clouds typically around 3-6% of the mass of the parental mdé cloud, the latter
estimated by multiplying the column density inferred fromerstellar dust extinction
maps by the area of the cloud (defined by an extinction thidshBquivalently the
observational result can be restated as saying that only pdecent of molecular cloud
gas is converted into stars per gravitational free-falktim

Thus star formation appears to be bwtéfficient— in the sense that not much gas has
been converted into stars — asbbw, in the sense that, over the timescales necessary
for gravity to act on the global cloud, not many stars havent. It is also important
to note that the inefficiencies found by Evans et al. [5] rédenearby molecular clouds
that are actively forming stars. It is a further challengexplain molecular clouds where
relatively little star formation occurs at all, such as tlygefNebula (efficiency- 0.06%,
Forbrich et al. [6]) that lies in stark contrast to the pradunsof star formation occurring
in the nearbyp-Ophiuchus cloud.



The fact that star formation appears to occur on a slowersiiale than the gravita-
tional one indicates that the answer must lie in physics begpavity, or at least beyond
the self-gravityof the cloud. To achieve inefficiency of star formation overd scales
much greater than the dynamical time must further involvelwve unbinding the cloud
in some way — for example by internal driving of turbulencegédtg and outflows [7] or
invoking tidal forces from the Galactic potential [8].

Magnetic fields are, observationally, a good candidate xptagning why clouds in
otherwise similar environments can have vastly differést ®rmation efficiencies. For
example, recent optical polarisation maps of the Pipe Neff]lreveal a remarkable
degree of uniformity in the magnetic field (as inferred frdm polarisation angles), in
contrast to the wide dispersion in polarisation angles éygd scales) seen in active
star forming regions like Orion [10]. The nearby Taurus roalar cloud, recently
surveyed by Goldsmith et al. [11], forms an intermediatecasgth relatively inefficient
star formation (but more efficient than the Pipe Nebula) dad a well-ordered large
scale magnetic field (better ordered than Orion, thoughvledisordered than the Pipe),
together with compelling evidence for magnetic fields sgrenough to control the flow
of gas in (relatively) low density outer regions [12].

The effect of a magnetic field on the self-gravitating cadleamf gas to form stars
can be quantified in terms of the ratio of mass within a volumée magnetic flux
threading the surface of that volume. At a critical value n&lg fields are able to
prevent collapse entirely, unless some decoupling of thgnet# field from the gas
occurs (i.e., ambipolar diffusion). Indeed, this theaatiunderstanding led to the so-
called ‘standard model’ of star formation as a quasi-stdifitision process mediated
by magnetic fields [13]. However for all star formation to oca this manner requires
that all molecular cloud cores are sub-critical (magnegidl§ able to prevent collapse),
whereas Zeeman measurements of field strengths in coreatadnat they are generally
marginally supercritical (mass-to-flux ratios of few tinegical, see Crutcher [14]). A
further difficulty is the problem of how to maintain the obgsal turbulent motions in
the cloud, since supersonic turbulence decays rapidlyavithithout magnetic fields in
the absence of a continual driving mechanism [e.g., 15].

This latter consideration in particular has led many to aersso-called ‘rapid’ or
‘turbulent’ models of star formation, where the main colitng ingredient is turbulence
rather than magnetic fields, with clouds that assemble, &tars and disperse within
roughly one crossing time [16]. Indeed, simulations basedimply the interaction of
turbulent gas dynamics and gravity alone [e.g. 17, 18, 19 demarkably good job of
reproducing many observed statistical properties of stamétion, including the gross
characteristics of the initial mass function, multipicas a function of mass and the
frequency of low mass binary stars [19]. However, the stam&dion efficiency in these
calculations is much higher than observed, since the maci gas that is initially bound
and will remain so in the absence of feedback processesggSFE of order 50% (the
typical fraction of gas that is bound at the end of the caloute). Improved statistics in
more recent calculations of larger clouds [19] also sugtiegtthere is also a problem
in terms of an over-production of very low mass stars and hrdwarfs.

Whilst observations indicate that magnetic fields are naingt enough to prevent
global collapse in typical clouds, they can nevertheleay pl determining role in the
internal dynamics by acting as a source of pressure witlarckbud (quantified by the



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

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

NUMERICAL METHODS

Modelling star formation is made difficult by the tremendaasge of length and
time scales involved. For example, to follow the collapseajiant molecular cloud
of size ~a few pc ¢ 10 km) and containing up to 0. of material to a star
the size and mass of the SuR.(~ 10° km) requires resolution over 6 orders of
magnitude in length, around 14 orders of magnitude in def$@*M. /(10°R.)3 —
M@/R%] and roughly 11 orders of magnitude in timescale (from theadgical time of
a GMC, ~1 million years, to the timescale for sound-waves in the Suorder a few
minutes). Thus the computational challenge is extreme oaedcannot hope to model
star formation, using for example, uniform grid techniguesugh the development of
such methods are well advanced. Furthermore the physidardiosmation is far from
simple, involving self-gravitating, turbulent gas dynasmbver a huge range of length
and timescales with important contributions from magnfetids — ultimately requiring
non-ideal magnetohydrodynamics —, radiation transpdbith optically thick and thin
regimes, dust and molecular chemistry and many other philyesfilects which should be
incorporated into a realistic model.

Smoothed Particle Hydrodynamics [SPH, for recent reviesesZ2, 23] is a method
very well suited to star formation studies because the uéisol follows the mass by
discretising the fluid equations onto Lagrangian partithes follow the fluid motion.
The Lagrangian formulation, giving an exact treatment ogsnadvection, means that
important conservation properties such as that of angutenemtum are automatically
satisfied, which requires very high resolution in grid tagkes, even using adaptive
mesh refinement (AMR). Techniques for solving the equatminself-gravitating hy-
drodynamics over large ranges of length and time in SPH alleestablished, based on
the tree code algorithms usedh+body codes. By contrast, the solution of the equa-
tions of magnetohydrodynamics (MHD) in SPH has proved mbwdlenging, in part
due to the early discovery [24] of numerical instabilitissaciated with particular for-
mulations of the MHD equations. Our goal over the last fewgéems been to develop
the techniques for MHD in SPH sufficiently to be able to stuldg tole of magnetic



fields in star formation problems. This has involved deatiagefully with many of the
numerical issues including the aforementioned instaddlif25], the treatment of MHD
shocks [26, 27] and perhaps most importantly (and the mé#ioulty), exploring meth-
ods for enforcing thél-B = 0 “no monopoles” constraint with sufficient accuracy to
perform calculations which evolve beyond the actual poirstar formation [25, 3, 28].

The method we have found for enforcing the divergence camstithat is sufficiently
robust for star formation studies has been to use the ‘Ewéeriials’ or ‘Clebsch’
formulation, whereby the magnetic field is written in ternidwo scalar potentials in
the formB = Oa x [0B. The corresponding induction equation for the magnetid fiel
takes the form

da 0 ag

dt ’ dt
corresponding to the advection of magnetic field lines byraagian particles. The
Euler potentials are thus very naturally suited to a Lagiemglescription, but there
are important limitations to their use. The main one is thald§ with complicated
topologies (such as a poloidal field wrapped by a toroida) oaanot be represented by
Euler potentials because they would become double-valuedrollary to this is that
such fields also cannot be generated during the calculatidrireus important dynamo
processes are not captured. Another way to understand tohigppreciate that evolution
of a field using (1) is, in effect, a mapping of the field from thiial to final positions of
the SPH particles, and requires a one-to-one mapping,vaffiieh the field winding will
no longer be captured. A further issue is that it is difficalfarmulate non-ideal MHD
terms for the Euler potentials — although we add artificiakgative terms to capture
shocks it is clear that these do not and cannot be used tosesgra correct physical
dissipation [see 29].

Nevertheless, with the above caveats in mind, we have bdert@btudy the effect
of magnetic fields on the star formation process, mainlyystgldthe influence of the
magnetic field in supporting the cloud in the initial stagéallapse, and the effect
of this on the subsequent star formation sequence. Rather dtarting with global
turbulent-cloud star cluster formation calculations, we tudied the effect of magnetic
fields on the formation of individual stars at small scalesyfwhich we have proceeded
to study star cluster formation on larger scales (see fatigwections).

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

0, (1)



FIGURE 1. Effect of magnetic fields on the formation of circumstellasad around young stars:
Results of a simulation following the collapse of a rotatiM., spherical cloud core without (top) and
with (bottom) a uniform magnetic field threading the initdbud. Field strengths are given in terms of
the mass-to-magnetic flux ratio divided by the critical waht which magnetic fields prevent collapse
altogether. Despite the relatively weak field with respecgtavity the magnetic field is able to almost
completely prevent disc formation due to a combination ofnaic braking and magnetic pressure in the
collapsing core. Time is shown in units of the gravitatioinaé-fall time ;).

SINGLE AND BINARY STAR FORMATION

Our first application of our MHD-SPH algorithm was to the eplée of a M., R=

4 x 10%%cm molecular cloud core to form single and binary stars. &ditial condition
we assumed a dense, spherical, cdld~ 10K) core in pressure-equilibrium with a
warm, low density medium with an initially uniform magnefield threading the core
and the medium. The sphere was given an initial solid bodtimt, ofQ = 1.77x 1013
rad s 1 for the case of a single star, afid= 1012 rad s 1 for a binary, in the latter case
also imposing an initiatn = 2 perturbation in density to seed the binary formation. We
considered a range of field strengths from zero up to the wbdanass-to-flux ratios
of a few. The efficient cooling of the molecular gas was maatktlising a barotropic
(pressure-dependent-on-density) equation of state fisana@es isothermality whilst the
density is below a threshold physical valyg & 10-1* g/cn?) and becomes polytropic
with y = 1.4 above the critical density in order to approximate thecotftd the gas
becoming optically thick to radiation. Above a particulanuch higher) density and
provided the gas is gravitationally bound and collapsinggitek’ particle is inserted
to replace the densest, bound gas in the calculation, sattitté calculations can be
followed beyond the point of actual star formation.

The results of a typical set of calculations are shown in Ejghowing the projected
column density as it evolves beyond one gravitational fedlegime (left-to-right, times
given in units oft /t¢), for a calculation with no magnetic fields (top) and with assra
to-flux ratio of 4 times the critical value — that is magnetieldis that are too weak
to prevent collapse by a factor of 4). Despite the relativedak field the effect on the
formation of the circumstellar disc is catastrophic. In #iesence of a magnetic field
a disc is formed that is sufficiently massive so as to becons¢abte to gravitational



instability in the form of large scale spiral arms, yet withmagnetic field only the
faintest trace of a disc is visible even at the end of the ¢aticns.

Since our initial calculations by several other groups Haued similar results based
on numerical simulations [e.g. 4, 32] and also semi-amabiculations by Galli et al.
[33] (see Galli, this volume). In fact [4] somewhat alarmindiscuss a ‘fragmentation
crisis’ and speculate further that, given the paucity ofevtational evidence for discs in
the earliest (class 0) phase of star formation, perhapsdbet exist (instead forming
later). More likely the solution lies in the fact that we haagsumed ideal MHD in
a regime where it is clear that non-ideal MHD effects are kmdw be important.
Indeed later analysis by Shu et al. [34] suggests that Ohesistivity can provide a
solution, though nonetheless requiring a diffusion patameonsiderably higher than
the microscopic value. We intend to explore non-ideal MHf2@s in the near future,
though it requires a shift away from the Euler potentialsfolation [for recent progress
on this, see 28].

A similarly dramatic effect of magnetic fields on binary fation was also observed,
though for the case of binaries the effect depended moragiraon the magnetic
field configuration, since in certain circumstances the fegdfiguration could assist
binary formation by forming a “magnetic cushion” betweertaverdense, collapsing
regions. It was also found that a sufficiently large perttidewould produce a binary
regardless of the magnetic field strength. Neverthelessdteiar that the presence of
even a relatively weak magnetic field in a molecular clouceaman drastically change
the star formation picture.

EFFECT OF MAGNETIC FIELDS ON CLUSTER FORMATION

We have also considered the effect of magnetic fields ondaggdes, important to the
formation of whole star clusters [1, 2]. Our initial study svep evaluate the influence
of magnetic fields in star cluster formation calculatiomsikr to those performed by
Bate et al. [17]. The initial conditions consist of a coll £ 10K), 50M, uniform
density cloud of radius- 0.2 pc, with an imposed turbulent velocity field with a power
spectrum and Mach numbe# = 6.7 consistent with observed motions in molecular
clouds. As previously we initially adopted a barotropic &tipn of state (see above) to
approximate the effect of the gas becoming optically théeild thus heating and halting
the collapse, beyond a certain critical density. The ityti@rbulent cloud was threaded
with a uniform magnetic field, though with no external mediunstead, SPH particles
in the initially expanding outer layers of the cloud carrg thagnetic field outwards and
form a low density medium into which the field is anchored.

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

The means by which magnetic fields are able to act as a soupressgure on large
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FIGURE 2. Effect of magnetic fields and radiation on the large scalectitire of star-forming 50/,
molecular cloud cores. Showing calculations with no maigrfitids (top row), a mass-to-flux ratio of 5
(middle row) and 3 times the critical value (bottom row). e regime where magnetic pressure exceeds
gas pressure the magnetic fields there is a dramatic influemdbe global cloud structure, with the
appearance of large-scale, magnetically supported vdids.large scale evolution of the cloud with
radiative transfer explicitly calculated (right paneks)dentical to that using an approximate, barotropic
equation of state (left panels), at least for low mass standtion.



scales is relatively simple to understand, since in idealMhe gas motions are tied to
the magnetic field lines. For a relatively strong field, thisams that gas is channelled
along field lines as it collapses (rather than the gas dragtyie field lines around in
the weak field case). Since in ideal MHD the mass-to-flux rigticonserved along any
given flux tube, any gas collapsing to form dense structuresitably leaves behind
a region evacuated of gas pressure but with the magneticsfieddgth (and magnetic
pressure) unchanged. Thus the ratio of gas-to-magnessyme decreases substantially
away from the densest gas. New material is prevented froemtering the evacuated
region because of the inability to cross magnetic field lingsus the region, once
evacuated, remains as a magnetic-pressure supportedwvaicecent meeting the above
mechanism was paraphrased by Carl Heiles as “magnetic &blis a vacuum?”, since
it is easy to remove gas from a region of space along the miagredt! lines, but the
magnetic fields themselves will remain.

The effect of the support provided to the large scale regidtize cloud is a dramatic
slow-down in the star formation rate with increasing magnigtld strength (discussed
below, see Fig. 5), most effective in the regime where magmeessure exceeds gas
pressure 8 < 1) and independent of the fact that the field may be weak veldt
gravity and/or turbulence. An unexpected finding from [1jviae resultant change to
the initial mass function of stars formed in the calculasioim the form of a reduction
in the number of sub-stellar objects (i.e., brown dwarf&tiee to higher mass objects
(i.e., stars). This occurs not because of some complicathaence of the magnetic
fields on the fragmentation — we do not resolve the magnetidsfistructure on the
smallest scales in these calculations — but simply becatisieecoverall slowdown
in the star formation rate and a consequent reduction inrtp®itance of dynamical
interactions and the associated ejection of low mass abjecin multiple systems.
Given the low number of objects formed overall in the stroragnetic field calculations,
it is not possible to state whether or not this effect is sigfitto resolve the statistical
disagreement in the number of low mass objects and the aas&dF found by Bate
[19], but the trend is certainly in the right direction.

In the strongest field calculation, we also found that theaexiing outer regions of
the cloud started to show a ‘striped’ appearance as the gashannelled along the
magnetic field lines. This is strongly reminiscent of the gnatically aligned striations’
observed in the outer regions of the Taurus molecular clouthé recent?CO and
13CO molecular line emission maps by Goldsmith et al. [11]lamated with measurable
velocity anisotropy aligned with the global magnetic fi€l@]. This is a good indication
that Taurus lies in a regime where the magnetic field is ablex&rt considerable
influence on the star formation process.

INFLUENCE OF RADIATIVE FEEDBACK ON STAR CLUSTER
FORMATION

A key limitation to all of the calculations discussed abowas\wthe approximate treatment
of the thermodynamics of the gas via the use of a barotropiatézn of state where
gas pressure is a function of density alone, rather thargkeeiunction of density and
temperature. Naturally this assumption simplifies the udatcons considerably, but it
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FIGURE 3. Combined effect of magnetic fields and radiative feedbacktancluster formation. The
plots show a zoomed-in subsection of the clouds shown inFigt 1.23 initial gravitational free-fall
times for the calculations of three different magnetic figlicengths (top to bottom), without (left) and
with (right) a full modelling of radiative transport in theg. The effect on the small scale fragmentation
is dramatic: Once the gas becomes optically thick to raatigtie heating effect provided to neighbouring
material completely inhibits any subsequent fragmemtatiithin a radius of several AU. The result is a
trend towards fewer but more massive stars and a furthectiedun the overall star formation rate on
top of the large-scale effect provided by the magnetic field.



misses important feedback processes, especially oncaathergers the optically thick
regime. In particular, using the barotropic approximatiom temperature is assumed to
rise strictly with density, but this neglects the fact thadiation in actual fact should
diffuse from the hot, dense, compressed gas into the lassedrirrounds, thus heating
it and preventing it from fragmenting further.

In the initial phases of the cloud evolution and on the largeales the radiation has
very little influence, evident from Fig. 2 which compares thaud structures using the
barotropic equation of state (left panels) with calculagioncorporating the transport
of radiation within the gas via the flux-limited diffusion pqoximation (right panels).
This is partly the case because we form only low-mass stdteinalculations, but also
because we have neglected both the accretion luminosityniite sink radius and the
luminosity of the protostars themselves. Thus the effecadfation that we consider is
very much a lower limit to the true feedback effect. Howetw@iGcapture as much of the
radiative feedback as possible we have reduced the aacratiaus on the sink particles
to a mere @ AU in size, compared to 5 AU sink radii in previous calcuwas [e.g.
17, 1]. Other authors [35] adopt a prescription for providmadiative feedback from
the protostars themselves, but this brings a number of gstsams about the protostellar
evolution process that at this stage we have preferred id airtce it ultimately requires
a detailed sub-grid stellar evolution model in order to ¢as the parameters.

The effect provided by the transport of radiation from thg bollapsing, compressed
gas into neighbouring material does however have a dranmapact on the small-
scale fragmentation in the cloud. This is illustrated in.Rgthat shows a close up
view of the star formation occurring in the 6 model cloudswghan Fig. 2. Whilst
the effect of the magnetic field on the large scales is to redbe overall rate at
which the global cloud collapses, radiative feedback cetaby} inhibits any secondary
fragmentation in the material immediately surroundingpheostars (comparing left to
right panels). The result is a reduction in the formationaf Imass objects (visibly
being ejected from the multiple systems resulting in the legp panel), particularly
those that initially resulted from fragmentation in circstellar discs which with the
radiative feedback effect included become sufficientité@auch that no further sub-
fragmentation occurs. Similarly in the middle panels at eratk field strength it may be
observed that an object that initially fragmented into abyrsystem using the barotropic
equation of state no longer fragments when radiative tr@amsp accounted for, instead
producing a single star with a circumstellar disc.

The reason for the dramatic reduction in small scale fragatiem that occurs when
radiative feedback is easily understood from our aboveudsion, and may be readily
illustrated by a plot of the integrated temperatiigT dz/ [ pdz shown in Fig. 4 for the
hydrodynamic calculations using the barotropic equatibstate (left panel) and with
radiative feedback included (right panel). With the baspic equation of state (left)
the temperature is high only at several discrete pointsesponding to where the gas
density exceeds the threshold for the polytropic index enge fromy =1toy = 1.4.
Once the transport of radiation from hot to cold regions idaied (right panel), a
spatially extended region of high temperature gas is predrcthe region surrounding
each collapsing protostar, producing the effect on thenfiegfation seen in Fig. 3. Our
results regarding the effect on small-scale fragmentagtimduced by the transport of
radiation have been confirmed by calculations employindlaiphysics performed by
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FIGURE 4. Effect of radiative feedback on star cluster formation: piha shows the distribution of
average temperaturgpoTdz/ [ pdz from the hydrodynamic calculations shown in the top rowigs. 2
and 3 employing a barotropic (pressure-proportional tasitgnequation of state (left panel) compared to
the calculation (right) where the radiation is explicithpodelled and thus the transport of radiation from
hot to cold regions is captured. Whereas using the barataggiroximation only the material above the
critical density becomes hot, in the radiation hydrodyranaialculation an extended region surrounding
each protostar is heated and thus fragments no further {ge8)F

Offner et al. [35] using an adaptive mesh refinement code.

The resultant effect on the initial mass function strengshthe trend already pro-
duced by the magnetic field, namely towards producing feweémaore massive objects.
As previously stated, this is in the right direction to resaihe discrepancy with the ob-
served IMF found by Bate [19] in barotropic calculations, ¢pwen the very low number
statistics — particularly with the overall reduction inistarmation rate produced by the
combined influence of the magnetic fields and radiation — weeuctant 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 neslifedback on the star
cluster formation, we may return to our original questicamely, are these two pieces
of missing physics the necessary and sufficient ingredieapisired to explain the kind
of slow and inefficient star formation observed in real malacclouds?

The combined effect on the star formation rate is shown in Eighowing the total
mass accreted onto the sink particles for the full suite ddutations as a function
of time. The primary influence on the star formation rate is skrength of the initial
magnetic field, since it affects the large scale structute@tloud and thus the amount
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FIGURE 5. Combined influence of magnetic fields and radiative feedibadcke star formation rate in
our 5M,, model clouds. Line styles correspond to the four differeagnetic field strengths employed:
no magnetic fields (solid, black), and mass-to-flux ratiod@f5 and 3 in units of the critical value for
preventing collapse altogether (dotted red, dashed bldeandashed magenta lines respectively), whilst
the line width shows whether (thick lines) or not (thin lihneadiative feedback was modelled (if not, a
barotropic equation of state was employed). The magnetit steength has the dominant influence on
the star formation rate, with a secondary effect due to tdideedback occurring at later times.

of material that is able to later collapse and form stars.i®®&e feedback enters as a
secondary effect, reducing the star formation rate furgbarticularly at later times as
the radiation diffuses further from the protostars intogsherounding medium.

It is notable that only the calculations employing the styest magnetic fields (mass-
to-flux ratio of 3 in units of the critical value) produce arstarmation rate that is
even remotely close to the observed rate of 3-6% per gravitfree-fall time found
by Evans et al. [5]: The rate in the strongest field calcutatiath radiative feedback
is 0.18M/0.34t:1/50M¢ ~ 10% per free-fall time. This is not unreasonable since
molecular cloud cores are indeed observed to have massgxteatios of a few times the
critical value, and radiative feedback is clearly an impotteffect. Relative differences
in the star formation rate across the Galaxy can also be iegglaas being due to
variations in the global flux threading individual star fong clouds. We can speculate
that the remaining discrepancy between our results andaigmal estimates of the
star formation rate is due to our neglect of additional femttlbprocesses, namely the
intrinsic and accretion luminosity from the protostarstiselves as well as mechanical
feedback from jets and outflows.



The question of the overall star formati@&fficiencyin the presence of magnetic
fields and radiation transport is more difficult to answeregivhe limited time for
which we have been able to evolve the calculations beyondreeefall time. Ideally
one would continue the calculations over several globaladyinal times until star
formation activity has ceased, however this is currentbhfsitively expensive in terms
of CPU time. Observational estimates are limited in a sirmb@nner because a star
forming molecular cloud is defined as one in which star foramahas initiated but not
completed, and once completed one has little insight astmttial mass of the parental
cloud. If we assume that star formation continues at the sbhserved in Fig. 5 and
that the molecular cloud survives for 2-3 free-fall timeydred star formation, then
the overall star formation efficiency in the strongest fiedde would be of order 20-
30%. By contrast, for the calculations without magneticdethe efficiency would
be close to 100% on a similar timescale. Since at supewritiass-to-flux ratios the
field is relatively weak compared to gravity, the fractionbaiund gas at the end of the
calculation remains relatively high even for the higheddf&trengths, of order 85%
for the mass-to-flux ratio of 3 (times critical) calculatianth radiative feedback, so
the main requirement for a low overall efficiency is that thaud should be dispersed
after several dynamical times and that the star formatio@ saould not accelerate
considerably with time.
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