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Spitzer c2d survey of 
nearby molecular clouds

Evans et al. (2008)



Extinction maps: convert to 
column density and integrate 
over area to get cloud mass

Evans et al. (2008)



efficiency is mstar / (mstar + mcloud) where star = 
class II object (star+disc)

~3-6% efficiency (also 3-6% converted into stars per 
free-fall time)

Evans et al. (2008):



Dynamical (“rapid”) models of star formation

main ingredients are turbulence, gravity

reproduce gross characteristics of the IMF, 
multiplicity as a function of mass, frequency of 
low mass binaries, ...

BUT star formation efficiency too high (all gas 
would eventually form stars). Observations 
suggest 3-6%

produce too many brown dwarfs (Bate 2009).

missing observationally constrained physics in 
the form of magnetic fields and radiative 
feedback

e.g. Bate, Bonnell & Bromm (2003), Bonnell, Bate & Vine (2003), Bate & Bonnell (2005), Bate (2008)

Bate, Bonnell & Bromm (2003)



How to make star formation 
inefficient

increase the level of turbulence (Clark & Bonnell 2004) /
continual driving (Klessen et al.)

feedback from jets and outflows (Matzner & Mckee 2000, 
Nakamura & Li 2007)

tidal forces in the Galaxy pulling cloud apart again 
(Ballesteros-Peredes et al. 2009)

include more physics... like magnetic fields and radiative 
feedback



Radiation

heats surrounding material

hot gas does not collapse 
to form stars



L183
Crutcher et al.  (1993)

Blos < 16 µG

Crutcher et al.  (2003)

Bpos ! 80 µG

n(H2) ! 3 ! 105, N(H2) ! 3 ! 1022, 

Bpos ! 80 G, " ! 2.6

"VNT ! 0.7 Alfvenic

n(H2) ! 1 ! 103, N(H2) ! 3 ! 1021, 

Blos < 16 G, " > 1.4

star formation regions known to 
contain magnetic fields of 
significant strengths

want to determine their role in 
the star formation process

Magnetic fields



Magnetic fields and star formation

magnetic flux conserved during collapse

critical “mass to flux ratio”

once unstable to collapse, will collapse on free-fall timescale: 
changes nothing about the rate of star formation
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e.g. Maclow & Klessen 2004, Mestel 1999



Important parameters
(

M

Φ

)

/

(

M

Φ

)

crit

magnetic field vs gravity

magnetic fields vs pressureβ =
c2

s
ρ

1

2
B2/µ0

magnetic fields vs turbulencevturb
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Observations suggest molecular clouds are:

mildly supercritical
have beta < 1

marginally super-Alfvenic

(Crutcher 1999, Bourke et al. 2001, Padoan et al. 2004, Heiles & Troland 2005)



Star formation modelling
length scales: 7 orders of magnitude

R! ∼ 10
5
kmRGMC ∼ 1012km(100pc)

time scales: 11 orders of magnitude

106years 5 minutes!

density change: 17 orders of magnitude

104M!/(RGMC)3 M!/(R!)3

Physics: self-gravity, gas dynamics, magnetic fields 
(non-ideal), radiation transport, dust chemistry...



Smoothed Particle Hydrodynamics 

2h

ρ(r) =
N∑

j=1

mjW (|r − rj |, h)

Lucy (1977), Gingold & Monaghan (1977), Monaghan (1992), Price (2004), Monaghan (2005)



Magnetohydrodynamics (MHD)

dρ
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= −ρ∇ · v

du
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= −
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ρ
∇ · v

∇ · B = 0

One-fluid approximation 
to plasma physics

no charge separation

we assume ideal MHD 
(no resistivity or 
ambipolar diffusion)
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GRATUITOUS 
EQUATION WARNING!



Technical issues with MHD+SPH

1) Momentum 
conserving force 
is unstable

2) Shocks

3) Variable h

(Morris 1996)

use force which vanishes for constant stress
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formulate artificial dissipation terms (PM04a)

use Lagrangian (Price & Monaghan 2004b)



Mach 25 MHD shock (e.g. Balsara 1998)

Current loop advection (e.g. Gardiner & Stone 2007)

Orszag-Tang vortex (everyone)

Test problems

(Price & Monaghan 2004a,b, Price 2004)

(Price & Monaghan 2005, Rosswog & Price 2007)

(Rosswog & Price 2007)



lots of things *don’t* work very well (e.g. Dedner et al. cleaning)

Euler potentials:

4) The ∇•B = 0 constraint

B = ∇α ×∇β

Euler (1770), Stern (1976), 
Phillips & Monaghan (1985)

use accurate SPH derivatives (Price 2004)
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add shock dissipation
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‘advection of magnetic field 
lines’

disadvantages: helicity constraints (A.B = 0)

field growth suppressed once clear mapping from initial to final particle 
distribution is lost - DON’T FOLLOW FIELD WINDING (for long)



Star formation



Magnetic fields in star cluster formation

50 solar mass cloud

diameter 0.375 pc, nH2 = 3.7 x 104

initial uniform B field

T=10K

turbulent velocity field P(k)∝k-4

RMS Mach number 6.7

barytropic equation of state

Price & Bate (2008) MNRAS 385, 1820

vary magnetic field strength...

P = Kργ

γ = 1, ρ ≤ 10−13g cm−3,

γ = 7/5, ρ > 10−13g cm−3.









Magnetic 
cushioning 
in voids



Effect on IMF
10 Price & Bate

Figure 7. Initial mass functions at tff = 1.5 for each of the five runs, in order of increasing magnetic field strength (left to right, top to bottom) and the
cumulative fractional number of stars as a function of mass in all four cases (bottom right panel), with lines corresponding to the hydrodynamic run (black,

solid), M/Φ = 20 (red, dotted), M/Φ = 10 (green, dashed),M/Φ = 5 (blue, long-dashed) andM/Φ = 3 (magenta, dot-dashed). The vertical dashed line

in each case indicates the characteristic mass in the hydrodynamic run.

of the cluster (which fragments spectacularly in the M/Φ = 20
run) is at earlier times much less massive and forms only an ac-

creting binary system (tff = 1.29 in Figure 6), though the mass
accretion onto this system at later times (tff > 1.33, centre panel
of last three rows in Figure 6) causes further fragmentation.

4.3.4 M/Φ = 5

The star formation sequence in theM/Φ = 5 run (Figure 5, fourth
column) is almost unrecognisable compared to the hydrodynamic

case. The first fragmentation occurs in this case in a disc which ap-

pears edge-on in Figure 5 (tff = 1.1 panel) – that is, perpendicular
to the global magnetic field direction. Whilst this disc fragments to

form a multiple system from which a brown dwarf is ejected, the

subsequent accretion and thus star formation occurs at a dramati-
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Effect on IMF

NBDs Nstars ratio

Hydro 44 14 3.14

M/Φ = 20 51 18 2.83

M/Φ = 10 22 11 2.0

M/Φ = 5 15 14 1.07

M/Φ = 3 8 7 1.14



Radiation

collapsing gas becomes optically thick beyond a certain 
density - the “opacity limit for fragmentation”

but radiation can be transported from hot to cold regions 
either diffusively in the optically thick regime or at the 
speed of light if optically thin

flux-limited diffusion approximation is one that captures 
both optically thick and thin regimes



Self-gravitating radiation-MHD
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Radiation hydro



Radiation + MHD



The punchline: Effect on star formation 
rate / efficiency

Hyd

Hyd+RT

MF10

MF10
+RT

MF5

MF5+RT

MF3+RT

MF3
for mass-to-flux=3 + 
radiative transfer, 
convert ~7% of gas 
into stars per free-fall 
time, in much better 
agreement with 
observations



our clouds as observed by Spitzer





Summary

with a proper treatment of radiative feedback and realistic 
magnetic field strengths, models show efficiencies of ~7% 
per free-fall time, in much better agreement with 
observations

also form fewer brown dwarfs, solving another problem

magnetic fields and radiative feedback may indeed 
regulate star formation


