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Figure 3. The global evolution of gas temperature in the radiation hydrodynamical calculation. Initially, the gas is almost isothermal on large-scales, but as
groups of stars begin to form they locally heat the gas. Soon after t = 1.15t↵ , the merger of two stellar groups at the centre of the cluster and increased
accretion rates onto the stars heats the inner 0.2 pc of the cluster. Each panel is 0.6 pc (123,500 AU) across. Time is given in units of the initial free-fall time,
t↵ = 1.90⇥ 10

5 yr. The panels show the logarithm of mass weighted gas temperature, Tg, through the cloud, with the scale covering 9� 50 K. White dots
represent the stars and brown dwarfs.

the density exceeded 10

�10 g cm�3 (when the fragment was in the
‘first hydrostatic core’ stage of evolution) whereas with the radi-
ation hydrodynamics we do not insert sink particles until halfway
through the second collapse phase at a density of 10

�5 g cm�3

(see Section 2.2 for further details). The first core phase typically
lasts several thousand years, depending on the amount of rotation
(Bate 1998; Saigo & Tomisaka 2006; Saigo et al. 2008; Bate 2010a;
Machida et al. 2010; Machida & Matsumoto 2011; Bate 2011) and
accretion rate (Tomida et al. 2010).

In the panels of Figs. 2 and 3, we present snapshots of the
global evolution of the calculation. Fig. 2 displays the column
density (using a red-yellow-white colour scale), while Fig. 3 dis-

plays the mass-weighted temperature in the cloud (using a blue-red-
yellow-white colour scale). The column-density snapshots may be
compared with the figures in Bate (2009a) that show the barotropic
evolution. Animations of both the main barotropic calculation and
the radiation hydrodynamical calculation can be downloaded from
http://www.astro.ex.ac.uk/people/mbate/⇠.

Bate (2009c) found that barotropic and radiation hydrodynam-
ical calculations diverge quickly on small scales. In particular, it
was found that many massive circumstellar discs that quickly frag-
mented in barotropic calculations did not fragment, or took much
longer to fragment, when using radiation hydrodynamics. The ac-
cretion luminosity released as gas falls onto a disc and then spirals
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•   Salpeter (1955) - 
N(dM) ~ M-αdM - pure power 
law: α = 2.35

• Kroupa (2001) - Multiple power-
law segments

•  Chabrier (2003/2005) - power-
law above a certain mass (~0.8 
M⦿), log-normal below

•  de Marchi et al. (2005) - Tapered 
power-law

Famous forms of the IMF



The importance of the IMF

• Almost every observable property of a galaxy or stellar 
population depends on the IMF

• SFR indicators only sensitive to small range (high masses) - 
extrapolate down the IMF



The importance of the IMF

• Almost every observable property of a galaxy or stellar 
population depends on the IMF

• SFR indicators only sensitive to small range (high masses) - 
extrapolate down the IMF



The importance of the IMF

• Almost every observable property of a galaxy or stellar 
population depends on the IMF

• SFR indicators only sensitive to small range (high masses) - 
extrapolate down the IMF



• “Studies of the field, local young 
clusters and associations, and old 
globular clusters suggest that the 
vast majority were drawn from a 
“universal” IMF”  - Bastian, Covey, Meyer 
2010, ARAA

•  No systematic variations 
found

Studies of the IMF in the local Universe

E. Moraux



Dynamical evolution of the Mass Function

E. Moraux
Adams et al. 2002 
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Variations at the low-mass end of the IMF?

Alves de Oliveira

Cluster( Age((Myr)( α((
(dn/dm(~(m5α)(

References(

ρ"Ophiuchus* 1* 0.7*±*0.3* Alves*de*Oliveira*et*al.*2013,*Muench*et*
al.*2007,*Luhman*et*al.*2003*

ONC* 1* 0.3"0.6* Weights*et*al.*2009*

NGC*1333* 1* 0.6*±*0.1* Scholz*et*al.*2012,*Winston*et*al.*2009*

IC*348* 2* 0.7*±*0.4* Alves*de*Oliveira*et*al.*2013,*Muench*et*
al.*2007,*Luhman*et*al.*2003*

σ"Ori* 3* 0.6*±*0.2* Peña*Ramírez*et*al.*2012,*Caballero*et*
al.*2012,*Caballero*et*al.*2009;*Béjar*et*
al.*2011*

Cha"I* 3* No*variaVon* Muzic*et*al.*2011,*Muench*et*al.*2008,*
Luhman*et*al.*2007*

λ"Ori* 5* ~0.3* Bayo*et*al.*2011*

Upper*Sco* 5* No*variaVon* Lodieu*et*al.*2013,*Dawson*et*al.*2011*

Cluster*IMF*across*the*substellar*limit*(~0.03"0.3*M)*Cluster IMF across the substellar limit (~ 0.03 > 0.3 M⦿)



•  Problem: difficult to observe due to degeneracy with star 
formation history, extinction, & metallicity

Does the IMF vary outside the Milky Way?

z

and the gray line shows a simple fit to the points. Black points are
the same data, corrected to the modified Chabrier (2003) IMF
proposed in this paper. This correction is a combination of two
effects: a constant offset to account for the difference between a
Salpeter (1955) IMF (which is assumed in the quoted literature)
and a Chabrier (2003) IMF, and the redshift-dependent effect
shown in Figure 12a. As is clear from the black line, the cosmic
star formation history has a fairly well defined peak at z ! 1:5 if
the IMF depends on redshift.

7.4. M /L Ratios

The influence of an evolving IMF on theM /L ratios of galaxies
is complex, as several competing effects play a role. The number
of low-mass stars with respect to high-mass stars is reduced,
which lowers the M /L ratio as these stars contribute little to the
integrated light. However, for mck0:4 M" the number of turn-
off stars is also reduced (see Fig. 10), and these stars dominate the
light at rest-frame optical wavelengths. As a result, the net effect
of an increased mc on theM /L ratio is generally smaller than on
the star formation rate. A further complication is that the turnoff
mass can be similar to the characteristic mass (e.g., in elliptical
galaxies at low redshift where both values are!1M"). Thismeans
that the effect on theM /L ratio is not a constant, but depends on the
age of the population. A final complication is the mass in stellar
remnants, which is a larger fraction of the total stellar mass for
more top-heavy IMFs. As discussed by Maraston (2005) and in
x 6.6, IMFs that have a power-law slope of zero from 0.1 to 100M"

imply completely remnant-dominated mass functions at old ages,
with unrealistically high M /L ratios.

A correct treatment of these issues requires full stellar popula-
tion synthesis modeling, which is beyond the scope of the present
paper. Instead, we used simple stellar evolutionary tracks to esti-
mate what the net outcome is of the various competing mecha-
nisms. The Yale-Yonsei isochrones were used (Yi et al. 2003;
Demarque et al. 2004). Monte Carlo simulations of 100,000 stars
were generated, with solar metallicity, a range of ages, and a
Salpeter (1955) IMF. Next, the mass function was resampled to
match equation (18) for a grid of values ofmc. The total V-band
luminosity was determined by linearly adding the light of indi-
vidual stars. Themass in living stars was determined by integrating
equation (18) up to the turnoff mass. The mass in remnants was
calculated by integrating equation (18) from the turnoff mass to
100 M" and multiplying by the fraction of the initial mass that
is retained in the form of black holes, neutron stars, and white
dwarfs. This (age-dependent) fractionwas determined in the same
way as described in Bruzual & Charlot (2003).

The results are shown in Figure 13. At young ages the light is
dominated by relatively massive stars, and the behavior is similar
to that of the implied star formation rate (see Fig. 12a). At inter-
mediate ages and high values of mc the turnoff mass is similar to
the characteristic mass, and the effect on the luminosity is similar
to the effect on the mass. The net effect is a roughly constant
M /LV ratio as a function of mc. At the oldest ages the IMF be-
comes remnant dominated, with !80% of the mass in remnants
for an age of 10 Gyr and mc # 1:5 M". Therefore, the M /LV

ratios are actually higher than for a standard Chabrier (2003)
IMF with mc # 0:08 M", approaching or even exceeding those
implied by a Salpeter (1955) IMF. Although these results are
somewhat uncertain due to the crude nature of our modeling, the
qualitative conclusion is that theM /LV ratios of galaxies are not
necessarily strongly reduced by an evolving IMF, in contrast to
their star formation rates.

Fig. 12.—Effects of an evolving IMF on the cosmic star formation history.
The dashed line in (a) shows the change in the total initial stellar mass with
redshift, if the characteristic mass mc evolves according to eq. [20]. The solid
line shows the total mass relative to the mass in stars of >10 M", which supply
most of the UV luminosity. (b) Measurements of the volume-averaged star
formation rate, from Hopkins (2004) and Bouwens et al. (2007). Gray points are
for a Salpeter (1955) IMF, and black points are for a Chabrier (2003) IMF with
evolving mc. The modified evolution shows a peak at z ! 1:5.

Fig. 13.—Effects of a changing characteristic mass on the M /LV ratio for
stellar populations of ages 0.1, 0.3, 0.5, 3, 5, and 10 Gyr. The results for higher
ages are somewhat uncertain and noisy, largely due to numerical effects. For young
ages the M /L ratio steadily declines with increasing characteristic mass. The be-
havior is more complex when the characteristic mass is similar to the turnoff mass.
For mc ! 1 M" and old ages the mass function becomes remnant dominated, and
the M /L ratios approach those implied by a Salpeter (1955) IMF.
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What determines the IMF?



• Is the IMF related to how clouds fragment?

The Core Mass Function (CMF)
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• Is the IMF related to how clouds fragment?

The Core Mass Function (CMF)
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J. Alves et al.: The mass function of dense molecular cores and the origin of the IMF L19

Lombardi & Alves 2001). Such measurements are free from
many of the complications and systematic uncertainties that
plague molecular-line or dust emission data and thus enable ro-
bust maps of cloud structure to be constructed. We used data
from the recent wide-field extinction map of the Pipe Nebula
constructed by Lombardi et al. (2006), hereafter LAL06, using
2MASS data. The Pipe nebula is a virtually unstudied nearby
molecular cloud complex (Onishi et al. 1999; LAL06), at a dis-
tance of about 130 pc and with a total mass of !104 M".

2. Observations

The details of the extinction study are described in LAL06.
Briefly, this molecular complex was selected because 1) this is
one of the closest to Earth complexes of this size and mass, 2)
it is particularly well positioned along a relatively clean line of
sight to the rich star field of the Galactic bulge, which given
the close distance of the Pipe nebula allowed us to achieve spa-
tial resolutions of !0.03 pc, or about 3 times smaller the typical
dense core size, and 3) it exhibits very low levels of star forma-
tion suggesting that its dense cores likely represent a fair sam-
ple of the initial conditions of star formation. LAL06 applied a
3-band (1.25 µm, 1.65 µm, 2.2 µm) optimized version of this ex-
tinction method, the N!"#$ method (Lombardi & Alves 2001),
to about 4 million stars background to the Pipe nebula complex
to construct a 6# $ 8# dust column density map of this complex,
presented in Fig. 1. Because of the high dynamic range in col-
umn density achieved by this map (3! ! 0.5 < AV < 24 mag
or 1021 < NH < 5 $ 1022 cm%2), cores are easily visually identi-
fied as high contrast peaks embedded on rather smooth but vari-
able background (see Fig. 1). Unfortunately, because of the high
dynamic range and variable background, traditional source ex-
traction algorithms based on thresholding fail to identify these
objects in a coherent way. An alternative approach is to extract
cores based on their sizes, using a multi-scale algorithm. For this
study we used a algorithm developed by Vandame (2006, private
comm.), which, in brief, uses the wavelet transform of the image
to first identify and then reconstruct the dense cores1. This step
defines the projected core boundaries.

Masses are derived by integrating the extinction map over
the area of each core and multiplying by the standard gas-to-dust
ratio. The final Pipe core sample has 159 objects with e!ective
diameters between 0.1 and 0.4 pc (median size is 0.18 pc) and
peak extinctions that range from 3.0 to 24.3 visual magnitudes
(mean extinction is 8.4 mag). The derived core masses range be-
tween 0.5 to 28 M". The assessment of sample completeness
is non trivial because of the variable background. Nevertheless,
the completeness should not be dominated by confusion but
sensitivity, as the mean separation between cores, even in the
clustered regions, is well above the resolution of the map. We

1 Object identification in wavelet space: for a given scale i, structures
are isolated with classical thresholding at 3!i with !i being the noise
amplitude at scale i. A structure at scale i is connected with a structure
at scale i + 1 if its local maxima drops in the structure at scale i + 1.
The size scales considered were 2&, 4&, and 8& (0.08 pc, 0.15 pc, and
0.30 pc). One then builds a 3D distribution of significant structures (x,
y, and i). The algorithm developed by Vandame (2006, private comm.)
o!ers rules that split the 3D distribution into independent trees corre-
sponding to one core and its corresponding hierarchical details. Object
reconstruction: This same algorithm performs a complex iterative re-
construction of the cores following the trees defined in the previous
step. The final “cores only” image is validated by subtracting it from
the extinction map, e!ectively creating a smooth image of the variable
background.
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Fig. 2. Mass function of dense molecular cores plotted as filled circles
with error bars. The grey line is the stellar IMF for the Trapezium cluster
(Muench et al. 2002). The dashed grey line represents the stellar IMF
in binned form matching the resolution of the data and shifted to higher
masses by about a factor of 4. The dense core mass function is similar
in shape to the stellar IMF function, apart from a uniform star formation
e"ciency factor.

estimate, conservatively, that the sample is 90% complete at
about 1 M". The mean diameter of a 1 M" core is !0.2 pc, i.e.,
about six times the resolution of the map.

3. Results: The Dense Core Mass Function (DCMF)

The dense core mass function we derive from the above ob-
servations is presented in Fig. 22. For comparison we plot the
Trapezium cluster stellar IMF as a grey solid line (Muench
et al. 2002). This IMF consists of 3 power law segments with
breaks and 0.6 M" and 0.12 M". We find that the DCMF for the
Pipe Nebula is surprisingly similar in shape to the stellar IMF.
Specifically, both distributions are characterized by a Salpeter-
like power-law (Salpeter 1955) that rises with decreasing mass
until reaching a distinct break point, this is then followed by a
broad peak. Although similar in shape, the stellar and core mass
functions are characterized by decidedly di!erent mass scales.
The grey dashed line in Fig. 2 is not a fit to the data but sim-
ply the stellar IMF in binned form matched to the resolution of
the data, and shifted by a factor of 4 to the higher masses. The
break from the Salpeter-like slope seems to occur between 2 and
3 M" for the cloud cores instead of the 0.6 M" for the stellar case
(Muench et al. 2002).

The DCMF in Fig. 2 likely su!ers from two sources of uncer-
tainty: 1) the individual core masses are likely upper limits to the
true values since we made no corrections for the local extended
background on which most cores are embedded, and 2) the par-
ticular binning we chose may not produce the most accurate
representation of the underlying mass distribution. To address
point 1) we estimated a lower limit to the true core masses (and
the DCMF) by subtracting from each core its local background.
We then constructed a background subtracted DCMF and found

2 The full dataset is available in electronic form at the CDS.

Alves et al. 2007, A&A, 462, L17
André et al. 2010, A&A, 518, L102 



Does supersonic turbulence regulate cloud structure?

C. Federrath



• Predict that location of CMF depends on Mach number + 
density of region

• Only considered thermal support

• Suffers from “cloud-in-cloud” problem

spirit of Occam, let us consider the latter possibility. If, as
argued elsewhere by Elmegreen (2000a), star formation
essentially happens in a crossing time, then we may indeed
see only one generation of stars being produced at each
scale, rather than the repeated process implied by scaling
with the local dynamical time. The picture thus is one where
a particular MC forms as a consequence of the random
intersection of counterstreaming, supersonic motions (Bal-
lesteros-Paredes, Hartmann, & Vázquez-Semadeni 1999;
Hartmann, Ballesteros-Paredes, & Bergin 2001), internal
turbulence creates the distribution of core masses derived
above, and the cores are then grabbed by gravitation to
form one generation of stars. Energy feedback from stars
subsequently disperses the cloud before the process has time
to repeat.

In the process envisaged above, turbulent fragmentation
is responsible for creating the core mass distribution, while
gravity is only responsible for the collapse of each protostar.
The flattening and the turnaround of the IMF is also easily
accounted for in such a model. While scale-free turbulence
generates a power-law mass distribution down to very small
masses, only cores with a gravitational binding energy in
excess of their magnetic and thermal energy can collapse.
The shape of the stellar IMF is then determined by the PDF
of gas density, that is, by the probability of small cores to be
dense enough to collapse. The mass distribution of collaps-
ing cores derived in the previous section and based on the
lognormal PDF of mass density is indeed consistent with
the observed IMF.

The scaling of the mass where the IMF peaks can be
derived without a knowledge of the PDF of mass density,
using the scaling laws and the definition of the critical mass
for collapse. We first consider the magnetic critical mass,

mB ! mB; 0
B

B0

! "3 n

n0

! ""2

; #25$

wheremB; 0 is the magnetic critical mass at the average num-
ber density n0,

mB; 0 ! 8:3 M%
B0

8 lG

! "3! n0
103 cm"3

""2

; #26$

(McKee et al. 1993). Padoan & Nordlund (1999) have
shown that supersonic and super-Alfvénic turbulence gener-
ates a correlation between gas density and magnetic field
strength, consistent with the observational data. The two
most important properties of such a B-n relation are the
very large scatter and the power-law upper envelope
(B / n0:4). More recently, Padoan et al. (2001b) have com-
puted the magnetic field strength in dense cores produced in
numerical simulations of self-gravitating, supersonic, and
super-Alfvénic turbulence. They found typical field strength
as a function of column density in agreement with new com-
pilations of observational samples by Crutcher (1999) and
Bourke et al. (2001). Here we adopt the following empirical
B-n relation consistent with our previous works:

B ! B0
!

!0

! "0:5

; #27$

where the exponent is 0.5, and not 0.4 as reported above,
because we now refer to the average values of B inside bins
of n, and not to the upper envelope of the B-n relation,
as above. The slight steepening is due to the fact that the

Fig. 1.—Mass distributions of gravitationally unstable cores from eq.
(24). Top: Mass distribution for di!erent values of the largest turbulent
scale L0, assuming Larson-type relations (for rescaling n0 and MA; 0 with
L0), T0 ! 10 K, and " ! 1:8.Middle:Mass distribution for di!erent values
of MA; 0, assuming n0 ! 500 cm"3, T0 ! 10 K, and " ! 1:8. Bottom: Mass
distribution for di!erent values of n0, assumingMA; 0 ! 10, T0 ! 10 K, and
" ! 1:8. The mass distribution peaks at approximately 0.4M%, for the val-
ues MA; 0 ! 10, n0 ! 500 cm"3, T0 ! 10 K, and " ! 1:8, typical of nearby
molecular clouds.
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• Suffers from “cloud-in-cloud” problem
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ates a correlation between gas density and magnetic field
strength, consistent with the observational data. The two
most important properties of such a B-n relation are the
very large scatter and the power-law upper envelope
(B / n0:4). More recently, Padoan et al. (2001b) have com-
puted the magnetic field strength in dense cores produced in
numerical simulations of self-gravitating, supersonic, and
super-Alfvénic turbulence. They found typical field strength
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Bourke et al. (2001). Here we adopt the following empirical
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because we now refer to the average values of B inside bins
of n, and not to the upper envelope of the B-n relation,
as above. The slight steepening is due to the fact that the

Fig. 1.—Mass distributions of gravitationally unstable cores from eq.
(24). Top: Mass distribution for di!erent values of the largest turbulent
scale L0, assuming Larson-type relations (for rescaling n0 and MA; 0 with
L0), T0 ! 10 K, and " ! 1:8.Middle:Mass distribution for di!erent values
of MA; 0, assuming n0 ! 500 cm"3, T0 ! 10 K, and " ! 1:8. Bottom: Mass
distribution for di!erent values of n0, assumingMA; 0 ! 10, T0 ! 10 K, and
" ! 1:8. The mass distribution peaks at approximately 0.4M%, for the val-
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A solution from cosmology?



A solution from cosmology?

• “Count” mass above critical fluctuations

• Decouple from flow and gravitational collapse:

ρ ( < R ~ 1/k ) > ρcrit
Springel et al. 2005, Nature, 435, 629

• Press & Schechter (1974)

• Excursion set (Bond et al. 1991)



Breaking the density barrier
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The “crossing” events

Lo
g 

[ 
D

en
si

ty
 / 

M
ea

n 
]

Averaging Scale  R [pc]

First Crossing

Last crossing

GMCs / Cloud complexes

Prestellar cores

Clusters?

(IMF) P. H
opkins



• Used Press-Schechter (1974) formalism to construct a mass function 
of gravitationally bound structures.

• Account for non-thermal support

• Again found IMF dependency on cloud parameters 

Hennebelle & Chabrier (2008)
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Finally, in order to investigate the influence of turbulence on
star formation, we simultaneously varyM andM! while keep-
ing their ratio constant. This latter case corresponds to a cloud of
fixed size and density but of varying velocity dispersion. In this
case, the dependence of !(R) on R is properly taken into account.

The results are expressed in terms of M 0
J as defined by equa-

tion (18). Typically, for a cloud of density n̄ ’ 103 cm"3,M 0
J is

about 3 M#. For clouds of size ’1Y2 pc following the Larson
laws, typical Mach number values areM $ 6. Typical values of
M2

! are around 1Y2. These numbers must be considered as in-
dicative, given the large uncertainties that remain on the exact
conditions for star formation. In the following, the value of " is
taken to be equal to 0.4.

6.1. Thermal and Turbulent Support

Figure 1 portrays the mass spectrum obtained in the general
case (eq. [44]), for different values of M!, namely,M2

! % 0:1, 2,
and 5, at a fixedMach numberM % 6. For the first value of M!,
the influence of the turbulent support is negligible (M̃! ’ 30) and
the collapse is almost purely thermal. We see the steep cutoff at
large masses due to the # % "3 exponent in the power law, as
well as the sharp exponential cutoff at smallmasses. Asmentioned
above, this latter term derives from the general formalism and
from the critical density selection criterion and, thus, is not spe-
cifically due to turbulence, but to the lognormal distribution char-
acteristic of the density field.

As expected, for M2
! % 2 the behavior at small masses is

almost identical to the purely thermal case. The CMF/IMF peaks
at almost the same position, although fewer intermediate-mass
stars form because of the turbulent support, which prevents the
collapse of large structures into smaller ones. At large masses,
the CMF/IMF is less stiff than for the pure thermal case and has
an index close to the Salpeter value, asmentioned above. In the case
M2

! % 5, the number of intermediate-mass stars is even smaller,
but the peak of theCMF/IMF remainsweakly affected (as expected
from eq. [45]).

6.2. Influence of the Mach Number M
Figure 2 shows the CMF/IMF forM2

! % 2 and various values
of the Mach numberM. We stress that, sinceM! is maintained
as a constant, increasing the Mach number is not equivalent to
increasing the value of V0, but rather the size of the cloud.

Clearly, supersonic turbulence strongly enhances the collapse
of small-scale structures while the number of large-scale struc-

tures does not change significantly (for these values of M). This
stems from the fact that the transition mass,M"

! , defined by equa-
tion (38), is modified by the variance !, so that the exponential
cutoff occurs at much smaller masses, for a given hydrodynamic
Mach number M, than for the thermal case.
This shows that, if large-scale motions in molecular clouds are

strongly supersonic, theywill produce a large population of brown
dwarfs. It is the fact that small-scale structures become subsonic
(eq. [23]), and thus of a dominantly thermal nature, that they hardly
form gravitationally bound objects far away from themean Jeans
mass, and thus that brown dwarfs, although issued from the same
general formation mechanism, are not formed as efficiently as
( low-mass) stars around the mean Jeans mass. In the high-mass
regime, asmentioned above, turbulence yields a shallower power-
law tail than for thermal collapse. Mach number values M $ 6
yield the correct Salpeter index already forM kM 0

J , for a power
spectrum index n ’ 3:8 (" ’ 0:4), as inferred from recent high-
resolution simulations of supersonic turbulence (Kritsuk et al.
2007). As expected, the general case indeed lies between the
turbulence-dominated collapse behavior at large masses and the
thermal behavior at small scales. Not surprisingly, the character-
istic mass of the spectrum is fixed by the characteristic mass for
collapse, affected to some extent by the Mach number (which
enters the variance), illustrating the role played by gravity in this
collapse gravohydrodynamical picture.

6.3. Support versus Turbulent Triggering

A key, yet unsettled issue in the modern picture of star forma-
tion is to clearly understand the overall effect of turbulence on
this process. On the one hand, turbulence creates density enhance-
ments (obviously related toM, as given by eq. [39]) which tend
to favor gravitational instability. On the other hand, the turbulent
support tends to stabilize the gas (the turbulent support is due to
M! in our theory). Figures 1 and 2 show how the CMF/ IMF
changes withM andM!. However, if one increases the level of
turbulence in a cloud of fixed size and mass, both parameters
should change, while their ratio should remain constant. Figure 3
displays the mass spectrum obtained for three values of M,
namely,M % 3, 6, and 12, while keepingM/M! %

!!!
3

p
(Li /k0J )

"

constant and equal to 6/
!!!
2

p
(i.e., k0J /Li ’ 0:1), leading toM2

! %
0:5, 2, and 8, respectively. As expected, we obtain a combination
of the behaviors observed in Figures 1 and 2: the smaller the val-
ues of M andM!, the narrower themass range of star formation
around the characteristic massM 0

J . Conversely, largeMach num-
bers promote the formation of a larger number of low-mass and
high-mass stars, but produce fewer stars around M 0

J .

Fig. 1.—Mass spectrum forM % 6 and various values ofM2
!. For reference,

power-law distributions dN/dM / M"(x&1) are also plotted for x&1 % 2 and 2.3,
about the Salpeter value.

Fig. 2.—Mass spectrum for M2
! % 2 and various values of M.
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• Excursion-set version formalism -- designed to deal with cloud-in-
cloud problem 

• Can look at multiple “crossings” in the energy hierarchy

• Separates bound GMC complexes from clusters and stars

Hopkins (2012a,b, 2013)

2040 P. F. Hopkins

3 TH E C O R E M A S S F U N C T I O N : R I G O RO U S
S O L U T I O N S

We have now derived the rigorous solution for the number of bound
objects per interval in mass M, defined as the mass on the smallest
scale on which they are self-gravitating. To apply this to a phys-
ical system, we need the collapse barrier B(S) and variance S =
! 2(R) = ! 2(M). In HC08, B(S) is defined by the Jeans overdensity
"crit(R) > [c2

s + v2
t (R)]/4! G, but the normalization of the back-

ground density, cs, and vt is essentially arbitrary. Moreover, S is
not derived, but a simple phenomenological model is used, and the
authors avoid uncertainties related to this by dropping terms with a
derivative in S. In H12, we show how S(R) and B(S) can be derived
self-consistently on all scales for a galactic disc. For a given turbu-
lent power spectrum, together with the assumption that the disc is
marginally stable (Q = 1), S(R) can be calculated by integrating the
contribution from the velocity variance on all scales R! > R:

S(R) =
! "

0
! 2

k (M[k]) |W (k, R)|2 d ln k, (23)

! 2
k = ln

"
1 + 3

4
v2

t (k)
c2

s + #2 k#2

#
, (24)

where W is the window function for the density smoothing (for con-
venience, we take this to be a k-space top hat inside k < 1/R). This
is motivated by and closely related to the correlation between Mach
number and dispersion in turbulent box simulations (see Padoan
et al. 1997; Passot & Vazquez-Semadeni 1998; Federrath et al.
2008; Price et al. 2011). B(R) is properly given by

B(R) = ln
$

"crit

"0

%
+ S(R)

2
, (25)

"crit

"0
$ Q

2 #̃

$
1 + h

R

% "
! 2

g (R)

! 2
g (h)

h

R
+ #̃2 R

h

#
, (26)

where "0 is the mean mid-plane density of the disc, #̃ = #/$ =
%

2
for a constant-Vc disc and

! 2
g (R) = c2

s + v2
A +

&
v2

t (R)
'
. (27)

The mapping between radius and mass is

M(R) $ 4 !"crit h
3
"

R2

2 h2
+

$
1 + R

h

%
exp

$
# R

h

%
# 1

#
. (28)

It is easy to see that on small scales, these scalings reduce to the
Jeans criterion for a combination of thermal (cs), turbulent (vt) and
magnetic (vA) support, with M = (4!/3) "crit R

3; on large scales it
becomes the Toomre criterion with M = !%crit R

2.
Finally, we note that because the trajectories &(x | R) defined

above sample the Eulerian volume, the MF is given by

dn

dM
= "crit(M)

M
f'(M)

((((
dS

dM

((((. (29)

It is worth noting that, with S(R) and B(R) derived above, there
are only two free parameters that together completely specify the
model in dimensionless units. These are the spectral index p of the
turbulent velocity spectrum, E(k) & k#p (usually in the narrow range
p ' 5/3#2) and its normalization, which we parametrize as the
Mach number on large scales M2

h $ (v2
t (h))/(c2

s + v2
A). Of course,

we must specify the dimensional parameters h (or cs) and "0 to give
absolute units to the problem, but these simply rescale the predicted
quantities.

4 R ESULTS

Using these relations, we are now in a position to calculate the
last-crossing MF. Fig. 1 shows the results of calculating the last-
crossing distribution f '(S) for typical parameters p = 2 (Burgers’
turbulence, typical of highly supersonic turbulence) and Mh = 30
(typical for GMCs). First, we can confirm our analytic derivation
in equation (14). It is easy to calculate the last-crossing distribution
by generating a Monte Carlo ensemble of trajectories &(R) in the
standard manner of the excursion set formalism (beginning at R *
" and S = 0), and the details of this procedure are given in H12;
here we simply record the last downcrossing for each trajectory and
construct the MF. The result is statistically identical to the exact
solution. However, below the ‘turnover’ in the last-crossing MF, the
Monte Carlo method becomes extremely expensive and quite noisy,
because an extremely small fraction of the total galaxy volume is in
low-mass protostellar cores (sampling +0.1Msonic requires ,1010

trajectories).
We compare the last-crossing MF to the predicted first-crossing

distribution – i.e. the MF of bound objects defined on the largest
scale on which they are self-gravitating. The two are strikingly
different: they have different shapes, different power-law slopes,
and the ‘characteristic masses’ are separated by more than six orders
of magnitude! Clearly, it is critical to rigorously address the ‘cloud-
in-cloud’ problem when attempting to define either.

Physically, in H12 we argue that the first-crossing distribution
should be associated with the MF of GMCs, and show that it agrees
very well with observations of the same. The last-crossing distri-
bution, on the other hand, should correspond to the protostellar

Figure 1. Predicted last-crossing mass function (distribution of bound
masses measured on the smallest scale on which they are self-gravitating)
for a galactic disc with turbulent spectral index p = 2, and Mach number at
scale ,h ofMh = 30. In units of the sonic mass Msonic $ (2/3) c2

s Rsonic/G

and total disc gas mass Mgas, all other properties are completely specified
by disc stability. We calculate this with the analytic iterative solution to
equation (14); the standard Monte Carlo excursion set method gives an
identical result. We compare the first-crossing distribution – the distribution
of masses measured on the largest scale on which gas is self-gravitating,
which, as shown in H12, agrees extremely well with observed GMC mass
functions. The MF derived in HC08 by ignoring multiple crossings is also
shown. We compare the observed stellar IMF from Kroupa (2002) and
Chabrier (2003) (shifted to higher masses by a simple core-to-stellar mass
factor of 3).

C- 2012 The Author, MNRAS 423, 2037–2044
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• Turbulent fragmentation theories predict a population of cores (or 
“reservoirs”) than have a mass function (the CMF) that resembles the 
IMF.

• However, in some theories, the characteristic mass for star 
formation changes with the Mach number/cloud properties. 

• Potential to make a powerful prediction.

Summary of turbulent fragmentation

So is the IMF solved?! 



What is the relation between CMF and IMF ?



A connection between CMF and IMF implies...

• Neither accrete nor merge with siblings (or they must do so in a 
way that preserves the shape of the CMF)

• Fragment self-similarly (i.e. into roughly the same number of 
fragments)

• Have the same star formation efficiency, regardless of mass

• Form stars on a similar timescale

• Actually be capable of forming stars... (i.e. gravitationally bound)

Cores must:
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• Mass derived from column densities.

• Obtained mainly from dust emission

• Problem: flux from dust depends on 
T and dust properties 

• Number of  “Jeans masses” ∝T-3

Are observed cores “prestellar” ?

Ragan et al. 2012, A&A, 5 547, 49

14 Kelly et al.
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Fig. 6.— The left panel shows the distribution of ! and T for CB244 from minimizing "2 (black open circles) and the random draw
from the posterior distribution under our hierarchical Bayesian model (red triangles). The inset provides a close-up of the density of the
distribution, while the right panel shows a close-up of the hierarchical Bayesian values. As expected, the "2-based estimates display an
anti-correlation. However, the Bayesian estimates show a weak positive correlation, and there is a large range in ! at fixed T .

the red region do not include the contribution from the
calibration uncertainties, and thus it is not appropriate
to compare them directly to the data.
In order to assess the quality of fit, we compare the

measured fluxes with those predicted by our Bayesian
method for each of the three SEDs shown in Figure 7.
This is called a “posterior predictive check” (Rubin 1981,
1984; Gelman, Meng, & Stern 1996), and is commonly
used to assess the goodness-of-fit of a Bayesian model.
For each random draw from our MCMC sampler, we
simulate a flux value at each value of !, incorporating
the calibration error and measurement noise. Through
this process we build up a distribution of predicted fluxes
incorporating our uncertainty in the derived parameters.
The advantage of this approach is that we compare the
actual measured fluxes (which are considered fixed and
known) to a distribution of predicted fluxes, instead of
simply comparing the measured fluxes at each wave-
length to a single best-fit SED. Because the predicted
fluxes also have the calibration errors and noise folded
in, they are the appropriate quantity to compare to the
measured fluxes to test the quality of the fit, and not the
model greybody SEDs. Figure 7 also compares the mea-
sured fluxes with the ranges containing 95% of the values
predicted from our Bayesian approach. In all cases the
measured values fall within this range, showing that the
Bayesian results are consistent with the measured data,
and therefore provide an acceptable fit.
We also checked the derived calibration errors and their

uncertainties, in order to ensure that the derived calibra-
tions are consistent with those obtained from the data
reduction; i.e., that the calibration errors are consistent
with "j = 1. The estimated calibration errors and their
uncertainties are also listed in Table 2. The estimated
calibration errors are consistent with unity, implying that
we do not find any evidence for significant deviations
from the calibrations performed in the data reduction
which might be indicative of data systematics or model
mis-specification. Moreover, the posterior uncertainties
in the derived calibration errors are similar to the a pri-
ori assumed values of 15%, indicating that essentially
all of the information from the calibration errors comes
from the prior that we have placed on them. Because of

this, the fact that our method incorporates the calibra-
tion errors should not be interpreted as a recalibration of
the data. Rather, we have included the calibration errors
as nuisance parameters which are identified as an addi-
tional source of measurement error. Indeed, it is not the
absolute calibration which is included in our statistical
model, but rather the error in the calibration. The pos-
terior probability distributions that we obtain from our
MCMC method average over the unknown calibration er-
rors, thus ensuring that uncertainties in the calibration
are also reflected in the uncertainties in the derived grey-
body parameters, as well as reflected in the estimated
means and correlations (also see the discussion in § 4.3).
As an additional test, we perform cross-validation to

compare the hierarchical Bayesian estimates with the #2-
based ones. For this test, we randomly remove 10% of
our photometry, and then refit the remaining 90% of the
CB244 data. The resulting estimates of N(H),$, and T
were then used to predict the flux values for the 10% of
the data that were left out. If the hierarchical Bayesian
estimates provide a better description of the SED, then
they should do a better job of predicting the data that
is omitted from the fit. As a measure of the error in the
flux, we use the absolute value of the di!erence between
the measured flux and the model flux, divided by the
standard deviation of the noise in that band, %j . For our
Bayesian estimates, the median of this error is 0.55, while
the median for the #2 estimates is 0.90. The hierarchical
Bayesian estimates did a factor of ! 2 better than the
#2 estimates in predicting the flux values for data that
is omitted from the fit. This result suggests that the
Bayesian estimates provide a better description of the
SED, and are therefore more reliable than the #2 ones.
The temperature and $ maps of CB244 are shown in

Figure 8, along with contours of constant column density;
all maps were derived from the posterior median values.
The temperature tends to decrease toward the center of
the prestellar core, while the column density tends to
increase toward the center. The $-map illustrates that
the values of $ trace the column density values very well,
with $ decreasing toward the central, more dense regions.
The estimated $ values become noisy near the central
dense region of the core, with more drastic spatial vari-

Kelly et al. 2012, ApJ, 752, 55



• Magnetic field estimates are extremely difficult

• Tend to be consistent with Emag < Etherm -- but perhaps only marginally 
(Crutcher et al. 2009).

A
ndré et al. 2007,  A

&
A

, 472, 519

Are observed cores “prestellar”...?

• Kinetic energy 
estimates are easier to 
obtain ... but only exist 
for small fraction of 
cores w



• Cores need to fragment self-similarly if the mapping between CMF and 
IMF is to be preserved

• Need to prevent high-mass cores fragmenting into full clusters if the 
Jeans mass is low! 

Fragmentation within cores?
C

om
m

erçon et al. 2011, A
pJL 742, L9

• Radiative feedback and magnetic 
fields can inhibit fragmentation

• However can depend on the 
geometry and properties (e.g. 
turbulence)

weak B field strong B field



• CMF peaks at higher masses than IMF 
(Alves et al. 2007; Nutter et al. 2007; Enoch et al. 
2008, André et al. 2010)

• Implies a 30% to 50% efficiency (for single 
stars or binaries/multiples)

Star formation efficiency within cores

J. Alves et al.: The mass function of dense molecular cores and the origin of the IMF L19

Lombardi & Alves 2001). Such measurements are free from
many of the complications and systematic uncertainties that
plague molecular-line or dust emission data and thus enable ro-
bust maps of cloud structure to be constructed. We used data
from the recent wide-field extinction map of the Pipe Nebula
constructed by Lombardi et al. (2006), hereafter LAL06, using
2MASS data. The Pipe nebula is a virtually unstudied nearby
molecular cloud complex (Onishi et al. 1999; LAL06), at a dis-
tance of about 130 pc and with a total mass of !104 M".

2. Observations

The details of the extinction study are described in LAL06.
Briefly, this molecular complex was selected because 1) this is
one of the closest to Earth complexes of this size and mass, 2)
it is particularly well positioned along a relatively clean line of
sight to the rich star field of the Galactic bulge, which given
the close distance of the Pipe nebula allowed us to achieve spa-
tial resolutions of !0.03 pc, or about 3 times smaller the typical
dense core size, and 3) it exhibits very low levels of star forma-
tion suggesting that its dense cores likely represent a fair sam-
ple of the initial conditions of star formation. LAL06 applied a
3-band (1.25 µm, 1.65 µm, 2.2 µm) optimized version of this ex-
tinction method, the N!"#$ method (Lombardi & Alves 2001),
to about 4 million stars background to the Pipe nebula complex
to construct a 6# $ 8# dust column density map of this complex,
presented in Fig. 1. Because of the high dynamic range in col-
umn density achieved by this map (3! ! 0.5 < AV < 24 mag
or 1021 < NH < 5 $ 1022 cm%2), cores are easily visually identi-
fied as high contrast peaks embedded on rather smooth but vari-
able background (see Fig. 1). Unfortunately, because of the high
dynamic range and variable background, traditional source ex-
traction algorithms based on thresholding fail to identify these
objects in a coherent way. An alternative approach is to extract
cores based on their sizes, using a multi-scale algorithm. For this
study we used a algorithm developed by Vandame (2006, private
comm.), which, in brief, uses the wavelet transform of the image
to first identify and then reconstruct the dense cores1. This step
defines the projected core boundaries.

Masses are derived by integrating the extinction map over
the area of each core and multiplying by the standard gas-to-dust
ratio. The final Pipe core sample has 159 objects with e!ective
diameters between 0.1 and 0.4 pc (median size is 0.18 pc) and
peak extinctions that range from 3.0 to 24.3 visual magnitudes
(mean extinction is 8.4 mag). The derived core masses range be-
tween 0.5 to 28 M". The assessment of sample completeness
is non trivial because of the variable background. Nevertheless,
the completeness should not be dominated by confusion but
sensitivity, as the mean separation between cores, even in the
clustered regions, is well above the resolution of the map. We

1 Object identification in wavelet space: for a given scale i, structures
are isolated with classical thresholding at 3!i with !i being the noise
amplitude at scale i. A structure at scale i is connected with a structure
at scale i + 1 if its local maxima drops in the structure at scale i + 1.
The size scales considered were 2&, 4&, and 8& (0.08 pc, 0.15 pc, and
0.30 pc). One then builds a 3D distribution of significant structures (x,
y, and i). The algorithm developed by Vandame (2006, private comm.)
o!ers rules that split the 3D distribution into independent trees corre-
sponding to one core and its corresponding hierarchical details. Object
reconstruction: This same algorithm performs a complex iterative re-
construction of the cores following the trees defined in the previous
step. The final “cores only” image is validated by subtracting it from
the extinction map, e!ectively creating a smooth image of the variable
background.
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Fig. 2. Mass function of dense molecular cores plotted as filled circles
with error bars. The grey line is the stellar IMF for the Trapezium cluster
(Muench et al. 2002). The dashed grey line represents the stellar IMF
in binned form matching the resolution of the data and shifted to higher
masses by about a factor of 4. The dense core mass function is similar
in shape to the stellar IMF function, apart from a uniform star formation
e"ciency factor.

estimate, conservatively, that the sample is 90% complete at
about 1 M". The mean diameter of a 1 M" core is !0.2 pc, i.e.,
about six times the resolution of the map.

3. Results: The Dense Core Mass Function (DCMF)

The dense core mass function we derive from the above ob-
servations is presented in Fig. 22. For comparison we plot the
Trapezium cluster stellar IMF as a grey solid line (Muench
et al. 2002). This IMF consists of 3 power law segments with
breaks and 0.6 M" and 0.12 M". We find that the DCMF for the
Pipe Nebula is surprisingly similar in shape to the stellar IMF.
Specifically, both distributions are characterized by a Salpeter-
like power-law (Salpeter 1955) that rises with decreasing mass
until reaching a distinct break point, this is then followed by a
broad peak. Although similar in shape, the stellar and core mass
functions are characterized by decidedly di!erent mass scales.
The grey dashed line in Fig. 2 is not a fit to the data but sim-
ply the stellar IMF in binned form matched to the resolution of
the data, and shifted by a factor of 4 to the higher masses. The
break from the Salpeter-like slope seems to occur between 2 and
3 M" for the cloud cores instead of the 0.6 M" for the stellar case
(Muench et al. 2002).

The DCMF in Fig. 2 likely su!ers from two sources of uncer-
tainty: 1) the individual core masses are likely upper limits to the
true values since we made no corrections for the local extended
background on which most cores are embedded, and 2) the par-
ticular binning we chose may not produce the most accurate
representation of the underlying mass distribution. To address
point 1) we estimated a lower limit to the true core masses (and
the DCMF) by subtracting from each core its local background.
We then constructed a background subtracted DCMF and found

2 The full dataset is available in electronic form at the CDS.

Alves et al. 2007, A&A, 462, L17
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• Self-regularisation of the efficiency has 
only been tested in a few cases (e.g Machida 
et al. 2009, Seifried et al. 2012, Price et al. 2012) 
and for idealised physics. 



• CMF peaks at higher masses than IMF 
(Alves et al. 2007; Nutter et al. 2007; Enoch et al. 
2008, André et al. 2010)

• Implies a 30% to 50% efficiency (for single 
stars or binaries/multiples)

Star formation efficiency within cores
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Lombardi & Alves 2001). Such measurements are free from
many of the complications and systematic uncertainties that
plague molecular-line or dust emission data and thus enable ro-
bust maps of cloud structure to be constructed. We used data
from the recent wide-field extinction map of the Pipe Nebula
constructed by Lombardi et al. (2006), hereafter LAL06, using
2MASS data. The Pipe nebula is a virtually unstudied nearby
molecular cloud complex (Onishi et al. 1999; LAL06), at a dis-
tance of about 130 pc and with a total mass of !104 M".

2. Observations

The details of the extinction study are described in LAL06.
Briefly, this molecular complex was selected because 1) this is
one of the closest to Earth complexes of this size and mass, 2)
it is particularly well positioned along a relatively clean line of
sight to the rich star field of the Galactic bulge, which given
the close distance of the Pipe nebula allowed us to achieve spa-
tial resolutions of !0.03 pc, or about 3 times smaller the typical
dense core size, and 3) it exhibits very low levels of star forma-
tion suggesting that its dense cores likely represent a fair sam-
ple of the initial conditions of star formation. LAL06 applied a
3-band (1.25 µm, 1.65 µm, 2.2 µm) optimized version of this ex-
tinction method, the N!"#$ method (Lombardi & Alves 2001),
to about 4 million stars background to the Pipe nebula complex
to construct a 6# $ 8# dust column density map of this complex,
presented in Fig. 1. Because of the high dynamic range in col-
umn density achieved by this map (3! ! 0.5 < AV < 24 mag
or 1021 < NH < 5 $ 1022 cm%2), cores are easily visually identi-
fied as high contrast peaks embedded on rather smooth but vari-
able background (see Fig. 1). Unfortunately, because of the high
dynamic range and variable background, traditional source ex-
traction algorithms based on thresholding fail to identify these
objects in a coherent way. An alternative approach is to extract
cores based on their sizes, using a multi-scale algorithm. For this
study we used a algorithm developed by Vandame (2006, private
comm.), which, in brief, uses the wavelet transform of the image
to first identify and then reconstruct the dense cores1. This step
defines the projected core boundaries.

Masses are derived by integrating the extinction map over
the area of each core and multiplying by the standard gas-to-dust
ratio. The final Pipe core sample has 159 objects with e!ective
diameters between 0.1 and 0.4 pc (median size is 0.18 pc) and
peak extinctions that range from 3.0 to 24.3 visual magnitudes
(mean extinction is 8.4 mag). The derived core masses range be-
tween 0.5 to 28 M". The assessment of sample completeness
is non trivial because of the variable background. Nevertheless,
the completeness should not be dominated by confusion but
sensitivity, as the mean separation between cores, even in the
clustered regions, is well above the resolution of the map. We

1 Object identification in wavelet space: for a given scale i, structures
are isolated with classical thresholding at 3!i with !i being the noise
amplitude at scale i. A structure at scale i is connected with a structure
at scale i + 1 if its local maxima drops in the structure at scale i + 1.
The size scales considered were 2&, 4&, and 8& (0.08 pc, 0.15 pc, and
0.30 pc). One then builds a 3D distribution of significant structures (x,
y, and i). The algorithm developed by Vandame (2006, private comm.)
o!ers rules that split the 3D distribution into independent trees corre-
sponding to one core and its corresponding hierarchical details. Object
reconstruction: This same algorithm performs a complex iterative re-
construction of the cores following the trees defined in the previous
step. The final “cores only” image is validated by subtracting it from
the extinction map, e!ectively creating a smooth image of the variable
background.
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Fig. 2. Mass function of dense molecular cores plotted as filled circles
with error bars. The grey line is the stellar IMF for the Trapezium cluster
(Muench et al. 2002). The dashed grey line represents the stellar IMF
in binned form matching the resolution of the data and shifted to higher
masses by about a factor of 4. The dense core mass function is similar
in shape to the stellar IMF function, apart from a uniform star formation
e"ciency factor.

estimate, conservatively, that the sample is 90% complete at
about 1 M". The mean diameter of a 1 M" core is !0.2 pc, i.e.,
about six times the resolution of the map.

3. Results: The Dense Core Mass Function (DCMF)

The dense core mass function we derive from the above ob-
servations is presented in Fig. 22. For comparison we plot the
Trapezium cluster stellar IMF as a grey solid line (Muench
et al. 2002). This IMF consists of 3 power law segments with
breaks and 0.6 M" and 0.12 M". We find that the DCMF for the
Pipe Nebula is surprisingly similar in shape to the stellar IMF.
Specifically, both distributions are characterized by a Salpeter-
like power-law (Salpeter 1955) that rises with decreasing mass
until reaching a distinct break point, this is then followed by a
broad peak. Although similar in shape, the stellar and core mass
functions are characterized by decidedly di!erent mass scales.
The grey dashed line in Fig. 2 is not a fit to the data but sim-
ply the stellar IMF in binned form matched to the resolution of
the data, and shifted by a factor of 4 to the higher masses. The
break from the Salpeter-like slope seems to occur between 2 and
3 M" for the cloud cores instead of the 0.6 M" for the stellar case
(Muench et al. 2002).

The DCMF in Fig. 2 likely su!ers from two sources of uncer-
tainty: 1) the individual core masses are likely upper limits to the
true values since we made no corrections for the local extended
background on which most cores are embedded, and 2) the par-
ticular binning we chose may not produce the most accurate
representation of the underlying mass distribution. To address
point 1) we estimated a lower limit to the true core masses (and
the DCMF) by subtracting from each core its local background.
We then constructed a background subtracted DCMF and found

2 The full dataset is available in electronic form at the CDS.

Alves et al. 2007, A&A, 462, L17
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• Self-regularisation of the efficiency has 
only been tested in a few cases (e.g Machida 
et al. 2009, Seifried et al. 2012, Price et al. 2012) 
and for idealised physics. 



• Community is still developing a picture of where cores fit into the 
puzzle. 

• Some aspects remain an enigma: 

‣ Cores in The Pipe look like the IMF... yet are not bound 
(pressure confined)

‣ CMF in Aquila has a (roughly) similar shape to those in nearby 
regions, yet also unbound, and shifted to much lower masses.

• Observationally, the key may be in constraining the Class 0 CMF

An emerging picture of the core phase



• Numerical simulations allow us to perform experiments 

• Can explore which bits of physics can alter the IMF

• Focus has mainly been on end-products of the simulations (i.e. the 
properties of the ‘sink particles’)

Numerical simulations as a test-bed for IMF theory



Properties that impact the IMF (in simulations) 
but probably shouldn’t



• Thermal jeans mass (Klessen et al. 1998; Bate & 
Bonnell 2005; Jappsen et al. 2005; Bonnell et al. 2006, Larson 
2005)

• Initial density/cloud profile
• Turbulent driving scale (although not well constrained)

Forms 1
more massive

star

Initial conditions: (temperature,  density)

Should not 
impact the IMF

Girichidis et al. 2011, ApJ, 413, 2741

Girichidis et al. 2011, ApJ, 413, 2741



Properties that do not Impact the IMF 
(simulations and observations generally agree)



Krumholz et al. 2012, 
ApJ, 754, 71

Bate 2012, 
MNRAS,419, 3115

Periodic 
Box

Isolated Cloud
(Constant Density Sphere)

Vazquez-Semadeni et al 2011, 
MNRAS, 414, 2511

Colliding
Flows

Cloud initialisation 
Does not 

impact the IMF

• Simulations of isolated cloud and pieces of 
clouds can reproduce the observed IMF



Krumholz et al. 2012, 
ApJ, 754, 71

Bate 2012, 
MNRAS,419, 3115

Periodic 
Box

Isolated Cloud
(Constant Density Sphere)

Vazquez-Semadeni et al 2011, 
MNRAS, 414, 2511

Colliding
Flows

Still need higher
resolution to 

determine an IMF

Cloud initialisation 
Does not 

impact the IMF

• Simulations of isolated cloud and pieces of 
clouds can reproduce the observed IMF



Bate 2009, 
MNRAS, 397, 232

Turbulent Power 
Spectrum

P(k)∝kβ : β= -4, -6  

Girichidis et al. 2011, MNRAS, 413, 2741

compressive mixed solenoidal

Does not 
impact the IMF Turbulence properties
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Does not 

impact the IMF Thermal assumptions

• Variation in metallicity by a factor of 20 does not 
change the IMF (see also poster by Bate: 1G018)

• Need to go to much lower metallicities (< 10-5 

Z⦿) before changes are seen (Clark et al. 2008, 2011; 
Dopcke et al. 2011, 2012)

M
yers et al. 2011,  A

pJ, 735, 49



Properties that impact IMF 
(and simulations suggest are necessary)



Does 
impact the IMF Radiation Transfer (RT)

Without radiation transfer there are too many BDs

No RT With RT



Krumholz et al. 2012, ApJ, 545, 46 

See also: Li et al. 2010; Hansen et al. 2011

S. Offner

Kinetic feedback

Outflows drive turbulence and 
lower the characteristic stellar 
mass

Does 
impact the IMF

WindNon Wind
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Li et al. 2010, A
pJ, 720, 26 

Hocuk et al. 2012, A&A, 545, 46 

Increasing B

Does 
impact the IMF Magnetic fields

Increasing magnetic field lowers 
the IMF break mass and 
characteristic mass
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Secondary metrics?



O
ffner et a. 2008, A

J, 136, 404
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Secondary
metrics? Gas Kinematics

• Low-mass cores have sub-sonic linewidths (see also: 
Kirk et al. 2007;  André et al. 2007;  Ayliffe et al. 2007)

• Other gas metrics: 
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Synthetic N2H+

observation
 core los motion, core-envelope velocity offset,
 core coherence 



Bate 2012

Krumholz et 
al. 2012

Observed 
field multiplicity

Secondary
metrics? Multiplicity

Simulations with RT 
can reproduce 
observed multiplicity



• Observationally, there is much debate regarding the IMF, particularly 
beyond the Milky Way. 

• However the IMF in local regions appears robust against major changes 
(except perhaps at the very low mass end)

• Fragmentation theories have advanced considerably in the last decade 
and can now explain the CMF and cloud structure over a wide variety 
of scales.

• Simulations are now able to include/test a wide range of physical 
processes

• The simulations now suggest that both isolated fragmentation and 
dynamical effects (e.g. “competitive accretion”, or feedback) are 
important for setting the IMF.

Summary
(what’s new since PPV)



Outlook...

• We are getting more information on the IMF in extreme environments, 
including the Galactic Centre (e.g. Lu et al. 2013).

• Prestellar core properties can now be better constrained by the 
observations.

• Simulations still need to test the connection between the CMF and IMF.

• Also require more synthetic observations of  “cores” and their 
evolution.


