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are often misinterpreted, but perhaps more pernicious are the subtle implications of confusing less
precise descriptions of the mass function slope: An IMF that is “flat” or “falling” in logarithmic
units can still be rising in linear units! A key reference point in this discussion is the relative
amount of mass contained within equally sized logarithmic mass bins. Taking the first moment
of the distribution described by Equation 2 with respect to mass, we can calculate the total mass
within a logarithmic interval. The critical slope is α > 2 (" > 1), where the amount of mass per
equal-sized logarithmic bin is larger for the lower mass bins.

The logarithmic formalism of the IMF is preferred by some researchers for two reasons: (a) It
provides a quick estimate of the relative stellar mass in decadal bins, and (b) it permits description of
the IMF as a log-normal function. The log-normal form of the IMF was first introduced by Miller
& Scalo (1979), and a theoretical explanation was offered by Zinnecker (1984; see also Larson
1973), who invoked the central limit theorem. The central limit theorem states that any function
resulting from the sum of an infinite number of independent variables can be described by a normal
or Gaussian distribution function. If we imagine star formation as a complex transformation where
stellar mass is determined by the product of several variables and then take the log, we have that
log m is the sum of a series of possibly independent distribution functions. If the series is infinite and
the variables are truly independent, we can then expect the distribution of log m to follow a Gaussian
form. In short, if star formation is very complex, it would not be a surprise if the distribution of
log m were Gaussian, that is, log-normal (see Adams & Fatuzzo 1996) and have the form

φ(m) ∼ e−
(log m−log mc )2

2σ 2 . (5)

Hereafter, we refer to the variable mc as the characteristic mass in a log-normal IMF. A log-normal
function is shown as a solid line in Figure 1 as the base of the IMF. It is useful to note that the
power-law form of the IMF (dN/d log m) is a straight line in this log-log plot. If we imagine that

log stellar mass (log M☉)

–6
–4 –2 0 2

–5

– 4

–3

–2

–1

0

lo
g 

(d
N

/d
 lo

g
 m

) 

Mean mass

σ
High-
mass break

High-
mass slope

Low-
mass slope

Low-
mass break 2

4

58

6

7

3

Lower
mass
limit

Upper
mass
limit

1

Figure 1
Schematic of an eight-parameter initial mass function (IMF). The “base” of the IMF is approximated as a
log-normal distribution (shown as a solid blue line) with a (1) characteristic mass and (2) dispersion (σ ). On the
high-mass side are the additional parameters of the (3) high-mass break, (4) high-mass slope (shown as a
dashed-dotted red line) and (5) upper mass limit (represented by a dashed dark yellow line). Parameters 6, 7, and
8 are the equivalent on the low-mass end.
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Figure 3
The derived present-day mass function of a sample of young star-forming regions (Section 2.3), open clusters spanning a large age
range (Section 2.2), and old globular clusters (Section 4.2.1) from the compilation of G. de Marchi, F. Parsesce, and S. Portegies Zwart
(submitted). Additionally, we show the inferred field star initial mass function (IMF) (Section 2.1). The gray dashed lines represent
“tapered power-law” fits to the data (Equation 6). The black arrows show the characteristic mass of each fit (mp), the dotted line indicates
the mean characteristic mass of the clusters in each panel, and the shaded region shows the standard deviation of the characteristic
masses in that panel (the field star IMF is not included in the calculation of the mean/standard deviation). The observations are
consistent with a single underlying IMF, although the scatter at and below the stellar/substellar boundary clearly calls for further study.
The shift of the globular clusters characteristic mass to higher masses is expected from considerations of dynamical evolution.

2008; Kruijssen 2009). Hence, there is an expected, and observed, correlation of mp with the cluster
relaxation time (G. de Marchi, F. Paresce, and S. Portegies Zwart, submitted).

2.3. Young Clusters and Associations
2.3.1. Primordial and dynamical mass segregation. An additional complication in IMF studies
comes from the spatial distribution of stars within a cluster or association. The most massive stars
in large, young clusters are often located in a cluster’s innermost regions. This phenomenon is
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The Initial Mass Function
(Salpeter 1955, Kroupa 2002, Chabrier 2003, Hillenbrand 2004, Moraux+2007, Bastien+2010, Offner+2014)

IMF seems pretty universal
Why ?

Bastien+2010



The Core Mass Function
(cores are progenitors of stars and likely set their mass)

(Motte et al. 1998, Testi & Sargent 1998, Alves et al. 2007, Johnstone et al.  2002, Enoch et al. 2008, Simpson et 
al. 2008, André et al. 2010, Konyves et al. 2010, 2015)

CMF in Aquila molecular cloud Core distribution from Herschel

Konyves, André et al. 2015 

Is the Core mass function (CMF) at the origin of 
the initial mass function (IMF) ?



Many works have attempted to get the Core Mass Function
(e.g. Klessen 2000, Klessen & Burkert 2001, Padoan+2007, H& Chabrier 2008, Gong & Ostriker 2011, 2013, 
2015, Hopkins 2013, Chen & Ostriker 2014, Lee, H & Chabrier 2017)

Problem: results depend on initial conditions
Vary with mean density for example => 
difficult to explain the universality of the IMF

Gong & Ostriker 2011

Predicted 
CMF

Observed 
IMF

H & Chabrier 2008

“Press & Schecter” type of analysis
Salpeter = gravity+turbulent support



Getting the IMF/sink-MF from collapsing molecular clouds
(Bate 2003, 2012…, Japsen+2005, Bonnell+2011, Krumholz+2012, 
Girichidis+2011, Ballesteros-Paredes+2015)

Bate 2012

Ballesteros-Paredes+2012
Girichidis+2011



Performing a series of numerical experiments to investigate in 
a systematic way what are the important dependence of the 
mass spectrum

-RAMSES code is used (Teyssier 2002, Fromang+2006)

-1000 Ms clouds 

-shallow density profile initially

-”turbulence” added (random phase) but the cloud is relaxed before gravity is switched on

-equation of state to mimic dust opacity at high temperature  T=T0 (1 + (n/nad) )g

=> Isothermal to adiabatic transition

-sink particles being used (Bleuler & Teyssier 2013). Density threshold 1010-11 cm-3

-numerical resolution goes from 17 to 2 AU, numerical convergence is checked

Density, turbulence, magnetic field, equation of state and numerical resolution are all varied.

Lee&H 2018ab



Some examples of column density and sinks super-imposed

Zoom

Lee&H 2018ab



Influence of the initial cloud density on the mass spectrum

Initial density~ 103 cm-3  (óE_turbulent / E_thermal)

Initial density ~107 cm-3

At low density, the mass spectrum is flat (dN/dlogM a M0)
Similar to pop III IMF

At higher density, the mass spectrum peaks at ~0.1 Ms and follow
dN/dlogM a M-3/4, irrespectively of the density

=> The peak of the IMF does not depend on the mean Jeans mass

Lee&H 2018ab



Influence of the initial cloud turbulence on the mass spectrum

avir = 0.1 

avir = 1.5

The mass spectrum depends weakly on the initial level of turbulence
(peak and slope do not vary much)

At very low values, dominated by a massive stars and mass spectrum is flat

Lee&H 2018ab



Influence of the initial magnetisation on the IMF

b=0.125
M=2.5

b=0.25
M=5

b=inf
M=inf

The mass spectrum depends weakly on the initial level of magnetisation
(peak and slope do not vary)

Lee&H 2018 in prep



Influence of the numerical resolution on the mass spectrum

17 AU

8 AU

4 AU

Isothermal Standard EOS

The mass spectrum depends critically on numerical resolution when it is 
isothermal while is insensitive to it when the standard EOS is used

Lee&H 2018ab



Influence of the EOS on the mass spectrum

nad=1010cm-3

g=5/3

nad=3 109cm-3

g=5/3

nad=109cm-3

g=5/3

nad=1010cm-3

g=4/3

nad=109cm-3

g=4/3

The mass spectrum depends critically  on the equation of state
(both the adiabatic density and the index)

Lee&H 2018ab

T=T0 (1 + (n/nad) )g



Direct link between the peak of the mass spectrum and 
the mass of the first Larson core

Peak of the IMF = 10*Mass of the first Larson hydrostatic core

Factor 10 due to tidal forces stabilizing the accreting core 
neighbourhood

Lee&H 2018ab

Density profile of the first Larson core Mass of the peak vs Mass of  the first Larson core



Summary: what can we conclude from these numerical experiments ?

Mass spectrum presents two parts:

-a power-law with index of about 0 or ~-1 (> -1)
0 at very low density 
>-1 otherwise

-a robust peak close to 0.1 Ms for standard EOS 
and more generally 10*Mass of Larson core

These two aspects are important and need to be understood



Analytical approach to understand the mass spectrum

Balance of unstable 
mass through scales

Virial theorem:
Condition for unstability

=>Mass spectra :
(depends on density PDF
and mass-size relation) 

=>Mass-size relation

(H& Chabrier 2008)



Density PDF within collapsing clouds 

Initial density 103 cm-3 Initial density 107 cm-3

(e.g. Kritsuk+2011, H& Falgarone 2012)

Lee&H 2018ab



Analytical prediction for the mass spectrum with a powerlaw PDF

Thermal support
dominates :

Turbulent support
dominates :

Asymptotic behaviour:

Lee&H 2018ab



Comparing the analytical prediction and the simulation results: 
mass spectrum

Initial density 103 cm-3 Initial density 3 104 cm-3

Initial density 106 cm-3 Initial density 107 cm-3

Lee&H 2018ab



Comparing the analytical prediction and the simulation results: 
accretion timescale

Initial density 103 cm-3 Initial density 3 104 cm-3

Initial density 106 cm-3 Initial density 107 cm-3

Thermal support
dominates :

Turbulent support
dominates :

Analytical
prediction

Lee&H 2018ab



The critical role of tidal forces  

Tidal forces

Self-gravitational forces

For a perturbation to become unstable, self-gravity needs to supersede tidal forces
(due to central object and accreting envelope) as well as thermal pressure 



The critical role of tidal forces in equations  

Density of the envelope

Density of the perturbation

2 conditions for the 
perturbation
to be unstable



The critical role of tidal forces: results

Minimum amplitude of the
unstable perturbations

Radius of the
unstable perturbations

Distance from the central object

Lee&H 2018ab



The link between the peak of the IMF and the 
mass of the first Larson core 

The gas inbetween the central
object and the first fragment
is accreted by the central fragment  

The mean number of fragments at radius r is:

where P is the PDF of the density 
fluctuations (on top of the 1/r2 mean 
density)

The final mass of the central fragment is 
the mass inside the sphere of radius rp

Lee&H 2018ab



Conclusions

During the collapse of a massive clouds a IMF-like distribution of stars forms

-a power-law with index -3/4 (or 0 if thermal support is too high)

-a peak that depends only on the EOS and Mpeak ~ 10* Mlarson

General proposition regarding the IMF:

The peak of the IMF is universal because it is local physics (EOS, collapse, tidal forces)

There are “probably” 2 powerlaw regimes:

-Salpeter-like (-1.3) due to turbulent dispersion and gravity in a lognormal PDF density

-more shallow (-3/4) due to turbulent dispersion and gravity in a powerlaw PDF



Analytical prediction for the mass spectrum with a lognormal PDF

Thermal support
dominates :

Turbulent support
dominates :

Asymptotic behaviour:

Lee&H 2018ab



Looking at the surrounding gas around sinks

Singular isothermal
sphere

Around the sinks: an 1/r2 density profile
At early times, r ~A*rsis (A~10) and decays at later times

Initial density 103 cm-3

Initial density 106 cm-3

Young sinks Old sinks

Lee&H 2018ab



Looking at the surrounding neighbours of the sinks

Very dense gas around the sinks but… neighbours are far !

Something stabilizes the gas in the vicinity of existing stars/sinks. What is it ? 

Lee&H 2018ab



Hillenbrand 2004 Alves de Oliveira 2013

The Initial Mass Function
(Salpeter 1955, Kroupa 2002, Chabrier 2003, Hillenbrand 2004, Moraux+2007, Bastien+2010, Offner+2014)








