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The	  Big	  Problems	  in	  Star	  
Formation	  (Simulations)	  

• What	  determines	  the	  stellar	  initial	  mass	  
function,	  and	  does	  it	  vary?	  

• What	  controls	  the	  star	  formation	  rate	  
within	  a	  galaxy?	  



Physical	  Ingredients	  
•  MHD	  +	  gravity	  (all	  scales)	  
•  Non-‐ideal	  MHD	  (n	  >~	  106	  cm−3)	  
•  Radiative	  cooling	  by	  lines	  (n	  <~	  104	  cm−3)	  
•  Radiative	  heating	  /	  cooling	  /	  pressure	  from	  
dust-‐starlight	  interaction	  (n	  >~	  104	  cm−3)	  

•  Feedback:	  ionization,	  jets,	  winds,	  Sne	  
•  Chemistry	  (H2,	  CO	  formation;	  n	  <~	  103	  cm−3)	  
•  Dynamic	  range:	  rGMC	  /	  r¤	  ~	  109,	  tGMC	  /	  t¤	  ~	  109	  

NO	  code	  includes	  all	  physics	  OR	  full	  dynamic	  range	  



The	  IMF:	  Observations	  

Bastian+	  (2010)	  
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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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Fig. 2.— Recent IMF estimates for 8 star forming regions:
NGC1333, Scholz et al. 2012; IC348, Alves de Oliveira
et al. 2013; NGC6611, Oliveira et al. 2009; NGC2264,
Sung and Bessell 2010; Cha I, Luhman 2007; � Ori,
Peña Ramı́rez et al. 2012; � Ori, Bayo et al. 2011 and Up-
per Sco, Lodieu 2013. The error bars represent the Poisson
error for each data point. The solid lines are not a fit to the
data but the log-normal form proposed by Chabrier (2005)
for the IMF, normalized to best follow the data.

biases present in studies of local regions, e.g., crowding,
photometric errors, unresolved binaries, and mass segrega-
tion. Weisz et al. (2013) have supplied an overview of these
plus additional biases and potential pitfalls and have pro-
vided the statistical tools to account for them. These authors
have collated observations of 89 young clusters and star
forming regions from the literature and have re-calculated
the index of the MF (assuming that it is a power-law) given
the statistical and observational uncertainties. They find
that the best-fit ↵ of 2.46 with a 1� dispersion of 0.34,
which is similar to Salpeter. Additionally, the authors warn
that deriving a physical upper stellar limit to the IMF is dif-
ficult and fraught with biases and, consequently, could not
be determined from their collected sample.

HST/WFC3 observations of the young, ⇠ 10

5 M� clus-
ter Westerlund 1 have measured its MF down to ⇠ 0.1 M�.
While mass segregation is certainly present and the inner
regions are somewhat incomplete, the overall MF is con-
sistent with the expectation of Chabrier (2005), i.e., a peak
around 0.2-0.3 M� and a power-law at higher masses with
a nearly Salpeter slope (Andersen et al. in prep).

Using extremely deep HST images, a few recent studies
have attempted to exceed the 1 M� boundary in extragalac-
tic studies. For example, Kalirai et al. (2013) have studied a
single HST field in the SMC and have been able to constrain
the MF from 0.37 M� to 0.93 M�. They find that the data
are well represented by a power-law with index of 1.9. This
is near the index implied by a Chabrier (2005) IMF for an
upper mass of 0.8 � 0.9 M�. Surprisingly, a single index
for the IMF was able to reproduce their observations over
this mass range, i.e., they did not find evidence for a flat-
tening at lower masses as expected for a Chabrier (2005)
IMF. For example, at 0.5 M�, the expected slope is 1.5
which is within the observational uncertainties. Hence, the
results presented in Kalirai et al. (2013) only differ from the
Chabrier (2005) expectation below ⇠ 0.45 M� and then by
only 1 � 2�. This highlights the difficulty of fitting a sin-
gle power-law index to the data when a smooth distribution
with a continuously changing slope is expected.

We conclude that currently there is no strong evidence
(more than 2�) for IMF variations within local galaxies as
determined from studies of resolved stellar populations.

2.4. Extragalactic Determinations of the IMF
While techniques to infer the IMF in extragalactic envi-

ronments are necessarily more indirect than those used lo-
cally, the ability to sample more extreme environments pro-
vides a promising avenue to discover systematic variations.
We refer the reader to Bastian et al. (2010) for a summary of
extragalactic IMF studies that were published before 2010.
These authors concluded that the majority of observations
were consistent with a normal IMF and that many of the
claims of systematic IMF variations were potentially due
to the assumptions and/or complications, such as extinction
corrections and systematic offsets in star-formation rate in-
dicators, in the methods used.

Since 2010, there has been a flurry of IMF studies fo-
cusing on ancient early type (elliptical) galaxies. These
studies have employed two main techniques. Either they
dynamically determine the mass of galaxies in order to
compare their mass-to-light ratios to the expectations of
stellar population synthesis (SPS) models (e.g., Cappellari
et al. 2012) or they use gravity sensitive integrated spec-
tral features to determine the relative numbers of low-mass
(M < 0.5M�) stars (e.g., van Dokkum and Conroy 2010).
Contrary to previous studies that found an over-abundance
of high mass stars, i.e., a “top-heavy” IMF, in the high-
redshift progenitors of these systems (e.g., Davé, 2008), the
above studies have suggested an over-abundance of low-
mass stars, i.e., a “bottom-heavy” IMF, which is consistent
with a Salpeter slope (or steeper) down to the hydrogen-
burning limit. However, it is important to note that while
both types of studies find systematic variations, namely that
galaxies with higher velocity dispersion have more bottom-
heavy IMFs, the reported variations are much smaller than
had been previously suggested. The most recent results are
within a factor of ⇠ 2� 3 in total mass for a given amount
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Offner+	  (2014)	  



IMF	  Origin	  Simulations	  I	  
(Krumholz+	  2012)	  

1000	  M¤	  cloud,	  Σ	  ~	  1	  g	  cm−2,	  ~10	  AU	  resolution,	  HD	  +	  
gravity	  +	  dust	  RT	  +	  stellar	  radiation	  +	  jets,	  AMR	  -‐	  ORION	  



IMF	  Origin	  Simulations	  II	  
(Bate	  2012)	  

•  500	  M¤	  cloud	  
•  Σ	  ~	  0.2	  g	  cm−2	  
•  ~0.5	  AU	  

resolution	  
•  HD	  +	  gravity	  +	  

dust	  radiative	  
transfer	  

•  SPH	  -‐	  Dragon	  



IMF	  Simulations:	  Results	  
•  Need	  RT	  to	  get	  

anything	  like	  right	  
answer	  

•  All	  else	  (e.g.,	  
metallicity,	  B	  fields,	  
jets)	  matters	  	  at	  <~	  
factor	  of	  2	  level	  

•  Dependence	  on	  
environment	  still	  
unknown	  

Fig. 5.— Cumulative distribution functions (CDFs) for stellar masses from the simulations BE-c-1 (Bonnor-Ebert sphere
with decaying compressive turbulence), TH-m-2 (uniform density with decaying mixed turbulence) both from Girichidis
et al. (2011), simulation with 0.05 Z� and radiative feedback (Myers et al., 2011), simulation with radiative feedback and
protostellar outflows (Krumholz et al., 2012), simulation with decaying turbulence and a barotropic EOS (Bate, 2009a),
and simulation similar to B09 but including radiative transfer (Bate, 2012). Left: The CDFs are shown with the Chabrier
(2005) single-star IMF for a mass range of 0.005-100 M�. Right: The same CDFs but computed only for the mass range
0.1-15 M�. The shaded regions show the fits and associated error for the observed IMF at the half-mass cluster radius for
Westerlund 1 (solid grey, Andersen et al. in prep) and for the combined data of the Pleiades (Moraux et al., 2003), IC4665
(de Wit et al., 2006) and Blanco 1 (Moraux et al. 2007, horizontal lines). The fits of the observational data are performed
for the ranges 0.15 -15 M� and 0.045-2 M�, respectively.

tion alone result in IMFs whose characteristic stellar mass
depend on the initial Jeans mass in the cloud (Bate and Bon-
nell, 2005; Jappsen et al., 2005; Bonnell et al., 2006) and
typically produce too many brown dwarfs (Bate, 2009a).
Bate and Bonnell (2005) argue that the dependence on the
initial Jeans mass comes about within competitive accretion
models because the characteristic stellar mass is given by
the the product of the typical accretion rate (which scales as
c3s/G, where cs is the sound speed) and the typical dynami-
cal interaction timescale which terminates accretion (scales
with density as ⇢�1/2), thus resulting in a scaling. This is
problematic because the IMF is not observed to vary greatly
with initial conditions.

5.2.2. Radiative Heating

The effects of radiation transfer and radiative feedback
from protostars has been investigated in star cluster calcu-
lations following three different approaches (Bate, 2009c;
Offner et al., 2009b; Urban et al., 2010). These studies
found that the inclusion of radiative heating in the vicinity
of protostars dramatically reduced the amount of fragmen-
tation, particularly of massive circumstellar disks. In turn
this reduced the rate of dynamical interactions between pro-
tostars. Since in the competitive accretion process, brown
dwarfs and low-mass stars are usually formed as protostars
that have their accretion terminated soon after they have
formed by dynamical interactions, radiative feedback also

reduced the proportion of brown dwarfs to stars. Figure
5 illustrates that an over-abundance of low-mass objects is
one of the main areas of disagreement between some sim-
ulations and observations. Potentially of even more impor-
tance, however, was the discovery that radiative feedback
also removed the dependence of the mass spectrum on the
initial Jeans mass of the clouds (Bate, 2009c). Bate (2009c)
presented a qualitative analytical argument for how radia-
tive feedback weakens the dependence of the IMF on the
initial conditions. For example, consider two clouds with
different initial densities. In the absence of protostellar
heating, the Jeans mass and length are both smaller in the
high density cloud, so fragmentation will tend to produce
more stars, which have smaller masses and are closer to-
gether, than in the low-density cloud. However, protostellar
heating is most effective on small scales, so when protostel-
lar heating is included in the higher density cloud, it raises
the effective Jeans mass and length by a larger factor (re-
sulting in fewer stars with greater masses) than when it is
included in the lower density cloud (where the stars would
already form further apart). Thus, the dependence on the
initial density is weakened. More recently Krumholz (2011)
took this argument further to link the characteristic mass of
the IMF with fundamental constants. Regardless of whether
these analytic arguments portray the full picture or not, sub-
sequent radiation hydrodynamical simulations have shown
that excellent agreement with the observed IMF can be ob-
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Comparison	  of	  IMFs	  from	  different	  
simulations;	  black	  /	  gray	  =	  observed	  IMFs,	  
red	  /	  blue	  /	  purple	  =	  simulations	  with	  RT,	  
other	  colors	  =	  simulations	  without	  RT	  (from	  
Offner+	  2014)	  



The	  SFR:	  Observations	  I	  
•  SFR	  /	  area	  α	  Σ	  at	  

high	  Σ,	  falls	  
sharply	  at	  low	  Σ	  

•  Linear	  regime	  is	  
where	  gas	  is	  
mostly	  H2	  

•  Transition	  Σ	  
seems	  to	  
depend	  on	  
metallicity	  Krumholz	  2014	  



The	  SFR:	  Observations	  II	  
•  Molecular	  gas	  

turns	  itself	  into	  
stars	  at	  a	  rate	  
εff	  ~	  1%	  of	  the	  
mass	  per	  cloud	  
free-‐fall	  time	  

•  εff	  seems	  
universal	  
across	  scales,	  
environments	  

Krumholz	  2014	  



SFR	  Simulations:	  Turbulence	  
•  Turbulence	  

supports	  against	  
collapse	  on	  large-‐
scales,	  allows	  it	  on	  
small	  scales	  

•  Many	  models	  for	  
εff(αG,	  M,	  β);	  all	  
give	  εff	  ~	  0.01	  –	  0.1	  
for	  GMCs	  

•  Turbulence	  must	  be	  maintained	  by	  external	  
driving	  and/or	  feedback	  

	  

Federrath	  &	  Klessen	  2012	  

MHD	  +	  gravity	  +	  sinks;	  no	  feedback;	  FLASH	  



SFR	  Simulations:	  Feedback	  on	  
Galaxy	  Scales	  

Kim+	  2013	  

MHD	  +	  gravity	  +	  feedback	  shearing	  box;	  Athena	  



SFR	  Simulations:	  Status	  
•  Still	  uncertain	  whether	  SFR	  is	  mostly	  set	  at	  
local	  or	  galactic	  scales	  
– Local:	  turbulence	  +	  local	  feedback	  may	  work,	  but	  
need	  to	  show	  that	  turbulence	  can	  be	  maintained	  

– Galactic:	  works	  if	  you	  set	  the	  SF	  feedback	  recipe	  
right,	  but	  requires	  hand-‐tuning	  

•  Metallicity-‐	  and	  phase-‐dependence	  still	  
something	  of	  a	  mystery;	  probably	  related	  to	  
role	  of	  dust	  in	  shielding	  against	  ISRF	  



Future	  Challenges	  
•  Exascale	  will	  be	  very	  hard	  due	  to	  dynamic	  
range	  in	  TIME;	  computational	  cost	  dominated	  
by	  small	  volumes	  with	  short	  time	  steps	  

•  Multiphysics	  a	  big	  challenge	  on	  specialized	  
hardware;	  tasks	  include	  (M)HD,	  ray-‐tracing,	  
sparse	  matrix	  solve,	  dense	  matrix	  solve…	  

•  Probably	  need	  more	  accurate	  treatment	  of	  
radiation	  hydro	  than	  we	  currently	  have	  

•  Need	  to	  calibrate	  SF	  feedback	  recipes	  with	  
first-‐principles	  simulations	  on	  small	  scales	  


