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Outline	
  

•  What	
  is	
  the	
  interstellar	
  medium,	
  and	
  how	
  is	
  it	
  

related	
  to	
  star	
  formation?	
  

•  Why	
  is	
  this	
  a	
  problem	
  for	
  supercomputers?	
  

•  What	
  are	
  the	
  big	
  questions,	
  and	
  how	
  do	
  

simulations	
  help	
  answer	
  them?	
  



“The	
  black	
  light	
  of	
  the	
  
interstellar	
  medium	
  of	
  deep	
  
space	
  illumines	
  all	
  that	
  is	
  not,	
  to	
  
be	
  seen	
  and	
  not	
  to	
  ‘Be’.	
  To	
  
‘Be’	
  and	
  not	
  seen	
  –	
  this	
  is	
  the	
  
path	
  of	
  the	
  Panther	
  woman.	
  
	
  
From	
  the	
  hydrogen	
  oceans	
  of	
  
Deep	
  Space	
  she	
  condenses	
  rain.	
  
Water	
  precipitates	
  from	
  Her	
  
Vast	
  Womb,	
  falling	
  onto	
  planets	
  
open	
  to	
  Her	
  Life–giving	
  
moisture.”	
  

What	
  you	
  get	
  if	
  you	
  google	
  image	
  search	
  
“interstellar	
  medium”…	
  

From	
  the	
  hydrogen	
  oceans	
  of	
  
Deep	
  Space	
  she	
  condenses	
  rain.	
  



Hier	
  ist	
  wahrhaftig	
  ein	
  loch	
  im	
  Himmel!*	
  	
  

*	
  “Here	
  truly	
  is	
  a	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
hole	
  in	
  Heaven!”	
  

-­‐-­‐	
  William	
  Herschel,	
  
as	
  remembered	
  by	
  
his	
  sister	
  Caroline,	
  	
  
1784	
  	
  



Postsdam,	
  1904	
  



Observations	
  from	
  Lick	
  Observatory!	
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A	
  Modern	
  View	
  of	
  the	
  ISM	
  

ISM	
  made	
  up	
  of	
  
many	
  phases	
  

•  Most	
  H	
  is	
  atomic,	
  n	
  
~	
  1	
  cm−3,	
  T	
  ~	
  1,000	
  
–	
  10,000	
  K	
  

•  Densest	
  gas	
  is	
  
molecular	
  (H2),	
  n	
  >	
  
100	
  cm−3,	
  T	
  ~	
  10	
  K	
  



Milky	
  Way	
  Census	
  
Visible	
  

Stars:	
  ~1011	
  M¤	
  

H	
  

Atomic	
  hydrogen:	
  ~1010	
  M¤	
  

CO	
  

Molecular	
  hydrogen:	
  ~3	
  ×	
  109	
  M¤	
  



Evidence	
  for	
  Star	
  Formation	
  



Maps	
  of	
  HI,	
  H2,	
  and	
  SFR	
  2842 LEROY ET AL. Vol. 136

Figure 45. Atlas of data and calculations for NGC 5055.

Leroy+	
  2008	
  



Why	
  Supercomputers?	
  

•  Clouds	
  filled	
  with	
  hypersonic	
  turbulent	
  motions,	
  so	
  

analytic	
  treatment	
  impossible	
  

•  Many	
  physical	
  processes	
  important	
  

–  Gas	
  flows,	
  gravity,	
  magnetic	
  fields,	
  radiation	
  

•  Large	
  range	
  of	
  scales:	
  typical	
  GMC	
  density	
  ~100	
  cm−3,	
  

stellar	
  density	
  ~1024	
  cm−3	
  

•  Timescales	
  too	
  long	
  for	
  direct	
  observation	
  



What	
  Does	
  a	
  Simulation	
  Do?	
  

Step	
  1:	
  start	
  with	
  the	
  underlying	
  equations.	
  

Temperature	
  

Time	
  

Heat	
  flux	
  

Thermal	
  
conductivity	
  

∂T

∂t
= −∇ · F

F = −κ∇T

=⇒
∂T

∂t
= κ∇2T

Example:	
  
thermal	
  
diffusion	
  



Step	
  2:	
  Discretize	
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Discretize	
  in	
  space:	
  



Step	
  2:	
  Discretize	
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Discretize	
  in	
  space	
  and	
  time:	
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Step	
  3:	
  Turn	
  the	
  Crank	
  



Star	
  Formation:	
  
The	
  Big	
  Questions	
  

•  What	
  determines	
  stellar	
  masses?	
  

– Does	
  stellar	
  mass	
  have	
  an	
  upper	
  limit?	
  	
  

•  What	
  determines	
  the	
  rate	
  at	
  which	
  stars	
  

form?	
  	
  



The	
  IMF	
  
14 Da Rio et al. 2011

Fig. 18.— The measured IMF for the ONC, fitted with a log-normal distribution (left panel) or a two-phase power law (right panel). The
top and bottom panels represent the mass distributions obtained assuming Baraffe et al. (1998) and D’Antona & Mazzitelli (1998) models
respectively, whereas the center panels show the result assuming Baraffe models and including also stars located above the 1 Myr, whose
mass has been extrapolated from their Teff (see text). The shaded areas enclose the 90% confidence interval for each fit. The red curves
represent the IMF of Chabrier (2003) (left panel) and Kroupa (2001) (right panel); the red dashed line is the Chabrier (2003) system IMF.

TABLE 3
IMF

lognormal 2-phase powerlaw
logmc σ(logm) Γ1 Γ2 logmc

BCAH98 −0.45± 0.02 0.44± 0.05 −1.12± 0.90 0.60± 0.33 −0.53± 0.26
BCAH98 all stars −0.53± 0.02 0.39± 0.03 −3.05± 0.53 0.39± 0.10 −1.00± 0.08

DM98 −0.56± 0.02 0.38± 0.01 −2.41± 0.25 1.30± 0.09 −0.77± 0.02

Note. — The power law exponents Γ follow the standard for which the Salpeter slope is
Γ = 1.35

ξ(logm) by binning the ONC members in equally-spaced

mass bins. For each mass bin, we account for its exact

completeness by adding the inverse of the completeness

of each source. We associate an uncertainty distribution

to each measured value of ξ(logm) equal to a Possion

distribution of mean µ = Ni, where Ni is the number of

sources in the i−th bin, scaled by a factor equal to the

overall completeness correction for that bin. We stress

that, strictly speaking, our mass function is actually a

“system” mass function rather than a proper “initial”

mass function, in the sense that we do not account for

unresolved binaries or multiple systems. This, however,

does not influence significantly our results, since the bi-

nary fraction (accounting both bound systems and visual

binaries) in Orion is small (� 15%, Padgett et al. 1997;

Petr et al. 1998; Reipurth et al. 2007 ), and about half

of these are separated more than 1��, therefore resolved

in our observations.

It it well established (e.g., Bastian et al. 2010) that the

IMF generally follows a power-law in the intermediate-

and high-mass range (M � M⊙), whereas for low-mass

stars and BDs—which is the region of the mass spectrum

most relevant for our study—this function can be approx-

imated with a shallower power law ξ(logm) ∝ m−(Γ+1)

(e.g., Kroupa 2001) or with a log-normal distribution

ξ(logm) ∝ e−(logm−logmc)
2/2σ2

(e.g., Chabrier 2003).

We use both forms to fit our measured IMF in the ONC.

We use a Monte Carlo simulation following Da Rio

et al. (2009a) to account for the uncertainties in the

measured star counts, as follows. For every mass bin,

we consider the error bars with their statistical distri-

bution, and generate a large number (n = 10, 000) of

points drawn from the error distribution. Then an un-

weighted fit is run on all these (n times the number of

bins) points. The best-fit parameters are isolated us-

ing a Levenberg-Marquard minimization algorithm. The

uncertainty associated to the parameters has been com-

puted with a sampling technique as follows: for every one

of the m bins, we randomly consider only one of the n
values previously simulated, i.e. a random sample from

the distribution describing the error bar of the bin, and

we fit the IMF function on these m data points, deriving

the best-fit parameters. By iterating this selection and

fit process 1000 times, we derive 1000 sets of parameters.

The standard deviation of each parameter for the 1000

tests is the uncertainty in the estimate of the parameter

itself.

The resulting fitted functions for both sets of evolution-

ary models are shown in Figure 18. In Table 3 the fitting

parameters are reported: the characteristic mass and the

width for the log-normal fit, and the two power law slopes

as well as the break point for the 2-phase power law. We

find that the two families of evolutionary models lead

to significant differences in the derived IMF. Whereas
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IMF	
  as	
  measured	
  in	
  the	
  Orion	
  Nebula	
  Cluster	
  (da	
  Rio+	
  2012)	
  



Challenges	
  of	
  the	
  IMF	
  

•  IMF	
  is	
  universal	
  or	
  nearly	
  so,	
  yet	
  star-­‐forming	
  

environments	
  vary	
  greatly.	
  Why?	
  

•  Why	
  are	
  stars	
  at	
  the	
  right	
  mass	
  scale	
  to	
  allow	
  

nuclear	
  fusion?	
  



Simple	
  Collapsing	
  Cluster	
  Simulation	
  

Krumholz,	
  Klein,	
  &	
  McKee	
  (2011) 	
  What’s	
  included:	
  hydrodynamics,	
  gravity,	
  radiation	
  
	
   	
   	
   	
   	
  Numerical	
  method:	
  AMR	
  

Column	
  density	
   Temperature	
  



Doesn’t	
  Work	
  



Adding	
  More	
  Physics	
  

Krumholz,	
  Klein,	
  &	
  McKee	
  (2012) 	
  What’s	
  included:	
  hydrodynamics,	
  gravity,	
  radiation,	
  
	
   	
   	
   	
   	
  protostellar	
  jets	
  	
  
	
   	
   	
   	
   	
  Numerical	
  method:	
  AMR	
  



Works	
  Much	
  Better	
  



Do	
  Stars	
  Have	
  a	
  Mass	
  Limit?	
  

Krumholz+	
  2009	
  
	
  
What’s	
  included:	
  
hydrodynamics,	
  
gravity,	
  radiation	
  
	
  
Numerical	
  
method:	
  AMR	
  



Observational	
  Test:	
  The	
  Disk	
  



The	
  Instrument	
  

Atacama	
  Large	
  Millimeter	
  Array	
  



The	
  Prediction	
  

Simulated	
  ALMA	
  observation	
  in	
  CH3CN	
  220.7472	
  GHz	
  (Krumholz+	
  2007)	
  
Numerical	
  method:	
  long	
  characteristics	
  



Star	
  Formation	
  Rates:	
  the	
  
Simplest	
  Approach	
  

What’s	
  included:	
  hydrodynamics,	
  gravity 	
  Numerical	
  method:	
  SPH	
  



SFR:	
  The	
  Problem	
  in	
  a	
  Nutshell	
  

•  Too	
  fast	
  by	
  a	
  
factor	
  of	
  ~100	
  

•  Too	
  efficient:	
  
simulation	
  forms	
  
a	
  gravitationally	
  
bound	
  cluster,	
  but	
  
most	
  stars	
  not	
  in	
  
clusters	
  

Simulation	
  

Bigiel+	
  2008	
  



Adding	
  More	
  Physics	
  

Simulation:	
  Wang	
  et	
  al.	
  (2009) 	
  What’s	
  included:	
  MHD,	
  gravity,	
  protostellar	
  jets	
  
	
   	
   	
   	
  Numerical	
  method:	
  AMR	
  



Concluding	
  Thoughts	
  

•  Simulations	
  are	
  the	
  indispensible	
  tool	
  for	
  

understanding	
  star	
  formation	
  

•  Many	
  big	
  problems	
  not	
  fully	
  solved:	
  origin	
  of	
  

stellar	
  masses,	
  star	
  formation	
  rates	
  

•  This	
  is	
  probably	
  because	
  we	
  don’t	
  have	
  all	
  the	
  

necessary	
  physics	
  in	
  the	
  codes	
  yet	
  


