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“N-body codes 
can’t tell us 
anything more 
about star 
formation”
Matthew Bate 
(paraphrased, but only slightly)
January 23, 2009

CONSTELLATION school on numerical 
astrophysics and its role in star formation



n-body techniques for star formation
We’ve reached the end of the usefulness of standard 
n-body studies applied to very young clusters.
spherical initial conditions
gas treated, if at all, as a spherical potential
otherwise, no gas–star interaction
sub-structured ICs 
(Aarseth & Hills 1972;
McMillan+2007; Allison+2009; Moeckel & Bonnell 2009)

spheroidal gas potential, introduce stars over time
(Adams+2006; Proszkow+2009)

early dynamical evolution occurs with gas present.  
can’t ignore this.



N-body: fast, no gas, 
large-N. 
Initial conditions? 

Hydro: slow, self-
consistent gas-star 
interactions.

Now, and the near future: 
still fast, but take steps 
toward a more consistent 
hydro treatment.

Faster

More correct

numerical context



the basic picture
Bonnell, Bate & Zinnecker 1998

Bonnell, Bate 2002
Clarke & Bonnell 2008
Davis, Clarke & Freitag 2010

Moeckel & Clarke 2010

increase n



initial conditions for simulations

start with low mass seeds 0.03 - 3.0 Mo, Salpeter slope

grow in mass linearly with time, proportional to mass
(so the IMF shape is preserved)

Plummer spheres, 32k stars

gas potential that lowers with increasing stellar mass

after stars have grown to max of 30 Mo, gas removed

global sfe = 30%

collisions with perfect efficiency
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(gas/stars) evolves, determines behavior

2) mass segregation 
can begin to drive 
core collapse

move into pure
 n-body dynamics

1) accretion 
behaves as if gas 
flowing from an 
external reservoir

gas potential 
dominates the 
dynamics, accretion 
drives contraction of 
stellar component

time

rL

gas expelled



regime 1: smaller initial radii
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regime 2: larger initial radii
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rv = 2.25 pc rv = 3.0 pc

~ initial conditions 
   of other studies

not much expansion!



earlier core collapse = more collisions

collision 
partners

collision 
product
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earlier core collapse = more collisions
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ONC-like system
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compare to the Arches: mass density
Arches probably the most likely local place to look for 
something like this.  These experiments aren’t 
specifically tailored to the Arches, but can check bulk 
cluster properties.

P. Espinoza et al.: The massive star IMF of the Arches cluster 565

Fig. 1. Three-color composite image of the Arches cluster. The field of
view is 28′′. North is up, and east is to the left.

kernel is defined in the image space and is based on the closest
16 pixel values (Devillard 2001).

Finally, aligned science images were co-added by means of
a simple linear average stack. In this way all the input signal
is kept on the final combination, allowing a better faint object
detection. The process is the same for the J, H and KS-band
frames. The final products combined into a single three color
composite image are presented in Fig. 1.

2.3. Photometry

We used the DAOPHOT/IRAF3 package (Stetson 1987; Davis
1994) to do photometry in the severely crowded environ-
ment of the Arches cluster. Point sources were identified using
DAOFIND, with a detection threshold set to 3σ above the lo-
cal background level. Then aperture photometry was performed
on the detected stars computing local sky values for each one.
This is important because these values change remarkably from
one star to another; especially at the cluster center, where see-
ing haloes dominate over background variations (especially in J
and H).

The PSF was computed interactively using several bright,
isolated stars located away from the frame edges, but other-
wise sampling the field as uniformly as possible. We selected
9 bright stars in the J, KS frames, and 8 stars in H. The analyt-
ical component of the PSF was set to auto to optimize the fit.
This gives a Penny1 function for both H and KS and Penny2
function for J. Both analytical functions are elliptical arbitrarily
aligned Gaussian cores with Lorentzian wings, with the differ-
ence that the wings are also aligned arbitrarily for the Penny2
fitting function. For the empirical component, a linearly vari-
able model is required for J and H, while, as mentioned above,
the KS PSF was found to be constant across the field. With
these specifications we obtained the lowest residuals in the sub-
traction of the PSF stars and their neighbors. Once the PSF
was determined, profile-fitting photometry was performed with

3 IRAF is distributed by the National Optical Astronomy
Observatories, which is operated by the Association of Universities for
Research in Astronomy, Inc. (AURA) under cooperative agreement
with the NSF.

ALLSTAR. Finally, to obtain total instrumental magnitudes for
every star, we added a constant aperture correction. This correc-
tion was obtained from the aperture photometry and later curve
of growth analysis of bright isolated stars in the NACO field.

The photometry can now be divided into two catalogs: one
for stars detected in HKS only, and another for stars detected
in the three bands (JHKS). These catalogs are obtained with
DAOMATCH and DAOMASTER (Stetson 1990), which give a
final list of stars matched between frames with a 1-pixel toler-
ance. Tables 2 and 3, published electronically, present the pho-
tometry of 427 HKS and 126 JHKS stars in the innermost 10′′ of
the cluster. Table 3 is considerably shorter due to the increasing
extinction towards bluer wavelengths. Figure 2 shows the photo-
metric errors as a function of magnitude as given by DAOPHOT.

2.3.1. The NACO natural photometric system

As noted by Selman (2004), to avoid systematic effects
in transforming broad-band photometry of reddened stars
into a standard photometric system (e.g. Johnson, 2MASS,
HST/NICMOS), one must work in the natural system defined by
the instrument. This occurs because extinction distorts the spec-
tral energy distributions (SED) in ways that are not matched by
standard stars unless, of course, the standard stars span the same
range in spectral types and extinction as the program stars. Since
the SEDs of early-type stars and the extinction law are flatter in
the IR, a priory one would expect this problem to be less severe
for broad-band JHKS photometry. Unfortunately this is not the
case of the highly reddened stars of the Arches cluster.

If one observes with passbands that differ from that of the
standard system, big color terms can be derived from unred-
dened standards. The danger of this procedure is to assume, via
an extrapolation, that these color terms can be applied to stan-
dardize reddened program stars. On the basis of synthetic pho-
tometry we have reached the conclusion that, at the extinction of
the Arches cluster, the color terms differ significantly from the
ones obtained with unreddened standards. Therefore, the extrap-
olation leads to a systematic shift of the zero points in J, H, and
KS (Fig. 2.7 of Selman 2004 illustrates the effect in the optical
regime).

But to circumvent this problem by working in the natural
photometric system have a serious drawback: it becomes diffi-
cult to compare our observations with previous investigations.
Fortunately, Figer et al. (2002) published their photometry cat-
alog for bright stars in the Arches, so using these stars as local
standards we can transform our observations to their photomet-
ric system and thus perform a detailed comparison for 150 stars
in common (as shown in Fig. 3). The rms scatter, 0.08 mag in
magnitude and 0.09 mag in color, is consistent with the pho-
tometric errors, but there is a clear trend (specially in color) of
the differences becoming systematically negative for fainter stars
(see Fig. 3). This underlies the problem of transforming between
photometric systems discussed above, and reaffirms our conclu-
sion about the importance of working in the natural photometric
system of NACO.

2.3.2. Isochrone conversion

To proceed as described above, it is necessary to transform the
stellar models (that will be compared with our observations) into
the NACO system as well. In the work of Lejeune & Schaerer
(2001), Geneva isochrones are placed in the observational plane
of the Johnson system (Bessell & Brett 1988). Thus we need

Espinoza+ 2009



compare to the Arches: surface density10!2 10!1 100
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conclusions
accretion during cluster formation can easily lead to 
high very densities

with populous compact clusters, collisions occur– 
generally have a runaway character

not going to smoothly fill up the upper IMF like this, 
but can get exotic objects

offers a way to form stars at comfortable separations, 
shrink the cluster, leave it compact after gas expulsion
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binaries
replace most massive 1% of stars with equal-mass, circular 
binaries set to be hard at the end of accretion.

‘depth’ of core collapse is shallower, so binaries are 
affecting the relaxation dynamics.  collisions rate enhanced.

no binaries                             binaries


