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What is a “Mini-Cluster”? 

•  “Mini-clusters”:  Bound configurations of 
stars (N ≥ 3) within star clusters 

• Gravitationally bound (i.e. E < 0) 
•  Subject to a tidal field from its host cluster 

•  Strong environmental dependence for mini-
cluster formation and evolution 

•  Intimately connected to star cluster 
evolution, multiplicity and the formation of 
stellar exotica 
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What is a 
“mini-
cluster”? 
 
First, consider a 
typical 1+2 
encounter in a 
dense cluster. 
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What is a 
“mini-
cluster”? 
 
Next, consider 
what would happen 
if another binary 
star interrupts the 
ongoing 
interaction. 



Motivation 

The θ1 Ori B group in the Orion Trapezium cluster, a “mini-cluster” composed 
of 5 stars (B5, not seen here, is in a close binary with B1), observed with the 
8.4m LBT adaptive secondary AO system (Close et al. 2012, ApJ, 749, 180).   

The Astrophysical Journal, 749:180 (11pp), 2012 April 20 Close et al.

Figure 2. Locations and nomenclature of Close et al. (2003b) of the !1 Ori Trapezium stars as imaged over !35 " 30## FOV at LBT with LBTAO/PISCES in [Fe ii].
Logarithmic color scale. North is up and east is left. Note that the object “A1” is really a spectroscopic binary (A1A3), where the unseen companion A3 is separated
from A1 by 1 AU (Bossi et al. 1989). The B group is shown in more detail in Figures 4–6. It is not currently clear if D2 is physically related to D1. E1 appears to be
a single star. No new faint companions were discovered (at >5" ) around any of the Trapezium stars down to brown dwarf masses (Br# < 16.0 which converts to
K < 14 mag) at separations ! 0.##1.
(A color version of this figure is available in the online journal.)

Figure 3. Center of !1 Ori C as imaged over 25 " 20## FOV at LBT with LBTAO/PISCES in Br# . Logarithmic color scale. North is up and east is left. Note the blue
squares have Br# “tails” away from C, and the circle is around a very red Br# object that is much brighter at Br# than the [Fe ii] or H band.
(A color version of this figure is available in the online journal.)

We minimized the small anisoplanatic PSF radial fitting errors
in Table 1 by using a spatially variable PSF in the DAOPHOT psf
task. The most heavily weighted PSF star used was unsaturated
!1 Ori B1 itself. Since all the members of the !1 Ori B group are
located within 1## of !1 Ori B1 the PSF fit is particularly excellent
there (there is no detectable change in PSF morphology due to
anisoplanatic effects inside the !1 Ori B group; Diolaiti et al.
2000). Moreover, the residuals over the whole field were less

than a few percent after PSF subtraction. This is not really
surprising given the quality of the night combined with the fact
that no star was further than !8## from the guide star. However,
to minimize this effect, we only used the longer wavelength
Br# astrometry in Table 1 where anisoplanatic PSF effects
were much less significant.

The relative positional accuracy is an excellent !0.5 mas for
the bright binaries that are tighter than 0.##2, but the absolute R.A.
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Figure 4. The 8 m Gemini/Hokupa’a images of the !1 Ori B group in the
K ! band (September 19 2001; from Close et al. 2003b). Resolution 0.!!085; log
scale; north is up and east is left.
(A color version of this figure is available in the online journal.)

Figure 5. Detail of the !1 Ori B group as imaged at 0.!!077 (Strehl >20%)
resolution (in the H band) with the MMT AO system (January 20 2003) from
Close et al. (2003b).
(A color version of this figure is available in the online journal.)

Figure 7. Separation between !1 Ori B1 and B2. Note how over 15 years of
observation there has been little significant relative proper motion observed
("0.27 ± 0.33 mas yr"1, which is a significant correlation only at 84% level).
If the group is gravitationally bound the separation change could be this low.
The first two data points are speckle observations from the 6 m SAO telescope
(Weigelt et al. 1999), the next point is from Gemini/Hokupa’a observations
(Close et al. 2003b), the next data point is from the MMT AO observations
(Close et al. 2003b), and the last from the LBT.

The scatter of the !1 Ori B1B2 separation (which should be
very close to a constant since the B1B2 system has an orbital
period of ! 4000 yr) will highlight systematic errors. The
lack of any motion between B1 and B2 is also confirmed by
Schertl et al. (2003) and Close et al. (2003b). Our detailed LBT
and past data on the B and A groups from the literature are
summarized in Table 2. Linear (weighted) fits to the data in
Table 2 (Figures 7–14) yield the velocities shown in Table 2.
The overall error in the relative proper motions observed is now
"0.5 mas yr"1 in proper motion (" 1 km s"1).

5. ANALYSIS AND DISCUSSION

With these accuracies it is now possible to determine whether
these stars in the !1 Ori B group are bound together or merely
chance projections in this very crowded region. We adopt the
masses of each star from the Siess Forestini & Dougados (1997)
and Bernasconi & Maeder (1996) tracks fit by Weigelt et al.

Figure 6. LBT AO Br" images of the !1 Ori B group. Resolution 0.!!06; logarithmic color scale; north is up and east is left. Strehl is #75%.
(A color version of this figure is available in the online journal.)
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The θ1 Ori B group in the Orion Trapezium cluster, a “mini-cluster” composed 
of 5 stars (B5, not seen here, is in a close binary with B1), observed with the 
8.4m LBT adaptive secondary AO system (Close et al. 2012, ApJ, 749, 180).   



Motivation 
•  Several unusual systems have been discovered 

in old open clusters (OCs): 
•  S1082 (M67; van den Berg 2001): a triple with 2 BSs 
•  WOCS 013016 (NGC6819; Talamantes et al. 2010): a 

BS in a coalescing contact binary? 
•  WOCS 007006/V3 (NGC6819; Talamantes et al. 2010): 

a triple containing a BS as the outer companion? 
•  Star 7782 (NGC 188; Mathieu & Geller 2009): a short 

period binary (P ~ 1 day) containing two BSs 
•  X1 (NGC6819; Gosnell et al. 2012): candidate qLMXB 

•  What does this imply about OC (and GC)  
dynamics? 



Open vs Globular 

Characteristic Open Globular 

Mass Mc ~ 102 – 103 M¤ Mc ~ 104 – 106 M¤ 

Density ρ0 ~ 10 – 103 M¤ pc-3
 ρ0 ~ 104 – 106 M¤ pc-3

 

Age τ ~ 1 Myr – 1 Gyr τ ~ 10 – 12 Gyr 

Velocity Dispersion σ0 ~ 0.1-1 km/s σ0 ~ 1-10 km/s 

Multiplicity fb ~ 10-50% 
ft ~ 2-10%? 

fb ~ 1-10% 
ft ~ ??? 

Encounters 3 ≤ N ≤ 6? 7? 8? 3 ≤ N ≤ 4	  

Exotica BSs, CVs, qLMXBs? BSs, CVs, LMXBs, MSPs 



Geller & Leigh, 2015, in preparation 

The frequency of interrupted 
encounters shown via 1+2 (left) and 
2+2 (right) scattering experiments 
performed with FEWBODY, and 
suitable to clusters with rh = 3 pc and 
the indicated total cluster masses.  The 
histograms are normalized by the total 
number of simulations (104 for each 
inset). 
 
Horizontally-hatched:  Time until the 
next encounter. 
Vertically-hatched:  Total encounter 
duration. 
Diagonally-hatched:  Encounters that 
resulted in at least 1 (left) and 2 (right) 
direct collision(s).  
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Geller & Leigh, 2015, in preparation 

Contour plots showing 
the fraction of 
interrupted 1+2 
(bottom) and 2+2 
(middle) encounters, as 
well as their combined 
fraction (top). 
 
The open circles and 
squares show the 
observed data for a 
suite of globular and 
open clusters, 
respectively.  These 
data are taken from 
Harris (1996), 
Piskunov et al. (2008) 
and Kharchenko et al. 
(2013). 2 3 4 5 6
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For surprisingly 
small numbers of 
triples, they can 
be undergoing 
dynamical 
encounters as 
frequently as 
either single or 
binary stars. 

Leigh & Geller 
2013, MNRAS, 
432,2474 



N-body simulation of a Pleiades-like cluster.  Movie credit:  Aaron Geller (Northwestern 
University; http://faculty.wcas.northwestern.edu/aaron-geller/visuals.php). 



For surprisingly 
small numbers of 
triples, they can 
be undergoing 
dynamical 
encounters as 
frequently as 
either single or 
binary stars. 

Globulars? Leigh & Geller 
2013, MNRAS, 
432,2474 



What about globular clusters? 
There are 60 triple 
candidates shown here, 
and this is a lower 
limit.  This implies ft ≥ 
1%.  The probability of 
a chance alignment of 
stars occupying this 
region of the CMD is < 
1%.  Thus, some of 
these triple candidates 
are real.   

Leigh, Shara, Zurek & Anderson, 2015, in preparation 

NGC 6121 
NGC 6121 



Globular Cluster Simulations 4 A. Hypki and M. Giersz
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Figure 1. The number of hierarchical systems (triples and

quadruples) for two test simulations 50k and 200k as a function

of time.
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Figure 2. Number of hierarchical systems divided by the number

of binaries (red line) for a test simulation N=200k (see Tab. 1).

The normalized number of all binaries in the star cluster is shown
with a green line as a reference frame (the normalization is done

to a value 0.00166 to have the same scales for both lines).

cluster evolution. The number of strong dynamical interac-
tion which might lead to the creation of triple systems is
smaller than in denser environments.

The number of hierarchical systems with regards to the
number of binaries for the larger 200k simulation is shown in
the Fig. 2. The number of hierarchical systems for 50k simu-
lation is too small for this kind of analysis. The Fig. 2 shows
that, even with the number of binaries getting lower and
lower with time, the relative number of hierarchical systems
is actually increasing slowly. It is even more interesting to
see such a behavior for a cluster which central density over
the first 10 Gyrs does not increase significantly (r

c

/r
h

rela-
tion changes by less than 1% during that time for the 200k
simulation).
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Figure 3. Plot with blue points shows the semi-major axes of

binaries which created in a dynamical interaction a hierarchical

system (triple or quadruple). For a reference there are also shown
the semi-major axes of binaries which had exchange event with

single stars (red points) and also where there was some exchange

event between two binaries (light blue points). The plot shows
results for the simulation with N=200k (see Tab. 1).

4.2 Properties of binary progenitors of
hierarchical systems

This subsection discusses a few properties of binaries which
created new hierarchical systems and properties of hierar-
chical systems themselves.

In this subsection only the model with N=200k is dis-
cussed. The model with N=50k has the same initial binary
properties, like semi-major axes and eccentricities’ distribu-
tions. The only di↵erence is that there are less hierarchical
systems present in the 50k simulation. All conclusions from
this subsection hold also to the 50k model.

Fig. 3 shows with blue points the semi-major axes of
binaries which created in a dynamical interaction a hierar-
chical system (triple or quadruple). For a reference there
are also shown the semi-major axes of binaries which had
exchange event with single stars (red points) and also ex-
change events between two binaries (light blue points).

Fig. 3 shows that the semi-major axes of binaries which
create hierarchical systems are on average smaller than
single-to-binary and binary-binary exchanges. It is caused
by the fact that, in general, a binary which will end up as an
internal binary in a hierarchical system must be hard enough
to be not disrupted by a strong interaction with an incoming
object (single or binary star). Thus, the semi-major axes of
such precursor binaries for hierarchical systems are in gen-
eral harder than other binaries which take part in exchange
events.

Fig. 4 shows what are the masses of newly created hi-
erarchical systems (blue points) against the average mass of
all binaries present in the star cluster (red points). Addition-
ally, with black points, there are shown masses of the third,
outer star in triple systems. There are only a few exam-
ples of hierarchical systems which have outcome masses less
than the average binary mass. The majority of them is well
above this value. The more massive objects which are inside

c� YYYY RAS, MNRAS 000, 1–6

MOCCA Monte Carlo simulations for globular cluster evolution, with N=50k (red) and 
N=200k (green), showing the time evolution of the number of higher-order multiples (Hypki 
& Giersz, in preparation).   



Globular Cluster Simulations 

MOCCA Monte Carlo simulations for globular cluster evolution (N=200k) showing the time 
evolution of the mean binary mass along with the masses of any dynamically-formed triples 
(Hypki & Giersz, in preparation).   

MOCCA code for star cluster simulations: Hierarchical systems in star clusters, first results 5
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Figure 4. The masses (in [M�]) of newly created hierarchical

systems (blue points) are plotted together with the average mass

of the binaries in the star cluster (red points). The plot shows
results for the simulation with N=200k (see Tab. 1).

binaries have larger probabilities of having strong dynamical
interactions. Thus, they have more chances to capture dur-
ing one of such events a companion star and create a stable
triple.

The fact, that newly created hierarchical systems are
more massive than the average mass of binaries, does not
come from the fact that they contain three or more stars.
The binary, which captures the third object, is already more
massive than the average binary mass. Capturing the third
body only increases this di↵erence a bit more (see Fig. 4).

5 DISCUSSION AND SUMMARY

The MOCCA code was rewritten to modern Java language.
It was already simplified by introducing new data structures
based on object-oriented programming principles. The pro-
cess of simplifying the code will be carried on until each part
of the code will be clear and very easy to extend in the fu-
ture. All of these steps are a great investment into the future
development of the MOCCA code. Adding more features to
the code is simply much easier in the code which is clear,
readable and well maintained. The decision of rewriting the
code from Fortran77 into the Java language already payed
o↵ by speeding up the debugging process while working on
hierarchical systems.

This paper presents only some preliminary results on a
properties of hierarchical systems for two test simulations.
It shows that the MOCCA code is capable of following the
formation and evolution of complex hierarchies in details.
Moreover, the MOCCA code is still much faster then any
of the N-body codes. It is one of the greatest assets of the
MOCCA code. In the same time instead of one N-body sim-
ulation one can have a number of various simulations for
many di↵erent initial conditions. With the MOCCA code
it is much easier to study star clusters in a statistical way,
by checking how di↵erent properties of entire star clusters
or properties of some exotic objects depend on the initial
conditions.

In the paper we show that the semi-major axes of bi-
naries, which create hierarchical systems due to strong dy-
namical interactions, have values on average smaller than
the semi-major axes of binaries which exchange with other
field stars or another binaries. We present also masses of
newly created hierarchical systems and find, as expected,
that the masses are on average larger than the average mass
of binaries. Interestingly, the larger mass is not caused by
the fact that the hierarchical stars have more than two com-
ponents. It is caused rather by the fact that the internal
binary is massive itself. The third star, in the case of triple
systems, is typically a low mass object.

5.1 Future plans

One major thing which is missing currently in the MOCCA
code is the lack of dynamical and stellar evolution for the hi-
erarchical systems. The dynamical evolution should be per-
formed for a complex hierarchies in between two consequent
dynamical interactions to check for changes in configuration
of such systems.

The stellar evolution for hierarchical systems, in the
current version of the code, works only for the single stars
and binaries separately. Following stellar evolution of hierar-
chical systems is far from being easy. Nevertheless, it would
be great to incorporate some code which would deal with
such a task into the MOCCA code.
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Summary 
•  “Mini-clusters” form in star clusters of all 

types 
•  Up to ~20-40% of all small-N encounters can 

be interrupted in compact low-mass open 
clusters 

•  This is ≤1% in most globular clusters  
•  Good news for Monte Carlo models of cluster evolution 
•  Encounters with N > 4 require triples 
•  Triples should be present in GCs, albeit with short 

encounter times 


