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groups in sample have 10’s of 
members, surface densities ~1-10/pc2, 
ages 1-2Myr, within ~300pc, with 
spectral types complete to late M Lupus3, Spitzer IRAC 3.6um

• A relatively un-explored regime of ‘clustered’ star formation

• How sparse do regions have to be before they no longer 
form like clusters? (e.g., Testi et al 1999)

• Our observational results (next slides) show that some 
properties typically associated with clusters extend to very 
small, sparse groups

Small & young stellar groups



Advangatges of small groups?
• Ascenso et al 2009: tightly 

packed (large) clusters can 
give an artificial appearance 
of mass segregation - not an 
issue for us

• dynamical interactions, etc, 
decrease with sparser, 
smaller groups, allowing an 
easier association to be 
made with primordial state

Ascenso et al 2009
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Identifying Groupings - MSTs

1b) determine 
max branch length 

for groupings

1) connect all stars 
by shortest path

2) chop out long 
branches

3) keep remaining 
groupings with > N 

members

Minimal Spanning Trees used to identify groups / clusters
e.g., Gutermuth et al 2009, Kirk & Myers 2011, Maschberger et al 2011



Observational results
• most massive member tends 

to be centrally located

• higher surface density around 
most massive star

• higher likelihood of higher 
masses in higher surface 
density environments
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Fig. 2.— (HK note - this set of figures modified) The groups identified using the MST

technique in each of the four regions. Groups in Taurus are shown in this figure; the other
groups are in the following figures. Blue circles indicate the YSOs within each group, with

the circle size scaling linearly with the estimated mass (see first panel for scaling used). Red
lines indicate the MST connectivity of the group. Non-group YSOs in the vicinity are shown
in black. The greyscale and contours in the background show the extinction measured.

The greyscale ranges from AV of 15 mag (black) to 0 (white), with contours drawn at 1 to
11 mag (see scale bar in first panel. The orientation of the figures is in galactic co-ordinates

to match the native projection of the extinction maps; the first panel shows the direction of
increasing RA and dec. All figures are centred on the group’s mid-point position.

The median group member position given in Table 5 is indicated by the white
plus.

Kirk & Myers 2011

background = extinction / 
column density, 
circles = stars

full observational sample: Taurus, 
Lupus3, ChaI, IC348
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Fig. 9.— (This figure is modified since PM version – dark symbol for ONC1)
Mass segregation observed in the groups. The vertical axis shows the ratio in the mass of

the most massive group member to the median group mass (an indication of how easily the
most massive member is distinguishable) while the horizontal axis shows the ratio in o!sets
from the cluster centre for the most massive member and the median value. Coloured letters

denote the various regions; the Trapezium cluster in Orion is also plotted for comparison.
The vertical dotted lines indicate the 25th and 75th percentile values expected for a random

sampling of group positions. The inset shows the central part of the main IC348 group:
the circles mark the positions of group members, while the plus indicates the

group centre. The o!set of the most massive group member, O1st, is shown in
black, while the o!set of the group member at the median separation, Omed is
shown in dark grey. As shown in the main figure, O1st/Omed = 0.3 in this group.
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Observational results

 Surface density tends to 
be higher than typical 

around the most massive 
group members
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Fig. 11.— The fraction of the total number of group members, fN versus frN , the radius
enclosing the N nearest sources from each group member normalized by the maximum value

of the enclosing radius in the group. The shaded grey region indicates the range of values
spanned by all group members. The black line shows the value for the most massive group

member, while the grey line shows the median value for all group members. Group members
located in a more clustered environment will show a steeper rise in number at low separations
compared to members located in more isolated parts of the group. Lines of constant surface

density are shown in green, with values of (from dark to light): 1 (dotted), 10 (dashed),
and 100 (dash-dotted) pc!2. The groups in Taurus and Lupus3 are shown in this figure; the

remaining groups are shown in the following figure.
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Aside: alternate m-
1) Calculate single surface 

density for each star 
(radius to enclose 10 
nearest neighbours).  

2) Compare mean surface 
density for different mass 

regimes.

No significant difference 
found in Ophiuchus (more 

soon)

3082 R. J. Parker, T. Maschberger and C. Alves de Oliveira

Figure 2. The evolution of the mass segregation ratio, !MSR, for the NMST
most massive stars in our data set; we also indicate the lowest mass star, mL,
within NMST. Error bars show the 1/6th and 5/6th percentile values from the
median, as described in the text. The dashed line indicates !MSR = 1, i.e.
no mass segregation.

4 RESU LTS

In this section we present the results of our !MSR analysis, followed
by the m–" distribution. We then discuss the effects of extinction
on the results.

4.1 !MSR for high-mass stars

In Fig. 2 we show the evolution of !MSR as a function of the number
of stars in an MST, NMST, for the most massive stars in the cluster.
We increase the number of stars in the MST in steps of six which is a
compromise between a high enough resolution to pick out structure
between different mass regimes and a low enough resolution so that
we do not add noise to the plot. The first subset compares the MST
of the 20 most massive stars to the median of many different random
sets of 20 stars, and the second subset is the 26 most massive stars
compared to the median of random sets of 26 stars, and so on. On
the top axis we also indicate the mass of the least massive star within
that value of NMST, at regular intervals.

In Fig. 2 we see that there is no clear mass segregation signature
(normal or inverse) in the most massive stars in the cluster (the most
massive 20 stars are indicated by the large red points in Fig. 1).
The 20 most massive stars (with masses above 1.63 M!) have a
mass segregation ratio !MSR = 0.89+0.09

"0.13, which does deviate from
!MSR = 1 (indicating slight inverse mass segregation), but because
the 26 most massive stars are consistent with !MSR = 1, this result
is not particularly significant.

4.2 !MSR for low-mass stars

In Fig. 3 we show the evolution of !MSR as a function of the number
of stars in an MST, NMST, for the least massive stars in the cluster.
We begin by constructing an MST with the 20 least massive objects
in the cluster, and then increasing the number of objects in the MST
by six at each stage. On the top axis we now indicate the mass of
the most massive star within the NMST subset.

We see that the least massive objects do not show any strong mass
segregation signature, and (within the uncertainties) are consistent
with !MSR = 1.

Figure 3. The evolution of the mass segregation ratio, !MSR, for the NMST
least massive stars in our data set; we also indicate the highest mass star,
mH, within the NMST. Error bars show the 1/6th and 5/6th percentile values
from the median, as described in the text. The dashed line indicates !MSR =
1, i.e. no mass segregation.

4.3 The m–" distribution

We show the m–" distribution for the stars in our data set in Fig. 4.
The upper (black) dashed line is the mean " value for the whole
cluster, and the lower (blue) dashed line is the median value. We
also show the mean and median " values for the 50 most massive
stars (on the right-hand side) and the 50 least massive stars (on the
left-hand side) by the solid lines.

The plot shows that the mean and median " values of the lowest
mass objects in the cluster are marginally higher than for the whole
sample. The p-values of a two-sample KS test (" of low-mass stars
versus the entire cluster) are p = 0.21 (20 least massive) and p =
0.51 (50 least massive). Usually, these would need to be smaller
than p = 0.05 at a significance level corresponding to 2# , in order
to reject the hypothesis of ‘no mass segregation’. Thus, the lowest
mass objects are not mass segregated.

Figure 4. The m–" distribution for the stars in our data set. We plot the
local surface density for each star against its mass. We then determine the
median (blue lines) and mean (black lines) " for the entire cluster (the
dashed lines) and for the 50 least massive and 50 most massive stars in the
cluster (the solid lines).

C# 2012 The Authors, MNRAS 426, 3079–3085
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Other Techniques

Ophiuchus, Parker et al 2012

MSR (mass seg. ratio; Allison et al 2009, Maschberger et al 2011) : 
measure branch lengths typical of N randomly-selected 
stars vs N most massive stars : ratio > 1 for mass 
segregation
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most massive stars in our data set; we also indicate the lowest mass star, mL,
within NMST. Error bars show the 1/6th and 5/6th percentile values from the
median, as described in the text. The dashed line indicates !MSR = 1, i.e.
no mass segregation.
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In this section we present the results of our !MSR analysis, followed
by the m–" distribution. We then discuss the effects of extinction
on the results.

4.1 !MSR for high-mass stars

In Fig. 2 we show the evolution of !MSR as a function of the number
of stars in an MST, NMST, for the most massive stars in the cluster.
We increase the number of stars in the MST in steps of six which is a
compromise between a high enough resolution to pick out structure
between different mass regimes and a low enough resolution so that
we do not add noise to the plot. The first subset compares the MST
of the 20 most massive stars to the median of many different random
sets of 20 stars, and the second subset is the 26 most massive stars
compared to the median of random sets of 26 stars, and so on. On
the top axis we also indicate the mass of the least massive star within
that value of NMST, at regular intervals.

In Fig. 2 we see that there is no clear mass segregation signature
(normal or inverse) in the most massive stars in the cluster (the most
massive 20 stars are indicated by the large red points in Fig. 1).
The 20 most massive stars (with masses above 1.63 M!) have a
mass segregation ratio !MSR = 0.89+0.09

"0.13, which does deviate from
!MSR = 1 (indicating slight inverse mass segregation), but because
the 26 most massive stars are consistent with !MSR = 1, this result
is not particularly significant.

4.2 !MSR for low-mass stars

In Fig. 3 we show the evolution of !MSR as a function of the number
of stars in an MST, NMST, for the least massive stars in the cluster.
We begin by constructing an MST with the 20 least massive objects
in the cluster, and then increasing the number of objects in the MST
by six at each stage. On the top axis we now indicate the mass of
the most massive star within the NMST subset.

We see that the least massive objects do not show any strong mass
segregation signature, and (within the uncertainties) are consistent
with !MSR = 1.

Figure 3. The evolution of the mass segregation ratio, !MSR, for the NMST
least massive stars in our data set; we also indicate the highest mass star,
mH, within the NMST. Error bars show the 1/6th and 5/6th percentile values
from the median, as described in the text. The dashed line indicates !MSR =
1, i.e. no mass segregation.

4.3 The m–" distribution

We show the m–" distribution for the stars in our data set in Fig. 4.
The upper (black) dashed line is the mean " value for the whole
cluster, and the lower (blue) dashed line is the median value. We
also show the mean and median " values for the 50 most massive
stars (on the right-hand side) and the 50 least massive stars (on the
left-hand side) by the solid lines.

The plot shows that the mean and median " values of the lowest
mass objects in the cluster are marginally higher than for the whole
sample. The p-values of a two-sample KS test (" of low-mass stars
versus the entire cluster) are p = 0.21 (20 least massive) and p =
0.51 (50 least massive). Usually, these would need to be smaller
than p = 0.05 at a significance level corresponding to 2# , in order
to reject the hypothesis of ‘no mass segregation’. Thus, the lowest
mass objects are not mass segregated.

Figure 4. The m–" distribution for the stars in our data set. We plot the
local surface density for each star against its mass. We then determine the
median (blue lines) and mean (black lines) " for the entire cluster (the
dashed lines) and for the 50 least massive and 50 most massive stars in the
cluster (the solid lines).

C# 2012 The Authors, MNRAS 426, 3079–3085
Monthly Notices of the Royal Astronomical Society C# 2012 RAS
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no significant mass 
segregation



Taurus Comparison

• Why the difference? 
Size scales examined

185 180 175 170 165

-4
-6

-8
-1

0
-1

2
-1

4
-1

6
-1

8
-2

0
-2

2
-2

4

Galactic longitude

G
a
la

c
ti

c
 l
a
ti

tu
d

e

0 1 2 3 4 5 6 7 8 9 10
Av (mag)

L1551

L1495E

L1517

L1527

5 pc
Parker et al 2011

most massive stars 
are inversely mass 

segregated



Simulation Comparison
• allows examination in 3D, time evolution, effect of 

initial conditions, dynamics

• Our setup: periodic box, AMR, gravity + 
turbulence, different initial conditions (Mach, T, 
turbulent driving scale) - fiducial: 2pc box, 
600Msol, 10K, large-scale driving

• use same MST method as Kirk & Myers 2011, with 
3 viewing angles, account for observational limits 
(mass & spatial resolution)

t=0.25tff 0.5tff 0.75tff 1tff

Offner et al 2009



Simulation Results
• fiducial simulation: similar 

distribution of offset 
ratios to observations

• other simulations: no 
clusters with same KM11 
criterion, but relaxing 
those gives similar trend

• no time evolution: as 
soon as cluster appears, 
has central most massive

• little time for dynamics 
to cause this Kirk, Offner, & Redmond 2014



Simulation Side Note
• Girichidis et al 2011: the mass & spatial distribution of stars is 

strongly influenced by initial conditions (cloud density profile 
& turbulence)

2748 P. Girichidis et al.

Figure 4. Column density plots for the TH, BE and PL15 setups with velocity profiles c-1, c-2, m-1 and m-2 as well as for PL20-c-1 at the end of the
simulation. The box in all cases spans 0.13 pc in both x and y direction. Each picture row corresponds to one velocity field, each column to a density profile.
All setups show filamentary structures but differently spread in the box. Only the TH density runs form distinct subclusters.

The accretion rates in the TH and BE profiles are influenced by
the particle movements but as the clusters are not that compact the
interactions are less intense. The overall similarity of the accretion
rates can also be seen in the similar slope of the mass function in
the upper panel of Fig. 3.

3.1 Analysis of the TH profile

The uniform density distribution has much less mass within the core
region compared to the concentrated profiles (see Table 2), and its

core free-fall time is longer. The initial supersonic velocity field has
time to develop significant overdensities before the global collapse
becomes dominant. Therefore, the evolution of the cloud at the
beginning of the simulation is dominated by the turbulent motion
rather than the central collapse. The turbulence crossing time and
the free-fall time of the core are similar (tcore

tc /tcore
ff = 1.64) which

leads to the formation of overdense regions all over the simulation
box. These overdense regions are very massive and evolve to locally
collapsing filaments in which the first sink particles form. Filaments
that are close to each other merge into subcores in which subclusters

C! 2011 The Authors, MNRAS 413, 2741–2759
Monthly Notices of the Royal Astronomical Society C! 2011 RAS
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Girichidis et al 2011

Difference between 
unif density and 
Bonnor Ebert or 
power law (left to 
right); initial turbulent 
seed also (top vs 
bottom)



Conclusions
• Young sparse systems offer a promising 

avenue to explore in clustering studies

• Observed systems exhibit centrally 
located most massive member in higher 
surface density environment

• Simulations in same regime show similar 
result, as early as can be analyzed, for all 
tested parameter space

What does the future hold?
• observe: younger systems (Herschel, JCMT), motions (Gaia)

• simulate: explore a wider parameter space!

simulated vs observed small 
groups; Kirk et al 2014



Thank You!


