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INTRODUCTION

ABSTRACT

The projected distribution of stars in the Small Magellanic Cloud (SMC) from the
Magellanic Clouds Photometric Survey is analysed. Stars of different ages are selected
via criteria based on V' magnitude and V' — I colour, and the degree of ‘grouping’ as
a function of age is studied. We quantify the degree of structure using the two-point
correlation function and a method based on the Minimum Spanning Tree and find that
the overall structure of the SMC is evolving from a high degree of sub-structure at
young ages (~10Myr) to a smooth radial density profile. This transition is gradual and
at ~75 Myr the distribution is statistically indistinguishable from the background SMC
distribution. This time-scale corresponds to approximately the dynamical crossing
time of stars in the SMC. The spatial positions of the star clusters in the SMC show
a similar evolution of spatial distribution with age. Our analysis suggests that stars
form with a high degree of (fractal) sub-structure, probably imprinted by the turbulent
nature of the gas from which they form, which is erased by random motions in the
galactic potential on a time-scale of a galactic crossing time.
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The term infant mortality is now used in widely varying

The majority of stars form in clustered environments (e.g.
Clarke et alll2000 and [Lada & Ladd[2003, henceforth LLO03),
but only a small fraction (< 10%) of stars ends up in
bound star clusters which survive the embedded phase. It
was noted much earlier that almost all stars in the Galac-
tic disc form in (unbound) OB associations (e.g.
[1957; Miller & Scald llﬂg) and that residual gas expulsion
is the most probable explanation (e.g. MM, Lada et al]
). LLO03 introduced the term ‘infant mortality’ for the
rapid dissolution of embedded clusters at young (few Myrs)
ages.

More recently, the infant mortality scenario has also
been used to explain the strong drop in the age distribu-
tion, dN/dt, around ~10-20 Myr of clusters in the Anten-
nae galaxies and M51 (Fall et al] M and |Bastian et al]
, respectively). [Pellerin et all (IM) introduced a new
approach for studying infant mortality, by comparing the
spatial distribution of stars of different stellar types in the
nearby spiral galaxy NGC 1313. They found that O-type
stars are more strongly grouped than B-type stars, which is
what is expected if all stars form in clusters and the major-
ity disperses on time-scales comparable to the life-time of
O-stars (few Myrs).

contexts. First, the time-scales involved range from 3 Myr
(LLO3) up to a Gyr GM [2005; [Chandar et all M)
Second, the term ‘star cluster’ is used for irregular, dynam-
ically unmixed, groups of embedded stars with total masses
of 10 — 100 My (e.g. LLO03), for compact (few pc) and mas-
sive (few times 105 — 106 Mg) clusters in interacting galax-
ies (e.g. Schweizer et alll1996) and for large scale (= 100 pc)
stellar associations (Pellerin et al] M)

The Small Magellanic Cloud (SMC) cluster system
has been heavily under debate recently. [Rafelski & Zaritsky
) presented a new catalogue of SMC star clusters and
showed the existence of a declining dN/dt. This was inter-
preted as infant mortality working on a 3 Gyr time-scale by
Chandar et all (2006). However, Gieles et all (2007) showed
that the decline is in fact due to detection incompleteness
at higher ages, later confirmed by an independent analysis
(de Grijs & Goodwin M)

This study aims at tying the above issues together to
give a more coherent picture of the evolution of structures
in the SMC. Inspired by the work of [Pellerin et all (2007),
the catalogue of five million stars detected in the Magel-
lanic Clouds Photometric Survey (MCPS)
) is used to select stars of different ages. In section
the data and the selection criteria of different regions are
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Figure 1. Colour-magnitude diagram for stars from the catalogue
of (@) The shading represents the number of

stars present (shown as the square-root to increase the contrast),
with dark representing a higher number of stars. The selected
boxes are indicated. The numbers on the right-hand side of the
panel refer to the base-ten logarithm of the age of the isochrones
shown.

described. In section [3] several techniques are employed in
order to search for stellar groups and quantify their evolu-
tion with age. The implications and conclusion are presented
in section [l

2 DATA AND SELECTION CRITERIA

The MCPS covers an area of roughly 4.°5 x 4° of the Small
Magellanic Cloud (SMC). We use the Johnson V and the
Gunn I photometric results of roughly five million stars
to construct the colour magnitude diagram (CMD) of V
vs. V. — I. The photometry was corrected for a Galactic
foreground extinction of Ay = 0.12 mag
M) The resulting CMD is shown in Fig. [[l where the
greyscale represents the number of stars present with that
colour and magnitude (dark representing higher number).
Overplotted are evolutionary isochrones of the Padova mod-
els for Z = 0.004 (Bertelli et al] QM; Girardi et al] M,
M) which were converted to the UBV RIJH K photomet-
ric system by |Girardi et all (IZM) ‘We adopted a distance
modulus of 18.87 mag (~60kpc) (Harries et al! 2003).
Based on the CMD we select seven non-overlapping
boxes around the main sequence and one box around the

Table 1. Overview of the selection criteria of the eight boxes
shown in Fig. [0

V-1 \% Age [Myr]
Box min max min max min max mean
1 —0.800 —0.100 8.00 15.23 4 25 11
2 —0.500 —0.100 15.50 15.93 4 40 21
3 —0.475 —0.100 16.40 16.58 4 79 40
4 —0.400 —0.125 17.25 17.33 4 126 52
5 —0.300 —0.100 17.75 17.79 4 200 76
6 —0.300 —0.100 18.35 18.38 4 200 99
7 —0.250 —0.075 18.90 18.92 4 316 186
8 0.000 0.250 19.75 19.76 794 1000 895

turn-off of a one Gyr population, each containing 1500 stars,
in a circle with a diameter of 2.7 degrees around the mean
RA and DEC of the stars in the catalogue. This avoids the
outer regions of the galaxy which have a higher fraction
of contaminating sources. We use equal numbers of stars
to avoid possible number dependancies in the analysis (sec-
tion[3]). The box sizes are determined as follows: once criteria
for the V' — I colour and peak V magnitude are chosen, the
stars satisfying these constraints are ordered in V' bright-
ness and the brightest 1500 selected. The magnitude of the
faintest star included in the final 1500 stars sample defines
the lower boundary of the box. The boxes around the main
sequence always sample stars of multiple ages, with the age
spread getting larger for boxes lower in the main sequence.
This means that even though the mean age increases going
down in the main sequence, we always have a contribution of
the youngest population. Box 8 samples only turn-off stars
with ages of roughly a Gyr.

To quantify the contribution of the different ages to the
boxes, we performed the following test: we assume a con-
stant rate of star formation over the last Gyr (older ages do
not contribute to the selected boxes on the main sequence,
see Fig. [[) and assign masses according to a Salpeter mass
function. We assign colours and magnitudes to each star,
based on their age and mass as derived from the Padova
models and the adopted distance modulus. For each age we
find the number of stars with colour and magnitude satisfy-
ing our criteria, allowing us to derive the mean age of stars

in each box. See [Bastian et al! (2007, [2008) for details.

We do not take into account internal extinction varia-
tions in the SMC. [Harris & Zaritsky (2004) find a trend of
younger stellar population (< 10 Myr) being more extincted
than older stellar populations (2 1 Gyr). Especially for box 1
this could result in target stars being outside the box due to
extinction, but we do not expect many sources to be shifted
into our selection boxes. For the most extincted field in the
sample of [Harris & Zaritskyl (IM), the Ay distribution of
the young population peaks around 0.5 mag, corresponding
to E(V — I) ~ 0.2 mag. For most of their fields, however,
the extinction for the young population is much lower.

In Table [Il we summarise the selection criteria of the
eight age boxes and the resulting minimum, maximum and
mean ages of the stars in each box. In figure 2] we show
with points the distribution of the 1500 stars in each age
box. The lines show the Minimum Spanning Trees (MSTs)
derived from the distribution of the stars (section B.2]).
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Figure 2. In each panel we show the RA and DEC (relative to the mean) of the 1500 stars in each age box as dots. The mean age of
the stars in the boxes (section [2) is indicated in each panel. The Minimum Spanning Trees (MSTs, see section B.2)), of each sample is

over-plotted with lines.

In section we will use the two-point cor-
relation function and the statistical @-parameter
(Cartwright & Whitworth [2004) that can be derived
from the MST, in order to search for structure evolution
in the SMC. We compare the distribution of stars (and
star clusters) of different ages to a distribution without
sub-structure, which we will refer to as the reference
distribution. This distribution has a smooth power-law
density profile, p(r), with r the distance to the centre of the
SMC and p(r) o« =75, Such a profile, projected in 2D, is
a reasonable approximation of the observed distribution of
stars with V' < 20.

3 STRUCTURE EVOLUTION IN THE SMC
3.1 The two-point correlation function

A commonly used and relatively straightforward technique
to measure sub-structure is the two-point correlation func-
tion (TPCF), which has been used extensively as a statistical
measure of large-scale cosmological structure (e.g.

[1980). We define the TPCF, £(r), as

N

N
L4+£(r) = Y n(r) /SO ni (), (1)
i=1 i=1
where n; is the number of stars found at a distance r from
star ¢, and n'f is the same, but for the references distri-
bution. For the sum over the reference distribution we take
the average of 100 realisations. This is similar to the proce-
dure implemented by [Gomez et all (1993) who studied the
spatial distribution of young stellar objects in the Taurus-
Auriga molecular cloud.
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Figure 3. The two-point correlation function (TPCF) for stars
in the eight age boxes.

The results for all boxes are shown in Fig. [3] The slope
gets shallower with increasing age (box number) and ap-
proaches that of the reference distribution, that is, 1+&(r) =
1. We fit power-law functions of the form

B
r
1+&(r)=A <10pc) (2)
and follow the evolution of the parameters A and B from
equation () with age for the eight age boxes. This is shown
in the top and middle panels of Fig.[dl The values evolve very
quickly towards the reference values (A = 1 and B = 0).
For the stars in box 5 (with a mean age of ~75Myr) the
difference between the initial value and the reference value
has already reduced by 90% for both A and B. This simple
analysis indicates that sub-structure in the SMC is erased
in ~75 Myr.
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3.2 The Minimum Spanning Tree and the
Q-parameter

In order to quantitatively study the distribution of groups of
sources objective algorithms must be developed. Addition-
ally, large datasets, such as the one used in the present work,
require high levels of automation. One such tool which has
been developed and successfully employed in the study of
young star-forming regions is the Minimum Spanning Tree
(MST) algorithm (Battinelli |1991)). All points, that is, the
positions of the sources, in the distribution are connected to
their nearest neighbour, in order to form a single ‘tree’, such
that the total length of all the connecting segments (edges)
is minimised and no closed loops are formed. This is a math-
ematically unique way of describing a dataset. In Fig. 2] we
show the MSTs for the stars in the eight age boxes.

The MST can be used to study the distribution
of stars and quantify the amount of sub-structure, as
was done by e.g. |Cartwright & Whitworth (2004) and
Schmeja & Klessen (2006) who applied the MST method to
study structure in (embedded) Galactic clusters.

The (@Q-parameter, which was introduced by
Cartwright & Whitworth (2004), is a measure of the
amount of sub-structure within a spatial distribution. In
short, the Q-parameter is defined as Q = m/5, with m
the normalised mean edge length of the MST and 5 the
normalised mean correlation length. The normalisations
are applied to make the result independent of the size and
number of sources in the distribution.

Cartwright & Whitworth (2004) showed that @ is a
unique way of distinguishing between smooth radial den-
sity gradients and (fractal) sub-clustering. For a random 3D
distributions of stars, projected in 2D, the value of @ is
0.79. For distributions with more sub-structure QQ < 0.79,
and for smooth density profiles which are centrally concen-
trated, @ > 0.79 (see their Fig. 5). We estimate @ for the
reference distribution through interpolation of the values
given in Table 1 in|Cartwright & Whitworth (2004) and find
Qref =~ 0.82.

We determined ) for the stellar distribution in the eight
age boxes and find an increase of @) with age (see filled cir-
cles in the bottom panel of Fig. M]). We also determine Q for
the star clusters in four age bins containing equal number
of clusters. The cluster positions and ages are taken from
the catalogue of [Hunter et all (2003). The result is shown
as open circles. The @ results for the stars and the clus-
ters agree very well in the age range where they overlap.
The ages of the clusters are known with higher accuracy
than the ages of the stars, for which we have stars with a
large age spread contributing to boxes 1 to 7, the agreement
between the ) values shows that the ages assigned by our
selection method (section [2)) are likely to be representative.
The offset to slightly higher QQ-values for the stars is proba-
bly due to the fact that the stars in each box, contrary to the
clusters, have always stars of the youngest age contributing.
It indicates that the distribution of the stars older than the
mean age affect the value of () more than the distribution of
the younger stars. This is confirmed by simulations of stellar
distributions (Bastian et al!|2008).

The arrows in the bottom panel of Fig. @] indicate the
results for a (projected) fractal model with dimension 2.1
and 2.4 (Cartwright & Whitworth 12004). We find that the
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Figure 4. Evolution of the three structure indicators discussed in
section [Blas a function of mean age of the eight boxes. In the top
and middle panels the results of the power-law fits (equation[2)) to
the TPCFs are shown. In the bottom panel the results for Q of the
clusters(stars) are shown as open(filled) circles. The dashed lines
indicate the value corresponding to the reference distribution. The
grey areas denote the values where the difference between the
value for the youngest age box and the reference value is less
than 10%.

cluster and stellar distributions in the young age boxes have
a lot of sub-structure, with box 1 showing the same @
value as a fractal with dimension ~2.4. This probably re-
flects the structure of the turbulent gas from which they
are formed (Elmegreen & Elmegreen [2001). For increasing
age box, @ increases rapidly, levelling off around box 5
(~75Myr), where the value is within 10-20% that of the
reference distribution. This is in agreement with the time-
scale indicated by the TPCF. It suggests that sub-structure
originating from the star formation process is erased within
~75Myr.

3.3 Sensitivity of the methods

Both the TPCF and the Q-parameter indicate that for stars
in boxes 5 and higher the distribution is essentially indis-
tinguishable from the reference distribution. From a visual
inspection of Fig. [2] we see that the distribution of stars is
still evolving going from box 5 to box 8, while according to
the TPCF and the Q-parameter these distributions are sta-
tistically comparable (Fig. @). This could indicate that both
our methods are insensitive to structure that is present only
on a low signal-to-noise level. However, we note that the
main body of the SMC also affects our results. In box 5 we
can clearly recognise the shape of the SMC, while this is less
evident in box 8. This structure, which is of galactic scale,
will increase both the value of ) and the slope of the TPCF.
So, if the average distribution of stars is somewhat more
centrally concentrated than our reference distribution, this
could compensate the effect small structures have, such that
the values are similar to those of the reference distribution.
We emphasise that the absolute values of both methods are



sensitive to edge effects and to some degree suffer from de-
generacy when the distribution is a mixture of a pure fractal
and a centrally concentrated distribution. This leads us to
conclude that the variations on the 10-20% level should not
be over-interpreted. However, the general evolution of, and
the agreement between, both the TPCF structure indica-
tors and the Q-parameter is a strong indication that stellar
structure is erased on a short (< 100 Myr) time-scale in the
SMC.

4 CONCLUSIONS

We have studied the evolution of sub-structure in the dis-
tributions of stars of different ages in the Small Magellanic
Cloud (SMC). Using two different methods, namely the two-
point correlation function (TPCF), and the statistical Q-
parameter, we find that the stellar distribution evolves to
the reference distribution, that is, a smooth power-law den-
sity profile, on a time-scale of ~75 Myr.

Our results qualitatively agree with what [Pellerin et al.
(2007) found for stars in NGC 1313. However, we have
also quantitatively determined the time-scale in which ‘stel-
lar groupings’ disappear (~75Myr). In the scenario of
Pellerin et al! (2007) all stars form in clusters/groups, which
dissolve due to gas expulsion. The super-virial velocities of
stars after gas removal are of the order of a few kms™*. Com-
bined with the radius of the SMC galaxy (Rsmc ~ 2kpc),
the time it would take for stars that travel from a dissolv-
ing cluster to cover one galactic radius is ~1 Gyr, which
is much longer than the 75 Myr we find. |[Evans & Howarth
(2008) measured a velocity dispersion, o, of 30kms™* for
(massive) field stars in the SMC, which combined with the
radius of the SMC results in a dynamical crossing time,
ter = Rsmc /o =~ 75 Myr. This is the same as the time-scale
for structure dispersal that we found in our study, making
random motions in the galactic potential a plausible expla-
nation for the erasure of structure.

Gieles & Bastian (2008) showed that only a small frac-
tion (~3%) of stars that are formed in the SMC end up
in clusters that survive past the embedded phase, i.e. those
that can be identified as genuine star clusters in optical stud-
ies. Whether this is due to a 97% infant mortality rate of
embedded clusters or due to a large fraction of stars form-
ing in the field, can not be judged from the current data.
We do know that already at very young ages (~10 Myr) the
majority of stars are not in dense clusters and these ‘field
stars’ still show the fractal imprints of the natal gas, which is
being erased dynamically by random motions in the galaxy
potential.

In an accompanying paper (Bastian et all[2008) we fur-
ther develop and explain the techniques and conclusions re-
ported here, and compare these results to those found for
the Large Magellanic Cloud.
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