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ABSTRACT

Aims. The aims are to investigate the clustering of the far-infrared sources from theHerschelinfrared Galactic Plane Survey (Hi-GAL)
in the Galactic longitude range of� 71 to 67 deg. These clumps, and their spatial distribution, are an imprint of the original conditions
within a molecular cloud. This will produce a catalogue of over-densities.
Methods. The minimum spanning tree (MST) method was used to identify the over-densities in two dimensions. The catalogue was
further re�ned by folding in heliocentric distances, resulting in more reliable over-densities, which are cluster candidates.
Results. We found 1633 over-densities with more than ten members. Of these, 496 are de�ned as cluster candidates because of the
reliability of the distances, with a further 1137 potential cluster candidates. The spatial distributions of the cluster candidates are
di� erent in the �rst and fourth quadrants, with all clusters following the spiral structure of the Milky Way. The cluster candidates are
fractal. The clump mass functions of the clustered and isolated are statistically indistinguishable from each other and are consistent
with Kroupa's initial mass function.
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1. Introduction

In recent years, the development of Galactic Plane surveys has
allowed for the statistical properties of the star-formation pro-
cess to be examined because these surveys encompass many
di� erent Galactic environments. These environments cover all
length scales, from kpc, which allows studying interactions in
the spiral arms, to pc scales, which enable us to study individual
star-forming regions. Studies have started to show that, on large
scales, there are no major variations in the star-formation e� -
ciency caused by the spiral arms (Moore et al. 2012; Eden et al.
2013, 2015) but that the sub-10-pc scales may be the most
important, with the most signi�cant variations found on these
smaller scales (Eden et al. 2012; Vutisalchavakul et al. 2014).
These results point towards the smaller scales as the most im-
portant, and therefore local triggering may be vital in the star-
formation process (e.g. Deharveng et al. 2005; Thompson et al.
2012; Kendrew et al. 2012).

Billot et al. (2011) used theHerschelinfrared Galactic Plane
Survey (Hi-GAL; Molinari et al. 2010b, 2016) science demon-
stration phase (SDP) �elds to study the clustering of star-forming

? Hi-GAL is a key-project of theHerschelSpace Observatory sur-
vey (Pilbratt et al. 2010) and uses the PACS (Poglitsch et al. 2010) and
SPIRE (Gri� n et al. 2010) cameras in parallel mode.
?? The catalogues of cluster candidates and potential clusters are only
available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5 ) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/597/A114

clumps, within two 2� 2 square deg �elds. In this paper, we ex-
tend this to cover� 1/3 of the Galactic Plane, in the Galactic lon-
gitude range of� 71 deg to 67 deg, spanning the �rst and fourth
quadrants (Molinari et al. 2016).

We use the minimum spanning tree (MST) method to in-
vestigate the clustering of star-forming clumps traced at far-IR-
submm wavelengths. Single-band catalogues at 70, 160, 250,
350, and 500 have been merged together (Elia et al. 2016) to
produce a band-merged catalogue that is the starting point of our
cluster analysis. A byproduct of identifying the clumps that fall
into these clusters is that �eld clumps will also be identi�ed, al-
lowing for a comparison between these two environments. Mea-
surements of the stellar initial mass function (IMF) in the Galaxy
and in extragalactic structures �nd that the IMF is invariant, with
no signi�cant di� erences found (Bastian et al. 2010). Observers
have found (e.g. Beltrán et al. 2006; Simpson et al. 2008) that
the clump mass function (CMF) shape matches the IMF either
as slope or turnover mass once a constant mass o� set is applied.
With this observational evidence, any changes detected in the
CMFs of di� erent environments may therefore indicate a change
in the IMF.

The band-merged Hi-GAL product catalogue (Elia et al.
2016) is built as in Elia et al. (2013) and provides spectral en-
ergy distribution (SED) �t parameters to the individual clumps.
The average angular size of the clumps is 2500at 250� m. Using
the heliocentric distances provided in the Hi-GAL product cat-
alogue (described in Sect. 3.2.) and the SED �t parameters, the
authors of the catalogue are able to provide linear diameters and
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masses of the clumps. The catalogue explores a wide range of
linear diameters and masses, from sub-parsec (� 0:1 pc) to par-
sec scale (1� 5 pc) with masses from 1M� to 105 M� . These
wide ranges mean that we probably mix several types of ob-
jects, from single star-forming cores to clumps containing mul-
tiple cores, even to entire clouds, depending on the distance of
object. Most of these sources, however, ful�l the de�nition of
clump, according to the de�nition of Bergin & Tafalla (2007).
Dust temperatures for these clumps have been estimated through
a grey-body �t, and searched in the rangeT = 5� 40 K. Most
of them are found between 10 and 20 K. The appearance of
the SED and the parameters obtained through the grey-body
�t allow for classifying the evolutionary stage of these objects.
Three stages are identi�ed: starless unbound and bound (pre-
stellar) objects, and proto-stellar objects. The pre- and proto-
stellar stages are distinguished from each other by the presence
of a 70� m source in a proto-stellar clump (e.g. Dunham et al.
2008; Ragan et al. 2012; Veneziani et al. 2013). The bound ver-
sus unbound identi�cation is obtained by using the mass-radius
relation, well known as Larson's third law, originally formulated
as M(r) > 460 M� (r=pc)1:9, with r the radius of the source
(Larson 1981). Beyond 4� 5 kpc two e� ects could lead to mis-
classifying the pre- and proto-stellar stages. First, di� erent sen-
sitivities of PACS and SPIRE could lead to missing a possible
70 � m counterpart of a source detected with SPIRE. Second, at
large heliocentric distances, two or more pre- and proto-stellar
sources could be detected as a single object as a result of lack-
ing resolution, globally and simply labelled as proto-stellar. The
�rst e� ect was partially mitigated by searching for a possible
70 � m counterpart that was not originally listed in the single-
band catalogue through performing additional source detection
at this band using a threshold less demanding than the initial one.
Elia et al. (2016) provide statistics and a discussion about the ra-
tio between pre- and proto-stellar clumps. The distribution of the
three evolutionary stages is shown in a portion of the Galactic
Plane in Fig. 1. Each panel represents an evolutionary stage in
the longitude range 26� l � 31 deg. The pre-stellar clumps are
more extended in Galactic latitude than the proto-stellar clumps.
The unbound clump distribution is hard to characterise because
it is obscured by the proto-stellar clumps in the mid-plane, there-
fore we only consider clustered over-densities composed of pre-
and proto-stellar clumps. These distributions are observed across
the entire longitude range of this study.

Additional evolutionary markers, such as Hii regions, a
marker of high-mass star formation (Urquhart et al. 2013) and
infrared dark clouds (IRDC), can be associated with the clus-
tered clumps, giving further insight into the environmental
conditions.

This paper is arranged as follows. Section 2 introduces the
MST method, allowing the clustered clumps to be identi�ed,
with Sect. 3 describing the process of applying the method to the
Hi-GAL data. In Sect. 4 we present the results of the study, with
Sect. 5 comprising the discussion, whilst Sect. 6 presents the cat-
alogue of over-densities. Finally, Sect. 7 contains the summary
and conclusions.

2. Minimum spanning tree method

Clumps in these wavelengths are mostly associated with �l-
aments (e.g. Molinari et al. 2010a). For this reason, we de-
cided to use an MST method, which is well suited to �nd
sources along �lamentary structures. This method was �rst de-
scribed in Bor	uvka (1926a,b), with an English translation pro-
vided in Nešet�ril & Nešet�rilová (2012). Since this time, several

(a) Unbound clumps.

(b) Pre-stellar clumps.

(c) Proto-stellar clumps.

Fig. 1.Source density maps of a sub-sample of the three di� erent types
of clumps de�ned in the Hi-GAL product catalogue, located in the lon-
gitude range 26� l � 31 deg. The same distributions are observed for
the whole sample.

algorithms have been described, with Graham & Hell (1985)
providing a detailed historical evolution of the MST algorithm.
For this study we used Prim's algorithm (Prim 1957). More de-
tails about Prim's algorithm can be found in Schmeja (2011).

The MST method belong to undirected graph theory. Using
Delaunay triangulation (e.g. Shamos & Hoey 1975; Toussaint
1980), the method connects all points, called vertices, with
branches, or edges, without creating closed loops whilst
minimising the total length of the branches. As all lengths are
di� erent, the solution of the MST analysis is unique. In this
case, the vertices correspond to the clumps, and the edges,� ,
correspond to the angular distance separating the clumps regard-
ing the solution found with the MST method. This algorithm
was originally used in an astrophysical context for galaxy clus-
ters. More recently, it was used in stellar clusters, for instance in
Koenig et al. (2008), Gutermuth et al. (2009), Billot et al. (2011)
and Saral et al. (2015). This method was also recently used to
observe the mass segregation into star clusters in Allison et al.
(2009), Maschberger & Clarke (2011), and Parker et al. (2012).

For this study we followed the recommendations of
Koenig et al. (2008) and Gutermuth et al. (2009) to analyse the
trees that are determined. By producing the cumulative distri-
bution of the branch lengths, an estimate of the branch cut-o�
length,� cut, can be found. Two segments are �tted to each ex-
treme of the cumulative distribution with the �rst to the small
branches, whereas the other one will �t the large branches. The
intersection of these two segments provides a branch cut-o�
length � cut. Di� erently from other methods where the cut-o�
threshold is chosen manually, this method allows an automatic
setting of the cut-o� .
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