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ABSTRACT
High-mass stars shape the interstellar medium in galaxies, and yet, largely because the initial
conditions are poorly constrained, we do not know how they form. One possibility is that high-
mass stars and star clusters form at the junction of �lamentary networks, referred to as �hubs�. In
this Letter we present the complex anatomy of a protocluster hub within an Infrared Dark Cloud
(IRDC), G035.39�00.33, believed to be in an early phase of its evolution. We use high-angular
resolution ({�maj, �min} = {1.4 arcsec, 0.8 arcsec} � {0.02 pc, 0.01 pc}) and high-sensitivity
(0.2 mJy beam�1; �0.2 M�) 1.07 mm dust continuum observations from the Atacama Large
Millimeter Array (ALMA) to identify a network of narrow, 0.028 – 0.005 pc wide, �lamentary
structures. These are a factor of �3 narrower than the proposed �quasi-universal� �0.1 pc
width of interstellar �laments. Additionally, 28 compact objects are reported, spanning a
mass range 0.3 M� < Mc < 10.4 M�. This indicates that at least some low-mass objects are
forming coevally with more massive counterparts. Comparing to the popular �bead-on-a-string�
analogy, the protocluster hub is poorly represented by a monolithic clump embedded within
a single �lament. Instead, it comprises multiple intra-hub �laments, each of which retains its
integrity as an independent structure and possesses its own embedded core population.

Key words: stars: formation � stars: massive � ISM: clouds � ISM: individual: G035.39 �
00.33 � ISM: structure.

1 INTRODUCTION

In recent years, Infrared Dark Clouds (IRDCs; P·erault et al. 1996;
Egan et al. 1998) have received signi�cant attention in the �eld of
high-mass (>8 M�) star formation, owing to their natal associa-
tion with massive (�100 M�) protocluster clumps. Early studies
earmarked IRDC clumps as potential locations of high-mass star
and star cluster formation (e.g. Rathborne, Jackson & Simon 2006),
with high-angular resolution observations adding credence to this
theory (Tan et al. 2013, 2016; Cyganowski et al. 2014; Zhang et al.
2015).

Common to many IRDCs is the presence of �lamentary structure.
As a key ingredient of the molecular interstellar medium (Andr·e
et al. 2010; Molinari et al. 2010), there has been a commensurate
drive towards understanding the intrinsic nature of �laments. Phys-
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ically, interstellar �laments are characterized by a �quasi-universal�
width of the order �0.1 pc (Arzoumanian et al. 2011). The ori-
gin of this commonly observed width is currently unknown. One
possibility is that this scale is a direct re�ection of the physics of
�lament formation, following the dissipation of turbulent energy
via shocks at the stagnation points of a turbulent velocity �eld (e.g.
Federrath 2016). From a dynamical perspective, both observations
(e.g. Schneider et al. 2012) and simulations (Dale & Bonnell 2011;
Myers et al. 2013; G·omez & V·azquez-Semadeni 2014) agree that
�laments play an important role in star and cluster formation. In this
context, �laments may act as tributaries, funnelling mass towards
protocluster clumps at the centre of so-called hub-�lament systems
(Myers 2009; Liu et al. 2012; G·omez & V·azquez-Semadeni 2014;
Smith et al. 2016).

Observational studies of relatively evolved massive star-forming
clusters support the �hub-�lament� scenario for high-mass star and
star cluster formation (e.g. Liu et al. 2012). For objects at an early
stage of evolution, such as IRDCs, there is growing evidence in the
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form of coherent, parsec-scale, velocity gradients associated with
prominent �laments in the vicinity of protocluster clumps (Peretto
et al. 2014; Tackenberg et al. 2014). Although high-angular res-
olution observations of IRDC clumps exist, these often focus on
the embedded core population (e.g. Wang et al. 2014; Beuther
et al. 2015), and typically lack enough spatial coverage and dy-
namic range to obtain a global understanding of the anatomy of
hub-�lament systems. As a consequence, the physical structure of
protocluster hubs during the earliest phases of evolution is poorly
documented. It remains unknown, for example, whether �lamentary
structures exist internally within hubs, and if so, what role they may
play in the subsequent evolution of protocluster cores.

In this Letter we present high-angular resolution
({�maj, �min} = {1.4 arcsec, 0.8 arcsec}; see Section 2) and
high-sensitivity (0.2 mJy beam�1) Atacama Large Millimetre
Array (ALMA) cycle 2 dust continuum observations towards a
�100 M� clump (Rathborne et al. 2006; Butler & Tan 2012), H6
(referred to as MM7 in Rathborne et al. 2006), located within the
IRDC G035.39�00.33 (cloud H; Butler & Tan 2012). This cloud
is reasonably massive (� 2 × 104 M� at a kinematic distance of
2.9 kpc; Simon et al. 2006; Kainulainen & Tan 2013) and comprises
a network of kinematically identi�ed sub-�laments that overlap
spatially at the location of the H6 hub (Henshaw et al. 2013, 2014;
Jim·enez-Serra et al. 2014). Combining ALMA observations with
those from the Atacama Compact Array (ACA), allows us to
recover extended structures inside the hub, and unveil a network
of narrow intra-hub �laments and embedded structure that had
previously remained elusive.

2 OBSERVATIONS

ALMA cycle 2 Band 7 observations were carried out towards the
H6 hub (project: 2013.1.01035.S, PI: Henshaw) using the 12 m
ALMA and 7 m ACA arrays. The precipitable water vapour (PWV)
was 1.53 mm, resulting in system temperatures of �130 K. Pri-
mary beam sizes of the 12 m and 7 m antennas at 279 GHz
are �22 arcsec and 38 arcsec, respectively. A 7-�eld mosaic was
used to cover a region �40 arcsec × 40 arcsec (corresponding to
0.55 pc × 0.55 pc). The 12 m mosaic can be seen as white open
circles in Fig. 1, which shows the Spitzer Infrared Array Cam-
era (IRAC) 8 µm image of G035.39�00.33, from the Galactic
Legacy Mid-Plane Survey Extraordinaire (GLIMPSE; Churchwell
et al. 2009). The shortest available baseline from the 7 m array was
D = 9 m. We are therefore sensitive to emission on scales up to
�30 arcsec (�0.4 pc). For the 12 m observations, quasars J1924-
2914 and J1851+0035 were used for bandpass and time-dependent
gain calibration (with measurements every �10 min), respectively.
Flux calibration was performed using Neptune. The spectral setup
included a 1.875 GHz continuum band centred on 277.5 GHz.
The 12 m and 7 m visibility data were combined and imaged
in CASA. Imaging and deconvolution was performed using Multi-
Scale CLEAN with natural weighting. The resultant synthesized beam
is {�maj, �min} = {1.4 arcsec, 0.8 arcsec} � {0.02 pc, 0.01 pc} �
{4000 au, 2000 au} with a position angle P. A. = �57.�9. The contin-
uum image reaches a 1� rms noise level of 0.2 mJy beam�1 (estimated
from emission-free regions after primary beam correction). From
the Rathborne et al. (2006) 1.2 mm dust continuum image of the H6
clump (size �40 arcsec, � to the extent of our ALMA mosaic), we
estimate that the integrated �ux at 1.07 mm is �0.8 Jy (assuming a
dust emissivity index, � = 1.75). The total �ux in our ALMA image
is �0.5 Jy, indicating that we recover about 60 per cent of the total
�ux.

Figure 1. Spitzer 8 µm image of G035.39�00.33 (Churchwell et al. 2009),
with logarithmic intensity scale in units of MJy sr�1. Open white circles
indicate the 7-�eld 12 m ALMA mosaic. The dashed contour displays the
edge of the ALMA mosaic. Filled yellow diamonds and �lled magenta cir-
cles indicate the locations of 3.2 mm PdBI cores identi�ed by Henshaw et al.
(2016) and high-mass cores reported by Butler & Tan (2012), respectively.
Open red circles and red triangles refer to the 8 µm, and 24 µm emission,
respectively (Carey et al. 2009; Jim·enez-Serra et al. 2010). The symbol sizes
are scaled by the source �ux. Filled green squares highlight the location of
extended 4.5 µm emission (Chambers et al. 2009).

3 RESULTS

The ALMA 1.07 mm dust continuum emission map of the H6 region
is displayed in the left-hand panel of Fig. 2. This new high-angular
resolution and high-sensitivity map reveals a striking network of
intra-hub �laments, which had remained elusive in previous obser-
vations (e.g. Henshaw et al. 2016).

The �lamentary structures evident in Fig. 2 are narrow in com-
parison to the prominent �lament seen in extinction in Fig. 1 and
to the �quasi-universal� �lament width of �0.1 pc (Arzoumanian
et al. 2011; Andr·e et al. 2016). We can estimate the width of these
�laments via the analysis of their radial surface density pro�les,
�f(r). We focus on the �lament marked �F� in Fig. 2, as it ex-
hibits the most uniform structure of those observed. To derive the
radial surface density pro�le we rotate the image and take hori-
zontal slices of equivalent breadth across the �lament crest. The
column density, NH, is estimated using the following assumptions:
(i) the dust continuum emission is optically thin; (ii) a total (gas
plus dust)-to-dust-mass ratio, Rgd = 141 (Draine 2011); (iii) a dust
opacity per unit mass, �� � 1.26 cm2g�1 (valid for the moderately
coagulated thin ice mantle dust model of Ossenkopf & Henning
1994, assuming � = 1.75); (iv) a dust temperature, Td = 13 K. For
an in-depth discussion on these considerations, please see Henshaw
et al. (2016). After accounting for uncertainties in our assumed pa-
rameters, the uncertainty in NH is �50 per cent. The resultant 1� rms
sensitivity is �4 × 1022 cm�2.
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