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Furthermore, prestellar cores, the arguably gravitationally bound
structures that likely collapse to form stars, are predominantly
found along �laments (Könyves et al. 2010, 2015; Marsh et al.
2016). These results provide evidence that the formation and
gravitational collapse of �laments is related to the core and star
formation processes in low-mass star-forming environments.

Although the study of nearby molecular clouds undoubtedly
provides us with a close-up view of the star formation process,
such clouds are not representative of the most productive star-
forming engines in our Galaxy due to their low abundance of
O- and B-type stars and clusters. To observe large samples of
high-mass stars (>8 Me ) and stellar clusters, we must probe
giant molecular clouds (GMCs) at distances typically >300 pc
from our solar system. While these distant environments
require higher spatial resolution and sensitivity, they are more
indicative of the majority of clouds in the Galaxy. Similar to
nearby clouds, �lamentary networks of dense gas are also
prevalent throughout GMCs and have been found to be
spatially correlated with signposts of high-mass star formation
(e.g., Nguyen Luong et al. 2011; Hill et al. 2012b; Motte et al.
2018b). In particular, massive young stellar objects (MYSOs)
and embedded stellar clusters appear to be preferentially
located at the intersections of multiple �laments seen in dust
continuum observations (Myers 2009; Schneider et al.
2010a, 2012; Hennemann et al. 2012; Li et al. 2016; Motte
et al. 2018a). The combination of the pervasiveness of
�laments throughout molecular clouds with the �nding that
clusters form at the intersections of multiple �laments
motivates the idea that mass �ow along �laments provides
the localized high-density conditions necessary to form stellar
clusters and the MYSOs that form within them (Schneider et al.
2010a; Friesen et al. 2013; Henshaw et al. 2013; Kirk et al.
2013a; Fukui et al. 2015; Motte et al. 2018a).

While dust continuum emission provides a detailed look at
the distribution of dense cores and �laments within molecular
clouds, it does not provide the gas velocity dispersion
measurements required to understand whether or not those
structures are gravitationally bound. Rather, observations of
dense gas emission from molecules such as NH3 (ammonia)
and N2H

+ (diazenylium) are necessary to probe core and
�lament kinematics. These tracers provide an advantage over
commonly observed carbon-based molecules (e.g., CO) for
tracing dense gas because they suffer less from freeze-out onto
dust grains at the high densities within dense cores (see, e.g., Di
Francesco et al. 2007) and they are also typically optically thin
with Gaussian-like pro�les that allow an easier interpretation of
kinematics. In addition, the hyper�ne splitting of ammonia
emission provides a convenient method for obtaining optical
depths. Since the relative heights of the NH3 hyper�ne
structures are well known in the optically thin limit, optical
depths and excitation temperatures can easily be determined by
measuring the intensities of the hyper�ne components (Ho &
Townes 1983). Furthermore, observations of multiple NH3

transitions allow a kinetic gas temperature to be calculated
from the relative intensities of the central hyper�ne groups in
each transition. This line strength relationship serves as a proxy
for the distribution of populations within each excited state (Ho
et al. 1979), i.e., the kinetic energy over the observed portion of
the cloud.

The combination of dense gas kinematics and temperatures
with continuum observations provides a way to measure the virial
stability of dense cores and �laments (e.g., Friesen et al. 2016;

Keown et al. 2017; Kirk et al. 2017), the dissipation of turbulence
from clouds and �laments to cores (“transition to coherence”;
Pineda et al. 2010; Chen et al. 2019a), and the �ow of gas along
or onto �laments (e.g., Schneider et al. 2010a; Friesen et al. 2013;
Henshaw et al. 2013; Kirk et al. 2013a). Such measurements can
also be used to determine whether dense structures associated with
�lament intersections are susceptible to gravitational collapse. If
so, the structures may be the precursors of future stellar clusters,
further linking �lament intersections to the star formation process
in GMCs.

Recent large surveys have set out to investigate the
connection between dense gas kinematics and star formation
by observing ammonia emission throughout different regions
of the Galaxy. The Green Bank Ammonia Survey (GAS)
mapped NH3 emission throughout the nearby Gould Belt
molecular clouds (d<500 pc) where Av>7 (e.g., Friesen
et al. 2017; Keown et al. 2017; Kirk et al. 2017; Redaelli et al.
2017; Chen et al. 2019a; Kerr et al. 2019). The Galactic plane,
which typically excludes nearby (<3 kpc) GMCs, has been
mapped in ammonia by the Radio Ammonia Mid-Plane
Survey (RAMPS; covering 10°<l<40°, −0°.5<b<+0°.5;
Hogge et al. 2018) and the H2O Southern Galactic Plane Survey
(covering −70°>l>30°, −0°.5<b<+0°.5; Purcell et al.
2012). Similarly, Urquhart et al. (2011, 2015) observed ammonia
and water maser emission from ∼600 MYSOs and ultra-compact
H II regions as part of the Red MSX Source Survey. While these
surveys trace the kinematics of the most quiescent and extreme
environments in the Galaxy, they do not cover the nearest GMCs
producing massive stars.

Here, we present K-band Focal Plane Array (KFPA)
Examinations of Young STellar Object Natal Environments
(KEYSTONE, PI: J. Di Francesco), a large project on the
Green Bank Telescope (GBT) that has mapped NH3 emission
in 11 GMCs at intermediate distances (0.9 kpc<d<3.0 kpc)
using the KFPA receiver and VEGAS spectrometer on the
GBT. KEYSTONE targeted GMCs observable from Green
Bank that are part of the Herschel OB Young Stars Survey
(HOBYS; Motte et al. 2010), which mapped dust continuum
emission in all GMCs out to 3 kpc using the Herschel Space
Observatory. This sample of molecular cloud complexes
presented in Motte et al. (2018a; see also Schneider et al.
2011) gives a complete view of high-mass star formation at
distances less than 3 kpc. This sample notably contains the
Cygnus X molecular complex (Hennemann et al. 2012;
Schneider et al. 2016), the M16/M17 complex (Hill et al.
2012b; Tremblin et al. 2013, 2014), the Monoceres complex
(Didelon et al. 2015; Rayner et al. 2017), Rosette (Di Francesco
et al. 2010; Motte et al. 2010; Schneider et al. 2010b, 2012),
W48 (Nguyen Luong et al. 2011; Rygl et al. 2014), the W3/
KR140 complex (Rivera-Ingraham et al. 2013, 2015), NGC
7538 (Fallscheer et al. 2013), plus southern regions not
presented here (Hill et al. 2012a; Minier et al. 2013; Tigé et al.
2017). Thus, KEYSTONE provides the kinematic counterpart
to the HOBYS survey that is required to understand the
relationship between dense gas dynamics and massive stars.

This paper, which is the �rst KEYSTONE publication,
provides an initial look at the NH3 (1,1) and (2,2) emission
maps observed in each region, catalogs each region’s dense gas
clumps, estimates the virial stability of those clumps, and
compares the spatial distribution of the clumps to the positions
of �laments and protostars identi�ed in Herschel observations.
Dendrograms, tree-diagrams that identify intensity peaks in a
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map and determine their hierarchical structure, are used to
select dense gas clumps in each cloud. The top-level structures
in the dendrogram hierarchy are often called “leaves,” a term
that we use synonymously with “clumps” throughout this
paper. In Section 2, we describe our GBT observations and data
reduction techniques, along with the archival data that were
retrieved for our analysis. In Section 3, we outline the methods
used to model the NH3 data, identify NH3 structures, derive
their stability parameters, and compare their spatial distribu-
tions to those of dust continuum �laments. In Section 4, we
estimate the cloud weight pressure and turbulent pressure
exerted on the NH3 structures. We conclude with a summary of
the paper in Section 5 and a discussion of future analyses using
the KEYSTONE data in Section 6.

2. Observations and Data Reduction

2.1. Targets

Table 1 lists the 11 clouds observed by KEYSTONE and
their distances. Here, we provide a brief overview of each
cloud. For more detailed comparisons between the clouds, see
the review by Motte et al. (2018a).

2.1.1. W3

W3 is part of a larger complex located in the Perseus spiral
arm that also includes the W4 and W5 molecular clouds
(Megeath et al. 2008). The W3 Main, W3(OH), and AFGL 333
regions on the eastern edge of W3 all show signatures of high-
mass star formation that may have been triggered by superb-
ubbles from previous generations of star formation (Oey et al.
2005). W3 Main is a particularly popular source for high-mass
star formation studies due to its array of H II regions (Tieftrunk
et al. 1997; Colley 1980) powered by a cluster of OB stars

(Megeath et al. 1996; Ojha et al. 2004). For instance, Tieftrunk
et al. (1998) used NH3 (1,1) and (2,2) observations of W3 Main
and W3(OH) to show that the stellar clusters are littered with
cold, dense gas clumps. More recently, Nakano et al. (2017)
mapped the AFGL 333 ridge in NH3 and found evidence for
triggered star formation at the edges of the ridge but quiescent
(non-triggered) formation in the ridge center. Similarly, Rivera-
Ingraham et al. (2011) argued that both triggered and quiescent
star formation are required to explain the young stellar object
(YSO) population detected in the cloud. More recent large-
scale Herschel mapping of W3 by Rivera-Ingraham et al.
(2013, 2015) suggested that the triggered star formation was a
result of “convergent constructive feedback,” which involves
massive stars serving as triggers for subsequent star formation
by funneling gas onto a central massive structure.

In this paper, we present the observations of the south-
western half of W3, which includes the small H II region KR
140 (Kallas & Reich 1980), as a separate region that we named
W3-west.

2.1.2. Mon R2

Monoceros R2 (Mon R2) is the most distant member of the
larger Orion-Monoceros molecular cloud complex, which also
includes the Orion A and Orion B clouds. Wilson et al. (2005)
contend that Mon R2 and the Orion clouds share a common
origin, as evidenced by the alignment of spurs in their CO
emission with the Vela supershell. Mon R2 hosts a central
re�ection nebula with a high stellar volume density (∼9000
stars pc−3), including several B-type stars (Carpenter et al.
1997). Didelon et al. (2015) estimated that the size of the four
main H II regions in Mon R2 range from 0.1 pc for the central
ultra-compact H II region, which they suggest is undergoing
pressure-driven large-scale collapse, to 0.8 pc for the most

Table 1
KEYSTONE Target GMCs

Region R.A. Decl. Distance Total Mass Total Area Footprintsa Completeness
(J2000) (J2000) (kpc) (Me ) (pc2) Observed AV>10

W3 02:23:22.140 +61:36:17.432 2.0±0.1b 1.0E5 2.7E3 26+ 98%
Mon R2 06:08:25.657 −06:14:32.812 0.9±0.1c,d 4.9E3 1.4E2 5+ 100%
Mon R1 06:32:32.294 +10:27:13.335 0.9±0.1c,e 8.8E3 1.4E2 5 98%
Rosette 06:33:38.530 +04:29:10.771 1.4±0.1c 3.2E4 7.2E2 15 85%
NGC 2264 06:40:41.339 +09:25:42.177 0.9±0.1e 1.0E4 2.2E2 8+ 99%
M16 18:18:38.140 −13:39:30.050 1.8±0.5f 8.6E4 5.6E2 5 52%
M17 18:19:35.479 −16:19:09.088 2.0±0.1g 5.0E5 1.9E3 9 31%
W48 19:00:52.657 +01:41:55.338 3.0h 1.4E6 8.8E3 13+ 60%
Cygnus X South 20:33:42.800 +39:35:41.356 1.4±0.1i 2.2E5 2.3E3 43 84%
Cygnus X North 20:37:14.998 +41:56:04.742 1.4±0.1i 2.7E5 3.3E3 36+ 82%
NGC 7538 23:14:50.333 +61:29:04.744 2.7±0.1j 9.3E4 1.4E3 17 100%

Notes.The R.A. and decl. listed are the mid-point of the entire mapped area. The total mass and total area are calculated as the sum of all H2 column density and area,
respectively, mapped in each cloud by Herschel. The completeness represents the percentage of pixels with AV>10 in the Herschel H2 column density maps that
were observed by KEYSTONE. We assumed an extinction conversion factor of NH2/AV=0.94×1021 (Bohlin et al. 1978). The completion percentages for M16,
M17, and W48 account for the RAMPS intended coverage of those regions.
a Each footprint is 10�×10�. A “+” denotes that a partially completed tile was also observed in that region.
b Hachisuka et al. (2006).
c Schla�y et al. (2014).
d Lombardi et al. (2011).
e Baxter et al. (2009).
f Bonatto et al. (2006).
g Xu et al. (2011).
h Rygl et al. (2010).
i Rygl et al. (2012).
j Moscadelli et al. (2009).
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A similar selection bias for high-brightness sources is likely
also impacting clump virial analyses using Herschel Hi-GAL
(Molinari et al. 2010) and APEX Telescope ATLASGAL
(Schuller et al. 2009) observations. For example, Merello et al.
(2019) combined Hi-GAL clump detections with NH3 catalogs
to derive virial parameters for 1068 clumps at distances
typically between ∼2 kpc and ∼15 kpc; 72% of the 1068
clumps had 0.1<
 vir<1, with a median 
 vir of 0.3. A
similar virial analysis of 213 Hi-GAL clumps by Tra�cante
et al. (2018) found that 76% have 
 vir<1. Using a sample of
1244 ATLASGAL clump detections with masses much larger
(typically >103Me ) than the leaves presented in this paper,
Contreras et al. (2017) found a median 
 vir of 1.1. Since these
analyses rely on clump catalogs identi�ed by dust continuum
observations, however, they likely exclude the faint NH3

sources detected by KEYSTONE.

4.4. Cloud Weight Pressure

Although the virial analysis presented in Section 3.5
compares the gravitational energy of the ammonia-identi�ed
leaves with their kinetic energy, it excludes the possible

in�uence of external pressure applied by the leaves’ surround-
ings (Field et al. 2011). For instance, the weight of the
molecular cloud in which the leaves are embedded can
contribute to their con�nement (e.g., Pattle et al. 2015, 2017;
Kirk et al. 2017). Here, we add the cloud weight pressure
energy density (� Pw) to the virial equation using the technique
described in Keown et al. (2017) and Kirk et al. (2017). The
three energy densities in the virial equation considered in our
analysis are given by the following expressions:

�Q� 8 � � � �P R4 4wPw
3 ( )

�Q
� 8 � �

�� GM
R

1
2

5G

2
( )

�T� 8 � �M
3
2

6K
2 ( )

where M is the observed structure mass, R is the effective
radius, G is the gravitational constant, � 2 is the same as in
Equation (3), and Pw is cloud weight pressure:

� Q � N��P GNN m 7w H H
2¯ ( ) ( )

Figure 41. Same as Figure 34 for Cygnus X South.
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where N̄ is the mean cloud column density and N is the column
density at the structure (e.g., McKee 1989; Kirk et al.
2006, 2017). Both N̄ and N are measured from a spatially
�ltered column density map to determine the cloud’s mass
contribution from large-scale structures. Following other recent
virial analyses incorporating turbulent pressure (Kerr et al.
2019; Keown et al. 2017; Kirk et al. 2017), the a trous
transform.31 is used to �lter spatially each column density map
to spatial scales larger than 2n pixels, where we have chosen
n=4 or 16 pixels for all regions. Figure 47 shows an example
spatially �ltered column density map for NGC 7538, where 16
pixels is equivalent to ∼96� or ∼1.3 pc. N̄ is calculated as the
mean of the spatially �ltered column density map, while N

represents the mean spatially �ltered column density within
each leaf’s dendrogram-identi�ed boundary.

Although we have chosen a single scale for the spatial
�ltering, a recent virial analysis by Kerr et al. (2019)
investigated the impact that varying this scale has upon the
cloud weight pressure term. In their analysis of L1688, B18,
and NGC 1333, Kerr et al. �nd that increasing or decreasing the
spatial �ltering scale by a factor of two results in less than a
factor of two difference in the average Pw values for those
clouds. As shown below, such a factor is not enough to change
our overall conclusions about the virial stability of the observed
structures.

The left panel of Figure 48 shows the balance between cloud
weight pressure (� Pw), kinetic energy (� K), and gravitational
potential energy (� G) for the 835 leaves with mass estimates.
Leaves to the right of the vertical dotted line are deemed “sub-
virial” since their gravitational potential and external pressure
are enough to overcome their internal kinetic energy in the

Figure 42. Same as Figure 34 for Cygnus X North.

31 The atrous.pro IDL script developed by Erik Rosolowsky, available
athttps://github.com/low-sky/idl-low-sky/blob/master/wavelet/atrous.pro,
was used for this analysis.
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absence of magnetic �elds. Leaves to the left of the vertical line
are “super-virial” since they are not bound by their gravita-
tional and external pressure energy densities. Below the
horizontal dotted line are “pressure-dominated” sources that
have a higher external pressure energy density than their
gravitational energy density. Conversely, “gravity-dominated”

sources lie above the horizontal line.
As previous virial analyses in nearby low-mass star-forming

regions have shown (Pattle et al. 2015, 2017; Keown et al.
2017; Kirk et al. 2017; Chen et al. 2019a; Kerr et al. 2019),
most of the leaves are sub-virial and pressure-dominated. In
particular, Kerr et al. (2019) showed that 79 of 134 (∼59%) of
the cores in their combined sample from the NGC 1333,
L1688, and B18 clouds were sub-virial when considering both
cloud weight pressure and turbulent pressure. Similarly, we
�nd that ∼69% of the leaves presented in this paper are deemed
sub-virial when considering only the cloud weight pressure in
the pressure energy density. This implies that the larger H2

column densities and total cloud masses observed for GMCs
are suf�cient to create virially bound structures without the
necessity of large levels of turbulent pressure that appear to be
required in low-mass star-forming environments (see
Section 4.5 for a discussion of turbulent pressure).

Although many of the structures are pressure dominated, the
large surrounding reservoirs of dense gas in GMCs may
facilitate their evolution into the gravitationally dominated

regime. For instance, some recent simulations have shown that,
even though dense cores may appear as pressure-con�ned and
stable structures at various stages in their evolution, they are
still likely to be gaining mass by accreting material from their
surroundings and will eventually undergo gravitational collapse
(e.g.,“global hierarchical collapse”; Naranjo-Romero et al.
2015; Vázquez-Semadeni et al. 2017, 2019; Ballesteros-
Paredes et al. 2018). As such, the observed pressure-dominated
state of our ammonia-identi�ed leaves may be a common stage
in their evolution from dense gas structures to protostars and
clusters. Furthermore, the dearth of structures in the sub-virial
and gravitationally dominated regime may indicate that clumps
spend the majority of their time being pressure dominated, with
a quick transition to being gravitationally dominated and
subsequently collapsing to form protostars.

4.5. Turbulent Pressure

In addition to cloud weight, pressure due to cloud-scale
turbulence may have a signi�cant impact on the virial stability
of dense cores (e.g., Pattle et al. 2015, 2017; Keown et al.
2017; Kirk et al. 2017; Chen et al. 2019a; Kerr et al. 2019).
Here, we calculate the turbulent pressure energy density (� Pt)
for a subset of our ammonia-identi�ed leaves following the
method described by Keown et al. (2017; see also Pattle et al.
2017 and Kirk et al. 2017 for detailed discussions of turbulent

Figure 43. Same as Figure 32 for NGC 7538.
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pressure). � Pt is calculated from Equation (4), with Pw being
replaced with Pt given by

� N � S � T� � � q � qP m , 8T H H C O C O
2

18 18 ( )

where �TC O18 is the velocity dispersion measured from C18O
(3–2), a moderate density tracer, and �SC O18 is the volume
density at which the C18O (3–2) emission originates. Here, we
assume the C18O (3–2) emission is tracing a volume density of
3×104 cm−3, which is the critical density (ncr(u−l)= Aul/� ul,
where Aul is the Einstein A coef�cient and � ul is the collisional
rate coef�cient for collisions with H2) of C18O (3–2) at 20 K
(calculated using collisional rate coef�cients accessed from the
Leiden Atomic and Molecular Database; Schöier et al. 2005).

Six of the 11 KEYSTONE regions were found to have
partial JCMT observations of C18O (3–2) (see Section 2.4 for a
discussion of these data and our reduction techniques). A
Gaussian model with three free parameters (peak brightness
temperature, centroid velocity, and velocity dispersion) was �t
to all pixels in the C18O (3–2) data cubes with S/N>6 using
the nonlinear least-squares curve-�tting method in the scipy.
optimize.curve � t Python package. S/N is measured
from the ratio of the peak brightness temperature in each
spectra to the standard deviation of the off-line spectral

channels. The conservative cutoff of S/N>6 was chosen to
remove low-S/N spectra from consideration since they often
have higher uncertainties in the �tted parameters. The initial
parameter guesses of each �t are based on the brightness and
velocity of the peak brightness channel, with a set guess of
1.5 km s−1 for the velocity dispersion. After the line �tting,
pixels must meet the following criteria to be included in our
�nal parameter maps:

1. � >0.05 km s−1 (below 0.05 km s−1 is unrealistic since
our channel width is only ∼0.11 km s−1;

2. Tpeak,err<1 K;
3. � err<0.5 km s−1;
4. VLSR,err<0.75 km s−1.

The �nal parameter maps for the velocity dispersion, � C18O,
are shown in Figures 49 and 50 and . The 52 leaves with at
least one reliably �t C18O (3–2) pixel are shown by red
contours in Figures 49 and 50 and . The median value of � C18O

is calculated within the boundaries of each leaf and converted
into a turbulent pressure using Equations (4) and (8). Although
most of the C18O (3–2) spectra are well-characterized by a
single Gaussian, some do show wings that may be due to
out�ows or multiple velocity components along the line of
sight. These areas can be seen in the velocity dispersion maps

Figure 44. Heatmap of Pearson correlation coef�cients for the 10 variables of interest examined: leaf on-�lament fraction, “bound” leaf fraction (i.e., the fraction of
leaves with 
 vir<2), protostellar leaf fraction, total dense gas mass, total protostar count, total leaf count, dense gas surface mass density, surface protostar density,
median cloud kinetic temperature, and cloud distance. The colorbar ranges from −1 (perfect anti-correlation) to 1 (perfect positive correlation). Panels with a black
outline denote statistically signi�cant correlations that are displayed in Figure 45.
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Figure 45. Statistically signi�cant correlations found from Figure 44 when neglecting data errorbars. The dense gas mass, number of protostars, and surface protostar
density are calculated within the boundaries of the KEYSTONE-mapped regions in each cloud where NH3 (1,1) integrated intensity was greater than 1.0 K km s−1.
The errorbars on each data point are calculated as described in Section 3.7.
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as sharp increases in � C18O. Since most of the leaves do not
overlap with these sharp transitions, our single Gaussian �t is
likely suf�cient for our velocity dispersion estimates.

The right panel of Figure 48 shows the virial plane for
structures with C18O (3–2) measurements when using � Pt as
the pressure term in the virial equation. All of these structures
fall within the pressure-dominated, sub-virial quadrant. The
ratio of � Pt/� Pw for these structures ranges from ∼1 to ∼200,
with a median of ∼7. This would suggest that either cloud-
scale turbulence or global collapse, rather than cloud weight, is
the dominant contributor to the pressure term in the virial
equation for these ammonia-identi�ed leaves.

Since the turbulent pressure calculation is sensitive to the
assumed value of �SC O18 , we also calculate PT using a factor of
10 lower value (3×103 cm−3) for �SC O18 and show the
difference as errorbars in Figure 48. This lower density is
more characteristic of the effective excitation density of C18O
(3–2), which is often 1–2 orders of magnitude lower than

critical densities (Shirley 2015). Under this assumption, the
ratio of � Pt/� Pw correspondingly drops by a factor of 10, with
a range from ∼0.1 to ∼20 and a median of ∼0.7. In contrast to
the scenario using the higher �SC O18 assumption, this new
estimation would suggest that cloud weight is dominant over
turbulent pressure.

Several recent virial analyses of nearby star-forming regions
such as Ophiuchus, B18, and NGC 1333 have shown that
turbulent pressure tends to be larger than cloud weight pressure
(e.g., Pattle et al. 2015; Kerr et al. 2019). Conversely, cloud
weight pressure appears to be larger than turbulent pressure in
Orion A (Kirk et al. 2017). We note, however, that these
analyses included turbulent pressure measurements across
entire clouds. This approach is in contrast to the analysis we
present here, which has turbulent pressure measurements for
only a small subset of leaves that are generally concentrated on
the most active star formation sites in each cloud observed
(e.g., DR21 in Cygnus X, W3(OH) and W3 Main in W3, and

Figure 46. Stacked histograms of mass (upper left), effective radius (upper right), average kinetic temperature (lower left), and average velocity dispersion (lower
right) for the leaves identi�ed as on-�lament, off-�lament, protostellar, starless, and hub/ridge. The median and median absolute deviation of the distributions are
shown in the upper right corner of each panel. The black vertical lines show the distribution median.
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M17SW in M17) and tend to qualify as hubs or ridges. As
such, this biased sample cannot be used to draw generalizations
for the full ammonia-identi�ed leaf catalog presented in this
paper. Instead, widespread C18O mapping across the KEY-
STONE clouds is required to investigate further the role of
turbulent pressure on cloud structure and core dynamics.

In addition to external pressure, the magnetic �eld may also
play an important role in the virial stability of the ammonia-
identi�ed leaves. For instance, both observations (e.g., Tan
et al. 2013; Pillai et al. 2015) and simulations (e.g., Peters et al.
2011) suggest that magnetic �elds are equally as important as
turbulence and gravity for high-mass star formation. Although
we currently lack large-scale magnetic �eld measurements for
the KEYSTONE clouds, Auddy et al. (2019) have recently
developed a “core �eld structure” model that predicts the
magnetic �eld strength and �uctuation pro�le using dense gas
kinematics. We reserve a detailed analysis of the clump
magnetic �elds, however, to a future KEYSTONE paper.

5. Summary

We have presented initial observations and results from
KFPA Examinations of Young STellar Object Natal Environ-
ments (KEYSTONE), a survey of �lamentary dense gas
structure in 11 GMCs (Cygnus X North, Cygnus X South,
M16, M17, Mon R1, Mon R2, NGC 2264, NGC 7538, Rosette,
W3, and W48) at distances of 0.9–3.0 kpc. We identi�ed 856
dense gas clumps, traced by NH3 (1,1) emission, across all the
observed clouds using a dendrogram analysis. Simultaneous
line �tting of the NH3 (1,1) and (2,2) emission provided
estimates of kinetic gas temperature, centroid velocity, velocity
dispersion, and para-NH3 column density for the dense gas.
These parameter maps and the NH3 (1,1) and (2,2) data cubes
are publicly available (see footnote 26).

The ammonia parameter maps were used to derive virial
stability parameters for each dense gas structure identi�ed,
providing insight into whether or not the gravitational potential
energy of the structures is enough to overcome their internal

Figure 47. Left: H2 column density map of NGC 7538 with white contours at 4×1021 cm−2 and 8×1021 cm−2. Black outlines the extent of the KEYSTONE
mapping of the region. Right: spatially �ltered H2 column density map over the cyan dotted area overlaid in the left panel. The map includes spatial scales larger than
16 pixels, which is equivalent to ∼96� or ∼1.3 pc at the distance of NGC 7538.

Figure 48. Left: virial plane for all ammonia-identi�ed leaves displayed in Figure 31 showing the balance between three energy densities in the virial equation:
gravitational (� G), cloud weight pressure (� Pw), and kinetic (� K). Sources to the right of the vertical line are sub-virial, while sources to the left are super-virial.
Sources above the horizontal line are gravitationally dominated, while those below the line are pressure-dominated. Right: virial plane using instead the turbulent
pressure energy density (� Pt) for all ammonia-identi�ed leaves with reliable C18O (3–2) velocity dispersion measurements. The data points are calculated using the
critical density (3×104 cm−3) of C18O (3–2) as the volume density traced by its emission. The errorbars show where the source would fall on the plot if the density
traced by the C18O were a factor of 10 lower (3×103 cm−3).
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kinetic energies in the absence of magnetic �elds or external
pressure. HOBYS Herschel observations of dust continuum
emission were utilized to create H2 column density maps,
identify young protostellar candidates, and identify �lamentary
structures in each region. JCMT observations of C18O (3–2)
emission were accessed to determine the turbulent pressure
applied by the ambient molecular cloud upon a subset of the
dendrogram-identi�ed dense gas structures. Our main results
are listed below.

1. Signi�cant variations in kinetic gas temperature are observed
between clouds, with median TK=11.4±2.2 K in the
coldest region (Mon R1) and TK=23.0±6.5 K in
the warmest (M17). The velocity dispersion distributions
are more similar between clouds, with characteristic median
values of 0.3–0.7 km s−1.

2. Of the 835 ammonia-identi�ed clumps with mass
estimates, 523 (∼63%) have virial parameters less than

two, suggesting the mass of those structures is grav-
itationally bound and more susceptible to gravitational
collapse when neglecting the effects of magnetic �elds or
external pressure. Similar analyses in nearby low-mass
star-forming clouds have found much higher rates of
gravitationally bound ammonia-identi�ed cores, which
may suggest ammonia is more widespread in GMCs than
in nearby clouds or that gravity is more important to
structure stability at small scales.

3. The fraction of ammonia-identi�ed clumps that are spatially
coincident with �laments identi�ed in the H2 column
density maps ranges from 0.35 in Cygnus X South to 1.0 in
W3-west. These values are consistent with core on-�lament
fractions found from dust continuum observations of nearby
star-forming regions, which tend to be from ∼0.4 to 0.8
depending on the cloud and core class considered.

4. On- and off-�lament clumps show no substantial
differences in their virial parameter, mass, radius,

Figure 49. C18O (3–2) velocity dispersion measured from Gaussian �ts to JCMT observations of DR21 in Cygnus X North (top left), G79.34 in Cygnus X South (top
right), W3(OH) (bottom left), and W3-Main (bottom right). Red contours denote ammonia-identi�ed leaves that have at least one reliably �t C18O (3–2) pixel and
were included in our turbulent pressure virial analysis. Blue contours show all other ammonia-identi�ed leaves in the �eld of view.
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temperature, and velocity dispersion distributions. We do
�nd, however, a tendency for clouds with low dense gas
mass to have a higher fraction of on-�lament clumps.
These �ndings may indicate that �laments play a lesser
role in the star formation process of high-mass GMCs. In
those environments, dense gas may be more widespread,
allowing for clump formation to be equally as likely on
and off �laments. In lower-mass environments where
dense gas is less widespread, however, clump formation
may be limited to the �laments that harbor the main
supply of dense gas.

5. In several regions there are “hubs” or “ridges” of dense
gas that have much higher masses and lower virial
parameters than the other clumps in their respective
cloud. These hubs and ridges tend to be located at the
intersections of multiple �laments or located near/within
a single �lament, are often associated with H2O maser
emission, and typically host multiple protostars. Based on
these characteristics, hubs may be the sites of future
cluster formation.

6. When considering the external pressure exerted on
the clumps, most are considered sub-virial and pressure-
dominated structures. This characteristic state may
indicate that high-mass clumps spend the majority of
their lifetime con�ned by external pressure. Over time, as
the clumps accrete mass from their surroundings, they
may gain enough mass to be gravitationally dominated
and undergo gravitational collapse or fragmentation.

6. Future Work

Although it was not the focus of this paper, a key use-case of
the KEYSTONE data is the analysis of �lament kinematics in
GMCs. For instance, with regard to the observed spatial
relationship between MYSOs and stellar clusters with �lament
intersections, the KEYSTONE data could be used to determine:
(1) whether or not the observed clumps and �laments are truly
velocity-coherent structures (Pineda et al. 2010; Chen et al.
2019a), and (2) whether the mass �ow rates along them are
large enough to produce MYSOs. Several independent studies

Figure 50. Same as Figure 49 for M16 (top left), M17 (top right), and NGC 7538 (bottom).
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have already measured gas motions in individual �laments such
as Serpens South (Friesen et al. 2013; Kirk et al. 2013a),
G035.39-00.33 (Henshaw et al. 2013), DR21 (Schneider et al.
2010a), W43-MM1 (Nguyen-Lu’o’ng et al. 2013), M17SW
(Chen et al. 2019b), and eight other high-mass �laments (Lu
et al. 2018), noting that the observed mass �ow rates could
supply the mass required to assemble the stellar clusters at their
centers. Similarly, observations of the Large Magellanic Cloud
by Fukui et al. (2015) showed two separate instances of
MYSOs forming at the centers of adjoining �laments that have
gas �owing into the central junction. Svoboda et al. (2016) and
Motte et al. (2018a) also contend that such mass �ow onto sites
of cluster formation is prominent throughout Galactic high-
mass star-forming regions, providing the mass build-up and
compression necessary to form stellar clusters. These studies,
however, have focused primarily on regions that have already
formed clusters/MYSOs and do not address the conditions of
the parental clumps, i.e., the dense gas out of which stellar
clusters form, prior to the onset of star formation. As such, the
gas velocity patterns of those regions are susceptible to
distortions due to stellar feedback, which raises questions
about the applicability of their kinematic measurements.
Furthermore, observations after the onset of star formation
cannot be used to decipher whether clumps form before or after
�laments collide to form intersections. Using the clump catalog
presented in this paper, in conjunction with an analysis of the
adjacent �lament kinematics, it is now possible to investigate these
questions across multiple high-mass star-forming environments.

In addition to dense gas kinematics, the KEYSTONE data
can provide insight into temperature and chemistry variations
as a function of environment within GMCs. For example, the
KEYSTONE observations of the NH3 (1,1), (2,2), (3,3), (4,4),
and (5,5) transitions probe a range of gas temperatures up to
∼200 K. Since dust temperatures derived from Herschel data
become increasingly uncertain above 20 K as the SED peak
moves toward wavelengths shorter than 160 � m (Chen et al.
2016), ammonia-derived gas temperatures will be important for
understanding how the OB associations are impacting the star
formation in the KEYSTONE target clouds. Furthermore, the
KEYSTONE observations will constrain the abundances of
NH3 in GMCs. These abundances, in combination with the gas
temperatures, will provide a way to understand how temper-
ature impacts the formation/destruction of ammonia in GMCs.

J.K., J.D.F., E.R., and M.C.C. acknowledge the �nancial
support of a Discovery Grant from NSERC of Canada. S.B.
and N.S. acknowledge support by the French ANR and the
German DFG through the project “GENESIS” (ANR-16-
CE92-0035-01/DFG1591/2-1). The Green Bank Observatory
is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.
Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and
with important participation from NASA. The James Clerk
Maxwell Telescope is operated by the East Asian Observatory
on behalf of The National Astronomical Observatory of Japan;
Academia Sinica Institute of Astronomy and Astrophysics; the
Korea Astronomy and Space Science Institute; Center for
Astronomical Mega-Science (as well as the National Key R&D
Program of China with No. 2017YFA0402700). Additional
funding support is provided by the Science and Technology
Facilities Council of the United Kingdom and participating

universities in the United Kingdom and Canada. This research
made use of astrodendro, a Python package to compute
dendrograms of Astronomical data (http://www.dendrograms.
org/), Astropy (http://www.astropy.org), a community-devel-
oped core Python package for Astronomy (Astropy Collaboration
et al. 2013), and pyspeckit (https://pyspeckit.readthedocs.io/en/
latest/), a Python spectroscopic analysis and reduction toolkit
(Ginsburg & Mirocha 2011).

Facilities: GBT, Herschel, JCMT.

Appendix
Distance Dependence of Virial Parameters

The virial analysis presented in this paper used the native
KEYSTONE resolution for all clouds analyzed, despite the
cloud distances ranging from 0.9 to 3 kpc. Such distance
variations provide a factor of ∼3 range of linear spatial
resolutions, which may lead to different types of structures (in
terms of size and mass) being identi�ed in each cloud. To test
whether or not the distance dependence has any in�uence on
the main results of this paper, we convolved the NH3 (1,1) and
(2,2) cubes for NGC 2264, Mon R1, and Mon R2 (d=0.9 kpc,
� ∼0.13 pc), the closest clouds in KEYSTONE, to the linear
resolution of W48 (d=3.0 kpc, � ∼0.45 pc), the most distant
cloud observed. This process degrades the resolution of the
observations by a factor of 3.0/0.9∼3.3 to a �nal resolution
of ∼103� . Following a similar distance bias analysis by
Baldeschi et al. (2017) on Herschel maps, we also down-
sampled the cubes by the same factor along each spatial axis.
Finally, Gaussian noise with a mean of zero and standard
deviation of ��s d d1N 0 1 was added to the cubes, where sN

is the median of the original cube’s rms map, d0 is 0.9 pc and d1

is 3.0 kpc. This noise addition attempts to return the native rms
level to the convolved and resampled cubes, which have lower
noise levels due to the spatial averaging.

These processes allowed us to simulate what might be
observed if NGC 2264, Mon R1, and Mon R2 were at a
distance of 3 kpc. The convolved, downsampled, noise-injected
cubes were then run through the line-�tting pipeline to produce
a new set of ammonia parameter maps and integrated intensity
maps. Finally, we repeated the virial analysis presented in
Section 3.5 using the new set of maps and assuming their
distance is 3.0 kpc.

In Figures 51–53, we compare the results of the original
virial analyses in NGC 2264, Mon R1, and Mon R2 to their
distance-adjusted virial analysis. Leaves from the original
analysis that fall within a leaf identi�ed in the distance-adjusted
analysis are tagged with a speci�c color in each plot of
Figures 51–53. As expected, much fewer structures are
identi�ed by the dendrogram in the distance-adjusted analysis.
Many of the small structures in the original analysis are lumped
together into a single large structure in the distance-adjusted
analysis due to the lower resolution. In terms of virial
parameters, the structures in the distance-adjusted analysis are
all gravitationally bound. This distance bias is likely why more
bound structures are observed in W48 than these closer clouds.
At 900 pc, NGC 2264, Mon R1, and Mon R2 represent the
extreme examples of the distance bias in our sample. The
impact will undoubtedly be less for the moderate-distance
clouds in our sample (e.g., Cygnus X, W3, NGC 7538, etc.),
for which the distance difference is lower. This statement is
echoed by the fact that many of the cloud attributes analyzed in
this paper (e.g., dense gas mass, leaf on-�lament fraction,
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Figure 51. Top row: leaf virial parameters in NGC 2264 using native KEYSTONE resolution (left) and after convolving the NH3 (1,1) and (2,2) cubes to the linear
resolution of W48 (� ∼0.45 pc) (right), downsampling the number of pixels, adding white noise, and re-running the full analysis. Bottom: integrated intensity map
obtained using the convolved NH3 (1,1) cube. Ellipses represent the peaks of leaves identi�ed when using the native resolution data. The green dendrogram masks
show the extent of the leaves identi�ed using the convolved data. Ellipses falling within a dendrogram mask are tagged as a colored pair in the top row plots.
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Figure 52. Same as Figure 51 for Mon R1.
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