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ABSTRACT

High-mass star forming regions are typically thought to be dominated by supersonic motions. We present combined Very Large Array
and Green Bank Telescope (VLA+GBT) observations of NH3 (1,1) and (2,2) in the infrared dark cloud (IRDC) G035.39-00.33,
tracing cold and dense gas down to scales of 0.07 pc. We find that, in contrast to previous, similar studies of IRDCs, more than a
third of the fitted ammonia spectra show subsonic non-thermal motions (mean line width of 0.71 km s−1), and the sonic Mach number
distribution peaks aroundM = 1. As possible observational and instrumental biases would only broaden the line profiles, our results
provide strong upper limits to the actual value ofM, further strengthening our findings of narrow line widths. This finding calls for
a reevaluation of the role of turbulent dissipation and subsonic regions in massive-star and cluster formation. Based on our findings
in G035.39, we further speculate that the coarser spectral resolution used in the previous VLA NH3 studies may have inhibited the
detection of subsonic turbulence in IRDCs. The reduced turbulent support suggests that dynamically important magnetic fields of the
1 mG order would be required to support against possible gravitational collapse. Our results offer valuable input into the theories and
simulations that aim to recreate the initial conditions of high-mass star and cluster formation.

Key words. ISM: kinematics and dynamics – ISM: clouds – stars: formation – ISM: individual objects: G035.39-00.33

1. Introduction

Supersonic turbulence has been found to dominate molecular
cloud kinematics in star forming regions (Larson 1981). Towards
the densest cores within these regions, however, the turbulence
dissipates, allowing for the formation of stars (Benson & Myers
1989; Foster et al. 2009). Observationally, this decay of turbu-
lence has been found to manifest itself as a difference in line
widths between the lower-density gas, where the turbulence is
scale-dependent, and the higher-density gas tracers, sensitive to
the star-forming cores with typical sizes of 0.1 pc (Goodman
et al. 1998; Caselli et al. 2002). This change in gas kinematics,
or transition to coherence, has been observationally identified
to be a sharp boundary between subsonic and transonic motion
regimes in the Perseus B5 region (Pineda et al. 2010).

While a number of studies have focused on identifying the
subsonic motions in low-mass star-forming cores, massive star
formation is typically thought to be accompanied by large non-
thermal gas motions, as it usually proceeds in highly dynami-
cal environments where the protostars, having shorter dynami-
cal timescales, rapidly accrete material from their surroundings
(e.g. Tan et al. 2014). Indeed, recent observations point to the
existence of large, pc-scale gas flows towards the star-forming
cores (Peretto et al. 2013; Liu et al. 2012b,a; Sánchez-Monge
et al. 2013; Henshaw et al. 2014; Liu et al. 2015; Wyrowski

et al. 2016). Moreover, non-thermal motions are an important
element in the turbulent core model for massive star formation
(McKee & Tan 2003), where turbulent motions provide extra
support against the gravitational collapse, allowing for greater
accretion rates and, ultimately, for a higher stellar mass.

A massive filamentary infrared dark cloud (IRDC) G035.39-
00.33 (G035.39 henceforth) at a distance of 2.9 kpc (Simon et al.
2006) has been extensively studied in the past with a variety
of continuum and molecular tracers. The non-thermal velocity
dispersions inferred in G035.39 from the single-dish CO obser-
vations have been found to be two to three times higher than
the sound speed in the medium (Jiménez-Serra et al. 2014), and
Henshaw et al. (2014) identified the filaments within the IRDC
to be only mildly supersonic (M ∼ 1.4−1.6) with the 4′′ Plateau
de Bure Interferometer (PdBI) N2H+ (1-0) observations. Fur-
thermore, on large, parsec scales, the molecular gas that forms
the IRDC is not affected by the feedback from embedded pro-
tostars: widespread CO depletion (Hernandez et al. 2011, 2012;
Jiménez-Serra et al. 2014), as high deuterium fractionation levels
(Barnes et al. 2016) and low gas kinetic temperatures (Sokolov
et al. 2017) were found across the cloud. Despite the cloud’s
starless appearance at parsec scales, some star formation in the
cloud is already underway (Nguyen Luong et al. (2011) find a
number of compact 70µm sources in G035.39, some capable of
forming intermediate- to high-mass stars).
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Fig. 1. Left to right: combined VLA+GBT integrated intensities of the
observed ammonia (1,1) and (2,2) lines, computed between 42 and 47
km s−1. The white dotted contour marks the significance level of the in-
tegrated intensity of each line at the 3σI level, where σI is the integrated
intensity uncertainty (Mangum & Shirley 2015). The white solid con-
tours show the infrared extinction contours (Kainulainen & Tan 2013)
starting from AV = 30 mag and progressing inwards in steps of 30
mag. The open and filled red stars denote the positions of the Herschel
sources from Nguyen Luong et al. (2011) below and above 20 M�, re-
spectively, while the open diamonds mark the location of cores from
Butler & Tan (2009, 2012).

By making use of the simultaneously derived temperature
structure and the kinematics information obtained from the Very
Large Array (VLA) on scales down to 0.07 pc, we are in a
unique position to analyse dynamics of dense gas linking the
cloud scales to those of the embedded protostars and protoclus-
ters. In this letter, we report the presence of widespread subsonic
gas motions throughout G035.39.

2. Data reduction

The VLA observations were conducted on May 8, 2010 (project
AW776; PI: Ke Wang), in two consecutive sessions, mapping
the NH3 (1,1) and (2,2) inversion transitions in the compact D-
configuration as a five-point mosaic covering the entire IRDC.
The separate sessions allowed the spectral setup to achieve the
complete hyperfine structure coverage of the NH3 transitions
with a resolution of 15.625 kHz. The data were calibrated on the
quasars J1851+005 (gain), J2253+1608 (bandpass), and 3C48
(flux) within the CASA data reduction package.

The calibrated visibilities were deconvolved with CASA
task tclean using the multi-scale CLEAN algorithm (Cornwell
2008), with Briggs weighting and robust parameter set to 0.5.
We taper the visibilities to achieve a similar synthesized beam
between the two ammonia lines. To account for the missing flux,
we fill in the zero spacing information from the ammonia data
taken with the Green Bank Telescope (GBT). Detailed descrip-
tion of the GBT data reduction can be found in Sokolov et al.
(2017). The GBT data were converted to spectral flux density

units and smoothed to the VLA spectral resolution of 0.2 km s−1

with a Gaussian kernel. We then regrid both GBT (1,1) and (2,2)
spectral cubes to the VLA spatial grid and apply the VLA mo-
saic primary beam response to the GBT images. The VLA spec-
tral cubes for both inversion lines are then deconvolved again
with tclean, with the tclean mask being determined by com-
bining the VLA only and GBT datasets using the feather task
in CASA. By constructing the clean mask from independently
feathered images, we ensure that unbiased knowledge of the ex-
tended emission is incorporated into the tclean run. The result-
ing NH3 (1,1) and (2,2) spectral cubes, gridded into 1′′ pixels,
have a common restoring beam of 5.44′′. The typical rms value
of the emission free spectra in the resultant cubes is 14 mJy/beam
for NH3 (1,1) and 5 mJy/beam for NH3 (2,2) inversion lines in a
0.2 km s−1 channel.

3. Results

Figure 1 presents the integrated intensities of the NH3 (1,1) and
(2,2) lines overlaid with the mid-infrared extinction contours
(Kainulainen & Tan 2013). The good correspondence between
the two morphologies indicates that the dense gas, forming the
bulk of the IRDC, is well traced with our combined ammonia
observations. In addition, both inversion transitions have similar
dynamic range (cf. 3σI detection contours on Fig. 1), allowing
us to reliably constrain the gas temperature that depends on the
ratio of the two metastable inversion level populations (Ho &
Townes 1983).

The two ammonia spectral cubes were simultaneously
forward-fitted pixel by pixel with the ammonia spectral profile
model using the pyspeckit (Ginsburg & Mirocha 2011) Python
package and the NH3 formalism described in Friesen, Pineda
et al. (2017). This produced a set of one-, two- and three-
component fits to each position,1 where every fit has optimised
values of the excitation temperature, kinetic gas temperature, to-
tal ammonia column density, velocity dispersion, and the veloc-
ity centroid of the line. Subsequently we make a heuristical de-
cision on the number of velocity components in each spectrum
(Fig. 2 shows selected spectra) by using the same approach as
in Sokolov et al. (2017), namely, by restricting the minimal ve-
locity separation between the components (components’ FWHM
are not allowed to overlap), and imposing a minimal peak signal
to noise ratio (S/N > 3) for each component.

In order to quantify the degree of non-thermal motions in the
cloud, we calculate the non-thermal line widths by subtracting
in quadrature both the thermal line widths and the channel width
from the observed line widths. The thermal line widths are deter-
mined for each component using the fitted kinetic temperatures,
which have a mean of 12.0 K and a standard deviation of 2.2
K across the entire map. We then derive the ratio of the non-
thermal velocity dispersion component to the sound speed in the
medium, M ≡ σnt/cs for all the fitted components. We propa-
gate the uncertainties on the gas kinetic temperature and the line
widths into the Mach number uncertainties. The 25th, 50th, and
75th percentiles for the uncertainty distributions are σTd = 1.7,
2.5, and 3.0 K, respectively, for the gas temperatures, and σM =
0.079, 0.120, and 0.192, respectively, for the Mach number er-
rors.

We present the spatial distribution of the Mach number,M,
in Fig. 2. In case of more than one velocity component deter-
mined along the line of sight (∼7%), the one with the smallest

1 When inspected, no individual spectrum appeared to contain more
that three distinct velocity components.

Article number, page 2 of 5



Sokolov et al.: Subsonic islands in IRDC G035.39

0

2

4
NH3 (1, 1) Averaged

0

5
3

0

5
2

30 40 50 60

Velocity (km s−1)

0

5

T
M

B
(K

)

1

18h57m06s08s10s12s

RA (J2000)

+2◦07′

08′

09′

10′

11′

12′

D
ec

(J
20

00
)

3

2

1

0.5 pc

0.5

1.0

1.5

2.0

2.5

3.0

M
a
ch

n
u

m
b

er
,
M

0

1
NH3 (2, 2) Avg.

0

2 3

0

2
2

40 45 50

Velocity (km s−1)

0

2

1

Fig. 2. A map of the non-thermal velocity dispersion to the gas sound speed in G035.39. In pixels where multiple velocity components are
discovered, the smallest value is shown on the image (the analyses throughout the rest of this work use all the values). The markers are the same as
in Fig. 1, and the solid white line contours indicate the transition at σnt/cs = 1. The side panels to the left and right of the map show (1,1) and (2,2)
spectra towards the numbered positions. The spectra are overlaid with their best-fit model, with individual velocity components plotted in colour.
The topmost spectra, unlike the others, show an averaged spectrum across the subsonic island at α(J2000) = 18h57m08s, δ(J2000) = +2◦09′45′′.
An independently conducted fit, shown in red, yieldsM = 0.72 ± 0.04.

M is shown. While this choice was made for visual clarity, we
emphasise that in all other analyses in this paper the full range of
theM values is used. The map shown in Fig. 2 reveals the pres-
ence of multiple regions of subsonic motions in the G035.39,
hereafter referred to as islands of coherence.

More than a third (38.8% of 7680) of all the spectral com-
ponents have non-thermal gas motions in the subsonic regime
(M < 1), while 42.0% are mildly supersonic (1 < M < 2).
The remaining data, ∼19.2% of positions, show the non-thermal
gas motions higher than the sound speed (M > 2). In addition
to their spatially clumped appearance, the subsonic islands ex-
hibit a higher degree of coherence. The standard deviation of the
transonic and supersonic line width population is 0.15 and 0.40
km s−1 respectively, consistently higher than the 0.08 km s−1

computed on the subsonic lines of ammonia.

4. Discussion

Regions of massive star formation are generally thought to har-
bour internal motions larger than those of their lower-mass coun-
terparts. To illustrate the difference between the previously found
degrees of non-thermal motions and the ones found in G035.39,
we plot the Gaussian kernel density estimate (KDE) of the sonic
Mach number distribution for all the fitted ammonia components
in Fig. 3. In a VLA survey of 15 IRDCs, Sánchez-Monge et al.
(2013) find that in 79 cores of differing evolutionary stages, the
earliest “starless core” class has typical line widths and tem-
peratures of 1.0 km s−1 and 16 K. While these values are con-
siderably lower than the corresponding ones for the protostellar
stages studied (cf. Fig. 3 for the average values of σnt), they are
still above the typical values found in G035.39 (Henshaw et al.
2014 find meanM of 1.4–1.6 for the three filaments towards the
northern part of the IRDC, and a fraction, 21%, of their spec-
tra is subsonic). A similar VLA survey of IRDC kinematics by

Ragan et al. (2012) found no values of M below 2, favouring
an even higher degree of non-thermal motions present inside the
massive dense cores. Three other VLA surveys of ammonia (Lu
et al. 2014; upper limit of 1.3 km s−1 on line widths in Bihr et al.
2015; typical M from 3 to 5 reported in Dirienzo et al. 2015)
report highly supersonic gas motions within IRDCs. We suggest
that the coarser spectral resolution of the previous VLA ammo-
nia studies in similar IRDCs might have inhibited the detection
of the subsonic regime, as our spectral resolution of 0.2 km s−1

is higher than that of the previous studies (0.6 km s−1 in Ragan
et al. 2012; Lu et al. 2014; Dirienzo et al. 2015; 0.6 km s−1 for
most of the data used by Sánchez-Monge et al. 2013; 0.8 km s−1

in Bihr et al. 2015). Our results thus point to consistently lower
line widths and temperatures than those found in other IRDCs,
and closer to the typical values in nearby Gould Belt low-mass
star-forming regions (e.g. Friesen, Pineda et al. 2017).

It is plausible to assume that the velocity dispersions we find
might also be suffering from an instrumental bias due to insuf-
ficient spectral resolution. There are two reasons why this does
not diminish our findings. Firstly, the mean observed line width
of 0.71 km s−1 is well resolved with the channel width of 0.2
km s−1, and the ammonia emission, split among many hyper-
fine transitions, has its spectral line profile described across a
large number of channels. Therefore, constraining the velocity
dispersions is typically not a problem (mean uncertainty on ve-
locity dispersions: 0.015 km s−1). Secondly, even if there is a
spectral resolution bias present, it will bias the obtained veloc-
ity dispersions towards larger values (Friesen et al. 2009), thus
only strengthening our claim of the subsonic motion regime de-
tection. We note that even if our analyses are repeated without
subtracting the channel width from the observed line width, we
still recover a significant fraction of the subsonic spectra (0.36 of
the all the fitted components vs. the original 0.39 fraction). Ad-
ditionally, the distribution of the line widths we obtain might be
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biased due to misidentification of the number of velocity com-
ponents along the line of sight. As our heuristics to choose the
number of components depend on all components in both am-
monia lines being significantly detected, we expect a fraction of
the multiple-component spectra to be fitted with a broader com-
ponent model when those conditions are not met. This misspec-
ification would only produce broader, not narrower, line widths,
and may explain some Mach numbers in the tail of the Fig. 3 dis-
tribution, as well as a sharp, border-like transition in the northern
part of the IRDC (Fig. 2). Despite this bias, 87% of the subsonic
components belong to spectra with single velocity component.

Figure 3 shows a subsample of values derived within one
FWHM of the synthesized VLA beam around the protostellar
70µm sources identified in Nguyen Luong et al. (2011) along-
side the remaining data. As seen from the figure, the overall
distribution of the non-thermal motions around the protostel-
lar sources does not show a clear deviation away from that of
the rest of the IRDC, indicating that the embedded sources do
not yet exert enough feedback on the surrounding material to
disturb the cores that harbour them (at least not on the 0.07
pc scales resolved with our VLA observations). On the other
hand, neither do the star-forming cores appear to resemble the
"coherent core" picture of low-mass star formation (no corre-
lation of M with AV; Pearson’s r = 0.10). It is likely that to
disentangle these effects, a higher-angular-resolution kinematics
study is needed to resolve the densest gas structures, similar in
size to the narrow (0.03 pc) filaments found in a recent ALMA
continuum image of G035.39 (Henshaw et al. 2017). The im-
portance of high-angular-resolution observations is also shown
by Hacar et al. (2018), who have recently resolved the Orion
integral shaped filament into narrow 0.035 pc fibers of mostly
subsonic nature, and a recent high-spectral-resolution study of
SDC13 that shows localized traces of subsonic motions in the
combined JVLA and GBT NH3 observations (Williams et al.
2018). While future higher-angular-resolution studies dedicated
to IRDC kinematics are needed in order to resolve the scales of
the massive cores within the IRDCs, and probe the exact nature
of transition into subsonic regime, our results show that some of
the star-forming cores are forming in a quiescent environment.

The narrow ammonia line widths found in G035.39 indicate
that due to reduced turbulent support parts of the IRDC are prone
to gravitational collapse, unless they are supported by magnetic
fields. Henshaw et al. (2016) find that magnetic field strengths
of a few hundred microGauss are needed to virialize dense cores
in the northern part of the IRDC, while Tan et al. (2013) have
observed four massive clumps in a sample of ten well studied
IRDCs from Butler & Tan (2009, 2012), finding that magnetic
fields of up to 1 mG strength are needed to support the cores in
virial equilibrium (cf. ∼2 mG in a follow-up study of Kong et al.
2017). Likewise, Zhang et al. (2015) analysed thermal dynamic
properties of dense cores in IRDC G028.34, and found that a
magnetic field strength of several milliGauss is required in or-
der to virialize these cores. While the subsonic regions identified
in our VLA observations do not always correspond to the den-
sity structure and therefore are not exclusively tracing the star-
forming cores, we argue that by considering the largest bound
M < 1 contours to be magnetized cores in virial equilibrium we
can arrive at an order of magnitude estimate of the magnetic field
strength needed to support the enclosed region against collapse.
For the three largest continuous subsonic islands in G035.39,
each spanning in excess of seven VLA beam areas, we estimate
masses of 22–45 M� from the mass surface density map of Kain-
ulainen & Tan (2013) (or 18–21 M� if the smallest value of mass
surface density is representative of the line-of-sight contribu-
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et al. 2011) is shown in orange, alongside the remaining data plotted in
blue. Overplotted for the reference are the mean values for starless and
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tion). For these values, assuming spherical core geometry, we
follow the approach of Tan et al. (2013) to derive the magnetic
field strengths of ∼1.5–2 mG (∼0.8–1.8 mG for the background
subtraction case) needed to virialize the three regions.

Polarization studies of massive star-forming cores find that
magnetic fields play an important role during their collapse and
fragmentation (Zhang et al. 2014), and field strengths up to a
few milliGauss are supporting active high-mass star-forming re-
gions (Frau et al. 2014; Qiu et al. 2014; Li et al. 2015; Pillai
et al. 2016). Recent polarization measurements towards early-
stage IRDCs (Pillai et al. 2015; Santos et al. 2016; Beuther et al.
2018) find field strengths of a few hundred microGauss to a few
milliGauss, that is, the same order as our estimates for G035.39.
As G035.39 hosts a number of protostellar sources, it is clear
that parts of the IRDC are already unstable or undergoing gravi-
tational collapse. Dust polarization observations of G035.39, to-
gether with resolved kinematics tracing accreting and infalling
motions of the dense gas, will reveal a comprehensive picture on
the stability of this IRDC.

Our findings, enabled by high spectral resolution of the com-
bined VLA and GBT observations, allow us to quantify the is-
lands of subsonic turbulence within the IRDCs for the first time.
The results of this work indicate that early stages of massive star
and cluster formation can go through stages more similar to their
low-mass counterparts than previously thought. We highlight the
potential for high-angular- and spectral resolution ALMA ob-
servations of IRDC kinematics, needed to reevaluate the role of
turbulent dissipation and investigate the exact nature of transi-
tion to coherence in early stages of massive star- and cluster-
forming regions. If the subsonic regions found here are repre-
sentative of the kinematics of the massive dense star-forming
cores in other IRDCs, the reduced turbulent support and pos-
sible increased support from the magnetic fields put constraints
on models and simulations aiming to reproduce the initial stages
of massive star and cluster formation.
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