
Astronomy
&

Astrophysics

A&A 648, A114 (2021)
https://doi.org/10.1051/0004-6361/202039897
© S. Choudhury et al. 2021

Transition from coherent cores to surrounding cloud in L1688

Spandan Choudhury1, Jaime E. Pineda1, Paola Caselli1, Stella S. R. Offner2, Erik Rosolowsky3, Rachel K. Friesen4,
Elena Redaelli1, Ana Chacón-Tanarro5, Yancy Shirley6, Anna Punanova7, and Helen Kirk8,9

1 Max-Planck-Institut für extraterrestrische Physik, Giessenbachstrasse 1, 85748 Garching, Germany
e-mail: spandan@mpe.mpg.de

2 Department of Astronomy, The University of Texas at Austin, Austin, TX 78712, USA
3 Department of Physics, 4-181 CCIS, University of Alberta, Edmonton, AB T6G 2E1, Canada
4 Department of Astronomy & Astrophysics, University of Toronto, 50 St. George St., Toronto, ON M5S 3H4, Canada
5 Observatorio Astronómico Nacional (OAN-IGN), Alfonso XII 3, 28014, Madrid, Spain
6 Steward Observatory, 933 North Cherry Ave., Tucson, AZ 85721, USA
7 Ural Federal University, 620002 Mira st. 19, Yekaterinburg, Russia
8 Department of Physics and Astronomy, University of Victoria, 3800 Finnerty Rd., Victoria, BC V8P 5C2, Canada
9 Herzberg Astronomy and Astrophysics, National Research Council of Canada, 5071 West Saanich Rd., Victoria, BC V9E 2E7,

Canada

Received 12 November 2020 / Accepted 9 February 2021

ABSTRACT

Context. Stars form in cold dense cores showing subsonic velocity dispersions. The parental molecular clouds display higher temper-
atures and supersonic velocity dispersions. The transition from core to cloud has been observed in velocity dispersion, but temperature
and abundance variations are unknown.
Aims. We aim to measure the temperature and velocity dispersion across cores and ambient cloud in a single tracer to study the tran-
sition between the two regions.
Methods. We use NH3 (1,1) and (2,2) maps in L1688 from the Green Bank Ammonia Survey, smoothed to 1′, and determine the
physical properties by fitting the spectra. We identify the coherent cores and study the changes in temperature and velocity dispersion
from the cores to the surrounding cloud.
Results. We obtain a kinetic temperature map extending beyond dense cores and tracing the cloud, improving from previous maps
tracing mostly the cores. The cloud is 4–6 K warmer than the cores, and shows a larger velocity dispersion (∆σv = 0.15–0.25 km s−1).
Comparing to Herschel-based dust temperatures, we find that cores show kinetic temperatures that are ≈1.8 K lower than the dust tem-
perature, while the gas temperature is higher than the dust temperature in the cloud. We find an average p-NH3 fractional abundance
(with respect to H2) of (4.2± 0.2) × 10−9 towards the coherent cores, and (1.4± 0.1) × 10−9 outside the core boundaries. Using stacked
spectra, we detect two components, one narrow and one broad, towards cores and their neighbourhoods. We find the turbulence in the
narrow component to be correlated with the size of the structure (Pearson-r = 0.54). With these unresolved regional measurements, we
obtain a turbulence–size relation of σv,NT ∝ r0.5, which is similar to previous findings using multiple tracers.
Conclusions. We discover that the subsonic component extends up to 0.15 pc beyond the typical coherent boundaries, unveiling larger
extents of the coherent cores and showing gradual transition to coherence over ∼0.2 pc.
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1. Introduction

Star formation takes place in dense cores in molecular clouds.
Detailed studies of dense cores unveil their physical and chemi-
cal properties, which provide the initial conditions in the process
of star formation. Across different molecular clouds, the star-
forming cores are characterised by higher density and lower
temperatures compared to the ambient cloud. Many of the cores
also exhibit subsonic turbulence. However, the transition from
core to cloud is still not well-understood.

The hyperfine structure of NH3 inversion transitions allows
its individual components to remain optically thin at high
column densities (Caselli et al. 2017). Unlike carbon-bearing
species, such as CO and HCO+, NH3 shows no depletion at high
densities and cold temperatures characteristic of cores (Bergin
& Langer 1997). Therefore, NH3 is an important and useful
high-density tracer of cold gas. Using NH3 (1,1) line emission,
Barranco & Goodman (1998) found that the line width inside
the four cores studied was roughly constant, and slightly greater

than the pure thermal value. These latter authors also reported
that at the edge of the cores, the line widths begin to increase.
By analysing the cores and their environments, Goodman et al.
(1998) suggested that a transition to coherence might mark the
boundaries of the dense cores. Using NH3 (1,1) observations
with the Green Bank Telescope, Pineda et al. (2010) studied the
transition from inside a core to the surrounding gas, for the first
time in the same tracer, and reported a similar, but sharper transi-
tion to coherence (an increase in the dispersion by a factor of two
in a scale less than 0.04 pc) in the B5 region in Perseus. However,
the exact nature of the transition from the subsonic cores to the
surrounding molecular cloud is not well known. It is important
to study these transition regions, as this could give us clues on
how dense cores form and accrete material from the surrounding
cloud.

In the Green Bank Ammonia Survey (GAS, Friesen et al.
2017), star-forming regions in the Gould Belt were observed
using NH3 hyperfine transitions. Their first data release included
four regions in nearby molecular clouds: B18 in Taurus,
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NGC1333 in Perseus, L1688 in Ophiuchus, and Orion A North.
Using the results from this survey and H2 column densities
derived with Herschel, Chen et al. (2019) identified 18 coher-
ent structures (termed ‘droplet’) in L1688 and B18. These latter
authors observed that these droplets show gas at high den-
sity (〈nH〉 ≈ 5× 104 cm−3; from masses and effective radii of
the droplets, assuming a spherical geometry) and near-constant,
almost-thermal velocity dispersion, with a sharp transition in
dispersion around the boundary.

The results from Pineda et al. (2010) and Chen et al. (2019)
suggest that we can define the boundaries of coherent cores sys-
tematically as the regions with subsonic nonthermal line widths.
It is to be noted that this approach does not necessarily define
cores in the same way as when using continuum emission.
Therefore, not all of the ‘coherent cores’ will have continuum
counterparts.

The temperature profile inside cores has been studied, and
the cores are found to be usually at a temperature ≈10 K (e.g.,
Tafalla et al. 2002), and more dynamically evolved cores show a
temperature drop towards the centre (Crapsi et al. 2007; Pagani
et al. 2007). Crapsi et al. (2007) observed a temperature drop
down to ≈6 K towards the centre of L1544 (see also Young et al.
2004). Pagani et al. (2007) and Launhardt et al. (2013) also
reported gradients in temperature outwards from the centres of
cores with observations of N2H+ −N2D+, and far-infrared (FIR)-
submillimetre continuum, respectively. However, the transition
in gas temperature from cores to their immediate surround-
ings has not been studied. This is important, as dust and gas
are not thermally coupled at volume densities below 105 cm−3

(Goldsmith 2001), as expected in inter-core material (average
density in L1688 is ∼4× 103 cm−3, see Sect. 2.1). Therefore,
the gas temperature can provide important constraints on the
cosmic-ray ionisation rate (with cosmic rays being the main heat-
ing agents of dark clouds), as discussed in Ivlev et al. (2019). This
transition in temperature, as well as in other physical properties,
such as velocity dispersion, density and NH3 abundance, from
core to cloud, is the focus of the present paper.

In our previous paper (Choudhury et al. 2020, hereafter
Paper I) we reported a faint supersonic component along with
the narrow core component, towards all cores. We suggested that
the broad component traces the cloud surrounding the cores, and
therefore, presents an opportunity to study the gas in the neigh-
bourhood of the cores with the same density tracer. Here, we
extend that analysis to study the changes in physical properties
of these two components from cores to their surroundings.

In this project, we use the data from GAS in L1688 –
smoothed to a larger beam – to study the transition in both
velocity dispersion and temperature, from coherent cores, to
the extended molecular cloud, using the same lines (NH3 (1,1)
and (2,2)). In Sect. 2, the primary NH3 data from GAS and
complimentary Herschel continuum maps, are briefly described.
Section 3 explains the procedure used to determine the physical
parameters in the cloud. The improved integrated intensity maps
and the parameter maps are presented in Sect. 4. In Sect. 5, the
selection of coherent cores, considered in this paper is explained,
followed by a discussion on the observed transition of physical
parameters and spectra, from cores to their surroundings.

2. Data

2.1. Ammonia maps

As our primary data set, we use the NH3 (1,1) and (2,2) maps,
taken from the first data release of Green Bank Ammonia

Survey (GAS, Friesen et al. 2017). The observations were car-
ried out using the Green Bank Telescope (GBT) to map NH3

in the star forming regions in the Gould Belt with AV >

7 mag, using the seven-beam K-Band Focal Plane Array (KFPA)
at the GBT Observations were made in frequency switching
mode with a frequency throw of 4.11 MHz (≈52 km s−1 at
23.7 GHz). The spectral resolution of the data is 5.7 kHz,
which corresponds to ≈72.1 ms−1 at 23.7 GHz (approximate fre-
quency of observations). The extents of the maps were selected
using continuum data from Herschel or JCMT, or extinction
maps derived from 2MASS (Two Micron All Sky Survey). To
convert the spectra from frequency to velocity space, central
frequencies for NH3 (1,1) and (2,2) lines were considered as
23.6944955 and 23.7226333 GHz, respectively (Lovas et al.
2009).

Out of the four regions in the GAS DR1, we focus on L1688
in this paper, as we were able to obtain an extended kinetic
temperature map of the cloud for this region. L1688 is part of
the Ophiuchus molecular cloud at a distance of ∼138.4± 2.6 pc
(Ortiz-León et al. 2018). The cloud mapped in NH3 is ∼1 pc
in radius with a mass of ≈980 M� (Ladjelate et al. 2020).
Assuming spherical geometry and a mean molecular weight of
2.37 amu (Kauffmann et al. 2008), the average gas density is then
∼4× 103 cm−3.

The parameter maps of L1688, released in DR1, are not very
extended, particularly for kinetic temperature, as a robust tem-
perature measurement is restricted by the signal-to-noise ratio
(S/N) of the (2,2) line. Therefore, in order to have a good detec-
tion, especially of the (2,2) line, in the outer and less dense part
of the cloud, the data were smoothed by convolving them to a
beam of 1′ (GBT native beam at 23 GHz is ≈31′′). The data cube
was then re-gridded to avoid oversampling. The relative pixel
size was kept the same as the original GAS maps, at one-third of
the beam-width. The mean root-mean-square (rms) noise level
achieved as a result is 0.041 and 0.042 K in the (1,1) and (2,2),
respectively. For comparison, the mean noise level in the GAS
DR1 maps was 0.17 K. Figure 1 shows the integrated intensity
maps obtained for NH3 (1,1) and (2,2).

2.2. H2 column density and dust temperature maps

L1688 was observed in dust continuum using the Herschel space
observatory as part of the Herschel Gould Belt Survey (HGBS,
André et al. 2010). In order to compare the dust-derived prop-
erties to our results with NH3, we use the dust temperature
and H2column density in Ophiuchus from the HGBS archive1

(Ladjelate et al. 2016). These maps were also convolved to a 1′

beam, and then regridded to the same grid as the NH3 maps.
Figures 2 and 3 show the smoothed and re-gridded N(H2) and
dust temperature maps, respectively.

3. Analysis

3.1. Line fitting

We fit NH3 line profiles to the data with the pyspeckit pack-
age (Ginsburg & Mirocha 2011), which uses a forward modelling
approach. We follow the fitting process described in Friesen
et al. (2017). The range in velocity to fit is determined from the
average spectra of the entire region. As the ortho-to-para ratio
in the region is not known, we only report the p-NH3 column

1 www.herschel.fr/cea/gouldbelt/en/archives
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kinetic temperature 1′ (≈8000 au) and 2′ (≈16 000 au) away
from the core boundary is approximately 4 K and 6 K higher
than the core temperature. Similarly, the velocity dispersion
in these regions is 0.15 and 0.25 km s−1 higher than that in
the core, respectively.

4. We find that the external illumination at the western edge of
the cloud is not accompanied by turbulence injection.

5. The kinetic temperature towards the coherent cores is, on
average, ≈1.8 K lower than the dust temperature. Outside the
cores, the kinetic temperature of the gas is higher than the
dust temperature.

6. We find an average para-ammonia fractional abundance
(with respect to H2) of 4.2± 0.2× 10−9 in the coherent cores,
and 1.4± 0.1× 10−9, at 1′ from the core. Previous works
report a similar abundance within the core for L1544, and
a similar drop in abundance for a similar distance outside
the core.

7. By stacking the spectra towards the cores and their neigh-
bourhoods, we are able to detect two velocity components,
one narrow and one broad, superposed in velocity. For most
cores, we observe that the component with subsonic turbu-
lence is extended beyond the previously identified coherent
regions. This suggests that the transition to coherence is
gradual, in contrast to previous results. We observe that
the subsonic component towards the cores becomes fainter
and broader outwards, with a turbulence–size relation of
σv,NT ∝ rb

eq, with b= 0.5± 0.2, similar to what was found in
other low-mass dense cores using multiple molecular tracers.

8. In contrast, the broad component shows near-constant inten-
sity and dispersion towards core and cloud. This supports
our conclusions from Paper I of the broad component tracing
material across the larger scale cloud seen with ammonia.

9. We observe that on average the cores with higher velocities
relative to the surrounding cloud show higher temperatures.
With higher resolution maps of the region and with adequate
sensitivity, it would be possible to determine whether or not
there are any local shocks around the coherent cores.
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Table C.1. continued.

Component (a) TK log10(N(p − NH3)/cm−2) σv
(b) vrel

(c) MS Noise (d)
∆AIC

(K) (km s−1) (km s−1) (mK)

Single 12.4(5) 13.62(7) 0.255(8) 0.058(6) 1.2
Oph-D : shell-2 Narrow 7.0(4) – (e) 0.104(6) 0.091(6) 0.6 11 123

Broad 15.0(1) 13.7(1) 0.39(2) 0.0(3) 1.6

Single 12.5(4) 13.77(4) 0.168(4) 0.002(4) 0.7
Oph-E : core Narrow 11.7(3) 13.73(3) 0.126(2) 0.023(2) 0.5 24 3698

Broad 17.9(6) – (e) 0.76(2) −0.92(3) 3.0

Single 16.5(1) 13.79(3) 0.735(5) 0.0(1) 3.0
Oph-E : shell-1 Narrow 13.4(5) 13.48(6) 0.36(1) 0.56(1) 1.6 5, 6 1574

Broad 18.1(2) 13.49(7) 0.63(2) −0.34(4) 2.5

Single 17.1(2) 13.52(7) 0.615(5) 0.0(9) 2.5
Oph-E : shell-2 Narrow 17.5(4) 13.3(1) 0.45(2) −0.14(1) 1.8 6 634

Broad 16.3(6) 13.7(1) 0.8(2) 0.34(5) 3.3

Single 13.9(1) 13.91(1) 0.174(2) −0.0003(5) 0.7
Oph-F : core Narrow 12.6(1) 13.81(1) 0.128(1) 0.006(1) 0.5 9, 11 5244

Broad 19.1(4) 13.87(7) 0.55(1) −0.144(9) 2.1

Single 16.3(1) 13.67(3) 0.423(3) −0.004(3) 1.7
Oph-F : shell-1 Narrow 13.5(2) 13.59(3) 0.23(4) 0.058(3) 1.0 5, 6 3536

Broad 18.8(3) 13.79(5) 0.638(8) −0.148(7) 2.5

Single 18.0(1) 13.57(4) 0.507(3) 0.002(4) 2.0
Oph-F : shell-2 Narrow 18.0(5) – (e) 0.38(2) −0.025(6) 1.5 6 220

Broad 18.1(7) 13.6(2) 0.72(3) 0.06(2) 2.9
Single 11.6(1) 14.0(9) 0.15(1) 0.0008(5) 0.6

Oph-H-MM1 : core Narrow 11.0(1) 13.971(9) 0.12(1) 0.012(1) 0.6 16 1489
Broad 16.9(7) 13.99(8) 0.47(2) −0.4(3) 1.9

Single 14.7(2) 13.6(5) 0.387(5) 0.015(4) 1.7
Oph-H-MM1 : shell-1 Narrow 7.0(1) 13.54(5) 0.171(5) 0.182(5) 1.0 6, 7 1513

Broad 18.8(4) 13.65(7) 0.451(8) −0.19(1) 1.7

Single 16.2(2) 13.68(4) 0.391(5) 0.007(4) 1.6
Oph-H-MM1 : shell-2 Narrow 30.0(6) – (e) 0.15(2) −0.28(2) 0.3 9 41

Broad 15.2(3) 13.66(5) 0.392(6) 0.05(1) 1.7

Single 12.1(2) 13.79(2) 0.137(2) 0.005(1) 0.6
L1688-d10 : core Narrow 11.2(2) 13.76(2) 0.111(2) 0.015(2) 0.4 14 826

Broad 17.1(8) 13.6(2) 0.42(2) −0.2(2) 1.7

Single 14.7(2) 13.51(5) 0.304(5) 0.011(4) 1.3
L1688-d10 : shell-1 Narrow 11.7(7) 13.4(1) 0.177(8) 0.097(7) 0.8 8 303

Broad 17.6(7) 13.6(1) 0.41(1) −0.14(2) 1.6

Single 16.2(2) 13.39(7) 0.328(5) 0.017(4) 1.3
L1688-d10 : shell-2 Narrow 14.0(1) – (e) 0.28(2) 0.03(1) 1.2 9, 8 4

Broad 20.0(3) – (e) 0.44(6) −0.02(3) 1.6

Single 10.6(2) 13.92(1) 0.135(1) −0.0004(4) 0.6
L1688-d12 : core Narrow 9.4(8) 13.91(3) 0.123(4) −0.0009(7) 0.6 16 30

Broad 18.0(3) 13.6(4) 0.26(5) 0.0(1) 1

Single 14.1(5) 13.49(9) 0.231(7) −0.046(6) 1.0
L1688-d12 : shell-1 Narrow 10.0(2) – (e) 0.15(1) −0.08(1) 0.7 11,12 23

Broad 18.0(2) – (e) 0.33(4) 0.01(3) 1.3

Single 13.6(9) 13.5(2) 0.29(2) 0.01(1) 1.3
L1688-d12 : shell-2 Narrow (h) – – – – – 12, 11 9

Broad (h) – – – – –
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Table C.1. continued.

Component (a) TK log10(N(p − NH3)/cm−2) σv
(b) vrel

(c) MS Noise (d)
∆AIC

(K) (km s−1) (km s−1) (mK)

Single 12.4(3) 13.81(3) 0.149(3) −0.002(2) 0.6
Oph-B3 : core Narrow 11.4(3) 13.67(3) 0.117(2) −0.028(2) 0.5 26, 28 1083

Broad 19.0(1) 13.8(2) 0.58(3) 0.56(4) 2.2

Single 15.6(2) 13.59(5) 0.379(5) −0.012(4) 1.6
Oph-B3 : shell-1 Narrow 12.9(3) 13.54(4) 0.219(6) −0.131(4) 1.0 8, 9 1586

Broad 20.1(6) 13.5(2) 0.56(2) 0.37(3) 2.1

Single 16.5(3) – (e) 0.417(7) −0.005(6) 1.7
Oph-B3 : shell-2 Narrow 15.8(8) – (e) 0.27(2) −0.05(9) 1.1 8, 9 266

Broad 17.0(1) 13.8(2) 0.66(4) 0.14(3) 2.7

Single 13.5(4) 13.75(5) 0.209(6) 0.000(1) 0.9
L1688-SR1 : core Narrow 10(1) 13.3(1) 0.102(5) −0.033(4) 0.4 35 308

Broad 18.0(1) 13.7(2) 0.43(2) 0.11(2) 1.7

Single 15.5(3) 13.61(5) 0.334(6) 0.002(6) 1.4
L1688-SR1 : shell-1 Narrow 11.6(7) 13.2(1) 0.121(4) −0.058(4) 0.5 16 582

Broad 18.0(6) 13.7(1) 0.49(1) 0.09(1) 1.9

Single 16.6(2) 13.6(5) 0.432(5) 0.002(7) 1.8
L1688-SR1 : shell-2 Narrow 13.1(9) 13.1(3) 0.142(8) −0.136(7) 0.6 10, 12 373

Broad 17.5(4) 13.67(7) 0.498(9) 0.072(8) 2.0

Single 17.2(3) 13.35(8) 0.239(4) −0.000(2) 0.9
L1688-SR2 : core Narrow 15.4(5) 13.3(1) 0.178(6) −0.009(4) 0.7 11 164

Broad 24.0(2) 13.0(4) 0.6(5) 0.08(3) 2.0

Single 18.2(2) 13.24(8) 0.328(4) −0.002(2) 1.2
L1688-SR2 : shell-1 Narrow 15.2(5) 13.3(1) 0.228(8) −0.018(4) 0.9 6, 7 251

Broad 24.0(1) – (e) 0.58(3) 0.05(2) 1.9

Single 19.1(2) – (e) 0.398(5) −0.017(4) 1.5
L1688-SR2 : shell-2 Narrow 16.6(7) – (e) 0.25(1) −0.02(6) 1.0 6 219

Broad 21.3(9) 13.6(2) 0.59(3) −0.01(1) 2.1

Single 24.6(6) – (e) 0.295(8) 0.0 ( f ) 0.9
L1688-SR3 : core Narrow 24(1) – (e) 0.24(2) 0.05(2) 0.8 18 12

Broad 27.0(5) – (e) 0.41(7) −0.2(2) 1.3

Single 24.9(6) – (e) 0.39(1) −0.084(7) 1.3
L1688-SR3 : shell-1 Narrow (h) – – – – – 9 54

Broad (h) – – – – –

Single 27.2(7) – (e) 0.48(1) 0.0(0) ( f ) 1.5
L1688-SR3 : shell-2 Narrow 21.0(3) – (e) 0.36(6) 0.05(4) 1.3 9 40

Broad 38.0(8) – (e) 0.61(6) −0.2(1) 1.6
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