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ABSTRACT

Theoretical and numerical works indicate that a strong magnetic field should suppress fragmentation in dense
cores. However, this has never been tested observationally in a relatively large sample of fragmenting massive
dense cores. Here we use the polarization data obtained in the Submillimeter Array Legacy Survey of Zhang et
al. (2014) to build a sample of 17 massive dense cores where both fragmentation and magnetic field properties
are studied in a uniform way. We measured the fragmentation level, Ny, within the field of view common
to all regions, of ~ 0.15 pc, with a mass sensitivity of ~ 0.5 M., and a spatial resolution of ~ 1000 AU. In
order to obtain the magnetic field strength using the Davis-Chandrasekhar-Fermi method, we estimated the
dispersion of the polarization position angles, the velocity dispersion of the H'3CO* (4-3) gas, and the density
of each core, all averaged within 0.15 pc. The magnetic field strength was also inferred using the Angular
Dispersion Function method. Surprisingly, we found no apparent relation between the fragmentation level and
the magnetic field strength, while a possible trend of Ny, with the average density of the parental core was
found. In addition, the average masses of the fragments are comparable to the thermal Jeans mass. Therefore,
our results suggest that thermal fragmentation and gravity dominate the fragmentation process in this sample.
However, when only cores with similar densities are considered, there are hints of a possible anticorrelation
between Ny, and the magnetic field strength.

Subject headings: stars: formation — radio continuum: ISM

1. INTRODUCTION

How stellar clusters form and what determines their number
of objects and stellar densities is a long-standing question, in-
timately related to the fragmentation properties of molecular
clouds. It is thought that a number of properties of molec-
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ular clouds could influence and determine how clouds frag-
ment. First, their density and temperature structures deter-
mine the balance between thermal support and gravity re-
quired for pure thermal Jeans fragmentation (e. g., Myhill &
Kaula 1992; Burkert et al. 1997; Girichidis et al. 2011).
There are a number of additional properties however which
could play a crucial role as well. The most important ones
are the properties of turbulence (solenoidal/compressive and
Mach number; e. g., Vazquez-Semadeni et al. 1996; Padoan
& Nordlund 2002; Schmeja & Klessen 2004; Federrath et al.
2008; Girichidis et al. 2011; Keto et al. 2020), stellar feed-
back (e. g., Myers et al. 2013, Cunningham et al. 2018), initial
angular momentum (e. g., Boss & Bodenheimer 1979; Boss
1999; Hennebelle et al. 2004; Machida et al. 2005; Forgan &
Rice 2012; Chen et al. 2012a, 2019), and magnetic fields.

A number of theoretical and numerical studies suggest that
magnetic fields could be a key ingredient in the fragmen-
tation process of molecular clouds, because it is a form of
support against gravitational contraction (e.g., Boss 2004;
Viézquez-Semadeni et 2005, 2011; Ziegler 2005; Price & Bate
2007; Commercon et al. 2011; Peters et al. 2011; Bailey &
Basu 2012; Myers et al. 2013; Boss & Keiser 2013, 2014;
Girichidis et al. 2018; Hennebelle & Inutsuka 2019). There-
fore, it is expected that those cores with stronger magnetic
fields should present a smaller degree of fragmentation, along
with fragment masses larger than the pure thermal Jeans mass,
compared to cores with weaker magnetic fields. This should
hold at least for cores with similar densities and turbulence.

Massive dense cores are excellent targets to study the for-
mation of stellar clusters. These are dense cores embedded
within molecular clumps, with large masses (= 50 M) and
typical sizes of 0.1-0.5 pc, which do not necessarily collapse
into one star but can fragment into compact condensations
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TABLE 1
PROPERTIES OF THE OBSERVATIONS USED TO ASSESS THE FRAGMENTATION LEVEL IN THE SAMPLE OF MASSIVE DENSE CORES AT 0.87 AND 1.3 MM

D Lyo® Rms® My ¢ wuv-range Spat. res.d LAS¢

Source® (kpc) (L) (mly) (M) (k) (AU) (AU) Refs.®
1-W3IRS5 1.95 140000 24 031 22-210 1600 8050 1
2-W3H20 1.95 36000 2.6* 1.22 55-585 682 3230 2,3
3-G192 1.52 2700 42 033 40-260 1070 3460 4,5
4-NGC 6334V 1.30 40000 7.0 042 25-210 1140 4730 4,6
5-NGC 6334A(1V) 1.30 1000 6.6 040 25-210 1200 4730 4
6-NGC 63341 1.30 48000 12 0.72 25-210 1130 4730 4
7-NGC 6334In 1.30 1300 17 1.03 25-210 1190 4730 4
8-G34.4.0 1.57 2300 6.4 0.54 40-260 1110 3570 4
9-G34.4.1 1.57 1100 2.0 0.17 40-260 1160 3570 4
10-G35.2N 2.19 15000 23 038 40-260 1620 4980 4
11-IRAS 20126+4104 1.64 8900 0.7 0.46 48-551 629 3120 7,8
12-CygX-N3(DR17) 1.40 200 1.1* 0.28 20-200 1400 6370 9,10
13-W75N(CygX-N30) 1.40 20000  2.6* 0.72 20-160 1650 6370 11
14-DR210H(CygX-N44) 1.40 10000 47 033 40-260 1050 3150 4,12
15-CygX-N48(DR210OHS) 1.40 4400 2.2*  0.57 20-200 1400 6370 9,13
16-CygX-N53 1.40 300 1.9%  0.49 20-200 1400 6370 9,13
17-CygX-N63(DR22) 1.40 470  4.2%  1.08 20-200 1400 6370 9,10

* Complete names commonly used for each massive dense core. In the following tables and figures a short version of the name will be

used.

® Ly is calculated with the flux densities used to build the spectral energy distribution for the model described in Section@

¢ Rms at 870 um (from SMA observations) for all sources, except for those marked with an asterisk, for which the rms corresponds to
the image at ~ 1.3 mm (Plateau de Bure and/or NOEMA observations). M, the mass sensitivity, is taken at 6 times the rms noise of
each image (identification threshold) and assuming a dust temperature of 20 K.

4 Spatial resolution taken from the synthesized beam of each image and the distance to the source. LAS stands for Largest Angular Scale,
estimated using the smallest uv-distance given in column (6), and following equation A5 of Palau et al. (2010). This corresponds to the
maximum spatial scale the interferometer was able to recover.

¢ References for the continuum emission used to assess the fragmentation level Ny, and for the polarization data used to study the
polarization angle dispersion: (1) Chen et al., in preparation; (2) Ahmadi et al. (2018): this region is part of the CORE Large Project
carried out with NOEMA (Beuther et al. 2018); (3) Chen et al. (2012b); (4) Zhang et al. (2014); (5) Liu et al. (2013); (6) Juérez et al.
(2017); (7) Cesaroni et al. (2014); (8) Shinnaga et al. (in preparation); (9) Bontemps et al. (2010); (10) SMA archive; (11) Alves et al.

(in preparation); (12) Girart et al. (2013); (13) Ching et al. (2017).

and form a small cluster of starsE] (Williams et al. 2000;
Bontemps et al. 2010; Motte et al. 2007). This makes
massive dense cores excellent candidates to study forming
clusters, which are usually associated with intermediate/high-
mass stars. The fragmentation properties in samples of about
~ 20 massive dense cores have been studied by a number of
authors (e. g., Bontemps et al. 2010; Palau et al. 2014, 2015;
Beuther et al. 2018; Fontani et al. 2018; Sanhueza et al. 2019;
Svoboda et al. 2019). In these works, relations between the
fragmentation level and density structure, turbulence and ini-
tial angular momentum were searched for, but none of these
works studied if there is the expected relation between the
fragmentation level and the magnetic field strength from an
observational point of view.

Observational studies of fragmentation vs magnetic fields
are very scarce. Most of the studies approaching this
key question are based on a comparison of observations
of dust continuum emission to the outputs of magneto-
hydrodynamical simulations. For example, for the low-mass

15 Strictly speaking, the entity which will contain the entire cluster should
be the molecular clump (with sizes ~ 1 pc), while probably the massive dense
core will contain only the central or most embedded part of the stellar cluster
(Zhang et al. 2009, 2015; Csengeri et al. 2011).

case, Maury et al. (2010) find that magneto-hydrodynamical
models agree much better with their observations. And for
the intermediate/high-mass case, Peretto et al. (2007) find dif-
ficulties matching the observed masses and number of frag-
ments with the results of hydrodynamical simulations, sug-
gesting that an extra support such as protostellar feedback or
magnetic fields is at play. This is supported by the more recent
works of Palau et al. (2013) and Fontani et al. (2016, 2018),
where the number, mass and spatial distribution of the frag-
ments of particular regions are consistent with simulations
of fragmenting cores with different mass-to-flux ratios (Com-
mercon et al. 2011). However, the extreme fragmentation in
the DR210OH core cannot be fully reproduced in these sim-
ulations because its measured mass-to-flux ratio is 20 times
smaller than the one used in the simulations for the highly
fragmenting cores (Girart et al. 2013).

Regarding studies reporting a direct measure of the mag-
netic field strength compared to fragmentation levels, San-
tos et al. (2016) present polarimetric data at optical and
near-infrared wavelengths towards an infrared dark cloud with
different fragmentation levels in two hubs (Busquet et al.
2016), and find no significant differences between the mag-
netic field at each hub at clump scales, while submillime-
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TABLE 2
FRAGMENTATION PROPERTIES OF THE MASSIVE DENSE CORES

Frag- <Rﬁ'agm>C O-(Rfragm )c <Mfragm >C a-(Mfragm)C MJcansd 1‘4critd
Source Num®  type”  (AU) (AU) (Mo) (Mo) Mo)  (Mo)
1-W3IRS5 4 cl 1490 70 0.14 0.1 17 12
2-W3H20 8 cl 726 430 2.8 39 6.1 77
3-G192 1 no 1710 - 2.7 - 5.1 22
4-N6334V 5 cl 1310 460 1.1 1.3 3.7 44
5-N6334A 16 al 1270 370 1.3 1.1 2.4 29
6-N63341 7 al 1070 620 3.8 6.8 43 160
7-N6334In 15 al 997 200 1.0 1.2 2.5 250
8-G34-0 2 no 1590 - 6.7 - 3.0 51
9-G34-1 10 al 1170 440 0.71 1.1 1.8 110
10-G35 13 al 1860 730 32 4.6 33 45
11-120126 1 no - - - - 6.5 -
12-N3 6 al 1220 270 0.70 0.7 1.3 10
13-W75N 14 cl 1980 660 2.1 25 5.0 42
14-DR210H 18 cl 1250 440 1.2 1.3 1.7 69
15-N48 6 cl 1430 300 0.98 0.6 1.4 21
16-N53 9 al - - - - 1.0 -
17-N63 1 no 2590 - 14 — 2.0 9.4

a

mm 18 the fragmentation level, estimated counting the number of millimeter sources above a 6o~ threshold, covering at least half a beam

at 40, and closing at least one contour, within the common field of view for all the regions of 0.15 pc of diameter. For N63, N, was
inferred from new Plateau de Bure observations in AB configuration (S. Bontemps, priv. communication).

® Fragmentation type according to Tang et al. (2019). ‘cl’ corresponds to ‘clustered fragmentation’;

mentation’; and ‘no’ corresponds to ‘no fragmentation’.

. ¢

al’ corresponds to ‘aligned frag-

¢ (Riragm) and (My,em) correspond to the average radius and mass (at the 30~ level), respectively, of all fragments in a given massive dense
core. 0 (Riragm) and 0-(Mfraem) correspond to the standard deviation of the radius and mass of the fragments in each massive dense core.
The mass of the fragments was calculated using the flux density within the 30~ contour, and considering the temperature corresponding
to the temperature power-law derived in Section[4.T] using as distance the projected distance measured from the fragment to the peak of
the single-dish submillimeter source. The opacity law used is the same as reported in Section [E]

4 Mieans corresponds to the Jeans mass calculated following equation (6) of Palau et al. (2015) and using the values of no.15pc and T 15pc
listed in Table[3] M.y is the magnetic critical mass (the Jeans mass analog in the magnetic support case) calculated following equation
(16) of McKee & Ostriker (2007), for a diameter of 0.15 pc and the magnetic field strength By listed in Table [d]

ter polarization observations at core scales for the same two
hubs reveal hints of a stronger magnetic field in the non-
fragmenting case (Afiez-Lopez et al. 2020b). On the other
hand, in the mini-starburst star-forming region W43, very re-
cent Atacama Large Millimeter/submillimeter Array observa-
tions show similar magnetic field strengths for cores with dif-
ferent fragmentation levels (Cortés et al. 2019). Also in the
G34.43+00.24 region the three cores studied by Tang et al.
(2019) present different fragmentation levels, but they seem
to result from an interplay between gravity, turbulence and
magnetic field, with no clear evidence for a unique role of the
magnetic field. In the first high resolution polarimetric imag-
ing of a massive infrared dark cloud, Liu et al. (2020) find that
magnetic fields play a role at the early stages of cluster forma-
tion. Howeyver, all the aforementioned observational works do
not perform a uniform study in a relatively large sample of re-
gions, but focus only on a single or a handful of regions at
most. Galametz et al. (2018) study the submillimeter polar-
ized emission in a sample of 12 low-mass Class 0 protostars,
and find that the morphology of the magnetic field could be
related to the rotational energy and the formation of single or
multiple systems, with the magnetic field being aligned along
the outflow direction for single sources. Thus, a uniform study
of the fragmentation and magnetic field properties in a rela-
tively large sample of massive dense cores is completely lack-

ing and therefore imperative.

Here we used the submillimeter polarization data of the
Submillimeter Array (SMA) Legacy Survey of Zhang et al.
(2014), together with regions from the literature with simi-
lar observational properties to build a sample of 17 massive
dense cores. In Section 2, we describe the sample and obser-
vations, in Section 3, we present the continuum, polarization
and H'3CO" data, in Section 4 we analyze the polarization
data, determine density profiles for all the sample, measure
line widths, and perform the Angular Dispersion Function
analysis to finally infer magnetic field strengths. In Section
5 a discussion of the results is presented and in Section 6 our
main conclusions are given.

2. THE SAMPLE

In Table[T|we present the sample of 17 massive dense cores
studied in this work. Among the 17 regions, the 0.87 mm
polarization data of 11 were presented in the Submillimeter
Array Legacy Survey of Zhang et al. (2014; see also Ching
et al. 2017). The 0.87 mm polarization data of the remaining
regions were taken from the literature or the SMA archive
(see last column of Table [T). We thus refer to these works
for the details of the polarization observations. In general,
the typical 1o~ rms noise in the Stokes O and U images is of
~2 mlJy beam™!. It is worth noting that we took special care
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Fig. 1A.— 0.87 or 1.3 mm continuum high angular resolution maps. Contours for all regions are —4, 4, 8, 12, 16, 20, 24, 28, 36, 40, 50, 60, 70, 80, 100 and 120
times the rms noise, listed in Tablem except for G192, N6334I, and G34-0, for which contours are —4, 4, 8, 16, 32, 64, and 128 times the rms noise. Synthesized
beams are plotted in the bottom-right corner of each panel, and the black circle corresponds to a field of view of 0.15 pc diameter (the field of view common to
all the regions, given their primary beams). In all panels the red contour corresponds to the identification level of 60

to build a sample as uniform as possible. Thus, to avoid biases
with distance, we restricted our sample to regions in the range
1.4-2.2 kpc, i. e., there is less than a factor of 2 in distance for
the sources of our sample. Two of the regions were observed
down to similar rms noises as the other regions, but no signal
of polarized emission was detected: N53 from Ching et al.
(2017), and 120126 from Shinnaga et al. (in preparation).
Regarding the continuum images used to assess the frag-
mentation level, Table[I] provides the properties of the images
along with the references. For most of the regions we used
the 0.87 mm continuum emission observed with the SMA us-
ing the extended configuration only from Zhang et al. (2014).
Only those marked with an asterisk in Table [I] are observed
with the Plateau de Bure(PdBI)/NOrthern Extended Millime-
ter Array (NOEMA) at 1.3 mm. In order to build a uni-
form sample, we specifically checked to ensure that the uv-
coverage of both the SMA and PABI/NOEMA are compara-
ble (see column (6) of Table[I). This implied in some cases
re-imaging using the visibilities only from the extended con-

figuration. This will ensure not only a similar spatial resolu-
tion of ~ 1000 AU for all the regions, but also that the largest
angular scale filtered out by the interferometers is similar for
all regions (see columns (7) and (8) of Table . Finally, spe-
cial care was also taken regarding the sensitivity, which was
required to be around ~ 0.5 M, (at 60°) or better. For this pur-
pose, we self-calibrated some of the regions, with the final rms
noises listed also in the table. We note that 6 of the regions
included in the present sample (W3IRSS5, 120126, DR210H,
N48, N53, and N63) overlap with the sample of Palau et al.
(2014).

3. RESULTS

Figs. [Ta] and [Tb] present the resulting continuum images
(with extended configuration only) used to assess the frag-
mentation level. The fragmentation level is estimated by
counting the number of submillimeter sources above a 60
threshold and within a region of 0.15 pc of diameter, which
corresponds to the smallest field of view in our sample (given
by the primary beam of the PABI/NOEMA observations and
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Fi. 18.— 0.87 or 1.3 mm continuum high angular resolution maps. Contours for all regions are —4, 4, 8, 12, 16, 20, 24, 28, 36, 40, 50, 60, 70, 80, 100 and 120
times the rms noise, listed in Tablem except for 120126 and N63 for which contours are —4, 4, 8, 16, 32, 64, and 128 times the rms noise. Synthesized beams
are plotted in the bottom-right corner of each panel, and the black circle corresponds to a field of view of 0.15 pc diameter (the field of view common to all the
regions, given their primary beams). In all panels the red contour corresponds to the identification level of 60

the distance for each region). Table [2lists the fragmentation
level Ny estimated for each region. As can be seen from
the table, the measured fragmentation level ranges from no
fragmentation at all (1 fragment for G192, 120126 and N63)
to highly-fragmenting regions (with up to 18 fragments, such
as DR210OH). A total number of 126 fragments were identi-
fied within the 17 massive dense cores. For each core, the
mass and size (at the 30 level) for each fragment was cal-
culated (see details in Table [2), along with the average mass
and size in each core, and their standard deviations. In addi-
tion, each massive dense core has been classified according
a ‘fragmentation type’, following Tang et al. (2019): ‘clus-
tered fragmentation’ corresponds to cores with fragments dis-
tributed more or less homogeneously within the core; ‘aligned
fragmentation’ corresponds to cores with fragments predomi-
nantly aligned along a particular direction; ‘no fragmentation’
corresponds to cores with only 1 or 2 fragments. In order to
ensure that the fragmentation level is not affected by biases
with distance or sensitivity, in Fig. [[3] of the Appendix we

present N, vs spatial resolution and mass sensitivity, show-
ing that there are no trends and thus the sample is well suited
to compare the fragmentation properties between the different
regions.

While the fragmentation level was assessed using only the
SMA extended configuration, yielding typical synthesized
beams below the arcsecond (~ 0.8) and filtering emission typ-
ically above ~ 3", the polarized emission was obtained using
all available SMA configurations, including compact and/or
subcompact configurations, and therefore filtering out emis-
sion above 14”/-30" (Zhang et al. 2014). Thus, the polarized
emission includes emission at much larger scales compared to
the continuum emission used to study the fragmentation.

Figs. [2a] and [2b] present the magnetic field segments over-
plotted on the images of continuum emission used to assess
the fragmentation level. From these figures it is clear that
120126 and N53 do not have enough detections to calculate
their magnetic field strength, and hence will not be consid-
ered further for the analysis of the polarization data.
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Fi1G. 2a.— 0.87 or 1.3 mm continuum high angular resolution maps with the magnetic field segments overplotted in blue. Contours for all regions are —4, 4, 8,
12, 16, 20, 24, 28, 36, 40, 50, 60, 70, 80, 100 and 120 times the rms noise, listed in Tablem except for G192, N63341, G34-0, and G34-1, for which contours are
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the bottom-right corner of each panel, and the black circle corresponds to a field of view of 0.15 pc diameter (the field of view common to all the regions, given

their primary beams).

In Figs. [T4a and [T4D] of the Appendix we present the first-
order moment of the H3CO™* (4-3) (346.998344 GHz) tran-
sition for each region. The observations of the H'3CO™ (4-3)
transition were carried out simultaneously with the submil-
limeter polarization data from the SMA, and the images pre-
sented in Figs. [[4a) and [T4D] correspond to images built using
all available SMA configurations as for the polarized emission
presented in Figs. [2a] and [2b] (therefore again including com-
pact and/or subcompact configurations). Figs. [T4a] and [T4b]
also show the outflow directions reported in the literature for
each massive dense core.

4. ANALYSIS
4.1. Determination of the density structure

In order to estimate the density averaged within 0.15 pc of
diameter (the field of view where the fragmentation level was
assessed), we inferred the radial density profile of each mas-
sive dense core. To do this, we followed the same approach

described in Palau et al. (2014), where a model was devel-
oped to simultaneously fit the radial intensity profiles at 450
and 850 um SCUBA images (from the James Clerk Maxwell
Telescope) from di Francesco et al. (2008E along with the
Spectral Energy Distribution (SED). The constraint imposed
by the SED allows to break the degeneracy between temper-
ature and density to the intensity of the source. The model
assumes spherical symmetry, takes into account opacity ef-
fects, does not assume the Rayleigh-Jeans approximation and
considers that the density and temperature decrease with ra-
dius following power-laws with indices p and g, respectively:
p = po(r/ro)™ and T = To(r/ry)™9, with pg and T, being
the density and temperature values at a reference radius ry
taken to be 1000 AU. Regarding the dust opacity law, it was

16 For the cases of N3 and N63, the SCUBA data are not available and the
IRAM 30m data at 1.2 mm from Motte et al. (2007) were used (Palau et al.
2014).
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FiG. 28.— 0.87 or 1.3 mm continuum high angular resolution maps with the magnetic field segments overplotted in blue. Contours for all regions are —4, 4, 8,
12, 16, 20, 24, 28, 36, 40, 50, 60, 70, 80, 100 and 120 times the rms noise, listed in Tablem except for G35, 120126, W75N, N53 and N63 for which contours are
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field of view of 0.15 pc diameter (the field of view common to all the regions, given their primary beams).

assumed to follow a power-law of frequency with index S,
Kk = ko(v/vo)P, where v is an arbitrary reference frequency.
The value of ky = 0.008991 cm?g~! at vy = 230 GHz was
adopted (Ossenkopf & Henning 1994). Given a dust cloud
heated radiatively by a central luminous source, it has been
shown that 8 and g are related according to ¢ = 2/(4 + f8)
(Scoville & Kwan 1976; Adams 1991; Chandler et al. 1998).
Thus, the final free parameters of the model are four: the dust
emissivity index, 3, the envelope temperature at the reference
radius ry, Ty, the envelope density at the reference radius ry,
Po, and the density power-law index, p.

The fitting procedure was the same as the one described
in Palau et al. (2014), with initial search ranges for the
four parameters being 8 = 1.5 + 1.5, T 300 + 300 K,
po = (1.0+£1.0)x 107 gem™, and p = 1.5 + 1.0. The
search range was reduced by a factor of 0.8 around the best-
fit value found for each loop. In turn, each loop consisted
of 2000 samples of the parameter space, and the final best-fit
values were taken after 10 loops. Once the best-fit param-

eters were found, their uncertainties were estimated through
the increase in y2. We refer to Palau et al. (2014) for fur-
ther details of the model and the fitting procedure, and to Sec-
tion [C| for additional details on the SED building for two par-
ticular regions of the sample. In Table [3] we list the best-fit
values for the four free parameters of the model, along with
the reduced ,\{2, the temperature power-law index ¢, the mass
within a region of 0.15 pc of diametelﬂ and the density av-
eraged within the same region. In Figs. [3a] [3b] and 3¢] the
observational data and the best-fit model for reach region are
presented, and Fig. [5| shows a plot of the fragmentation level
Nmm Vs the density averaged within 0.15 pc. In this figure, the
uncertainties associated with the density are obtained taking
into account the uncertainty in the reference density pg and in
the density power-law index p (Table[3). The figure reveals a

17 The mass given in Tableis not the total mass of the core, but the mass
only within a region of 0.15 pc of diameter. An estimate of the total mass
of the core yields values typically about a factor of 4-10 larger than the mass
within 0.15 pc of diameter.
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TABLE 3
FITTED PARAMETERS OF THE DENSITY AND TEMPERATURE STRUCTURE OF THE MASSIVE DENSE CORES, INFERRED PROPERTIES AND VELOCITY DISPERSION

Ty* po* Moispc” ng.15pc” To1sp”  Avgispe’

ID-Source s (K) (g cm™3) X q° My) (10°cm™)  (K)  (kms™h
1-W3IRS5 1.04+0.12 260+30 (24+03)x107"7 1.46+0.04 0.602 0.40 22 2.23 118 3.20
2-W3H20 130+0.16 152+16 (1.5+02)x107® 190+0.05 0.532 0.38 59 5.84 82 9.67
3-G192 1.36 £ 0.23 66 +6 (4.1+£06)x107"7 2.13+0.08 0.338 0.37 11 1.08 42 243
4-N6334V 219+025 96+11 (1.3+03)x107® 1.89+0.08 0.334 0.32 51 5.12 62 4.87
5-N6334A 2.18 £0.15 78 +8 4.6+07)x 1077 142+0.05 0455 033 46 4.60 44 1.34
6-N63341 255+022 111+12 (23+04)x107'° 2.02+0.05 0461 0.31 73 7.30 80 2.31
7-N63341In 210+0.19 98+12 (8.8+15) %1077 146+005 0.518 0.32 81 8.06 55 3.28
8-G34-0 196024 636 (2.0+04)x107® 226+0.09 0483 0.34 44 4.36 46 2.54
9-G34-1 1.39+£0.23 63+7 (82+15)x107"7 176 +0.08 0.488 0.37 42 4.17 33 1.98
10-G35 1.86 £ 0.15 90 +7 (44+06)x107"7 153+0.03 0463 0.34 36 3.57 46 5.34
11-120126 1.82 +£0.24 86+9 84+1.6)x107"7 221+0.11 0.607 0.34 20 1.95 59 —
12-N3¢ 1.69 +0.31 45+4  (40+05)x1077 1.58+0.04 0.648 0.35 29 2.92 23 2.22
13-W75N 204+018 112+12 (14+02)x107® 1.99+0.05 0.729 0.33 48 4.82 67 4.70
14-DR210OH 1.60 + 0.26 T73+7 (3.1+0.6)x 107" 1.98+0.08 0.808 0.36 105 10.5 42 4.66
15-N48 1.88 £ 0.18 58+5 (1.0+£02)x 1071  1.71 +0.05 0.459 0.34 56 5.59 31 2.87
16-N534 1.55+022 45+4 (97+18)x107"7 1.76+0.07 0487 0.36 49 4.92 24 -
17-N63¢ 1.80 +£0.33 45+3 65+x1.1)x107"7 2.03+0.07 0570 0.34 20 2.01 27 2.36
18-N7538S 1.74+0.19 93+10 (1.3+02)x107® 1.72+0.05 0.304 0.35 72 7.12 49 -

* Free parameter fitted by the model: 3 is the dust emissivity index; T and p, are the temperature and density at the reference radius,
1000 AU; p is the density power law index; y; is the reduced y as defined in equation (6) of Palau et al. (2014).

® Parameters of the massive dense cores inferred from the modeled density and temperature structures. g is the temperature power-law

index. M spc is the mass inside a region of 0.15 pc of diameter computed according: Mo spe = M(R = 0.075pc) = 4mpo rf R,

0 3-p°

np.1spe and T jspe correspond to average density and temperature inside a region of 0.15 pc of diameter. Ty ;s5, Was estimated as

, where T'(r) and p(r) were calculated as power laws with temperature at the reference radius given in column (3),

temperature power-law index given in column (7), density at reference radius given in column (4) and density power-law index given in

To = fOR T(r)p(r)rzdr
R = jOR p(r)rzdr
column (5) of this table. The final expression is Tg = % (

¢ Awgspc is the line width obtained from fitting a Gaussian to the H'3CO™ (4-3) spectrum averaged over a region of 0.15 pc of diameter.

4 Sources for which only the radial intensity profile at 1.2 mm was fitted.

possible trend of Ny, with density.

4.2. Determination of the velocity dispersion

For each region of our sample, we extracted the H'*CO* (4—
3) spectrum averaged over a region of 0.15 pc in diameter (the
field of view where fragmentation was assessed), and fitted a
Gaussian. For the case of N63341 there is absorption towards
the two strongest continuum sources and some emission from
5to 10 km s~! (velocities given with respect to the local stan-
dard of rest), but these features are very compact. The main
emission is found in the velocity range from —15to 0 kms~!,
and shows hints of two possible velocity components. How-
ever, since we are interested in the average spectrum within
the region of ~ 20”, and to be conservative, one single Gaus-
sian to the emission from —15 to 0 km s~! was fitted. The
spectra and the corresponding fits are shown in Fig. [ and
the velocity dispersions are listed in Table[3] As can be seen
from the figure, most spectra appear to be well fitted with only
one Gaussian. In Fig.[5]a plot of the fragmentation level vs
velocity dispersion is also presented (with the uncertainty in
velocity dispersion taken from the Gaussian fit).

4.3. Determination of the magnetic field strength: the
Davis-Chandrasekhar-Fermi method

Polarization observations of thermal dust emission at sub-
millimeter wavelengths constitute a powerful tool to esti-
mate the magnetic field strength onto the plane of the sky,
Byos. In order to estimate this, the Davis-Chandrasekhar-
Fermi method (DCF, Davis 1951; Chandrasekhar & Fermi
1953) has been widely used. In this method, it is assumed
that the turbulent kinetic energy and the magnetic energy are
equal, and that the turbulent gas induces the observed disper-
sion in the polarization position angles (PA). Therefore higher
PA dispersions correspond to weak magnetic fields such that
the turbulent gas can drag the field lines. Following Chan-
drasekhar & Fermi (1953), the magnetic field strength can be
estimated from the following relation, once the density, p, ve-
locity dispersion along the line of sight, o yel 105, and PA dis-
persion, opa, are known:

Bpos —A \/47P Tvel,los ’ (1)
OPA

where A is a numerical correction factor adopted to be 0.5
(Ostriker et al. 2001). This numerical factor was derived for
the cases where equation (1) is valid, mainly for PA disper-
sions < 25°. For larger dispersions, opa should be replaced
by tan(opa) (Falceta-Gongalves et al. 2008). In the following
subsections we present two different approaches to estimate
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the dispersion of the polarization PA.

4.3.1. Polarization Position Angle Dispersion from standard
deviation

In order to estimate a dispersion in polarization PA, we ex-
tracted the PA values, @, from each PA image, for the same
region where fragmentation was assessed (0.15 pc of diame-
ter), and rejected those angles with an error larger than ~ 10°
(11° for G34-1, and 15° for Gl9ﬂ, which corresponds to a
S/N ratio smaller than 3 for the signal in polarization (Zhang
et al. 2014). Three PA points per beam were extracted for
each region.

A first approach to estimate the PA dispersion is based
on the calculation of the standard deviation of the weighted
mean. However, given the fact that the PA values have an er-
ror associated, it is desirable to subtract the contribution of

18 Only for the case of G192 we included PA with errors ~ 15° because
an inspection of the PA values showed that there was two PA components,
one around 20° and the other around 85°. The component around 20° is the
one with large errors in the PA, but the different values of this component are
very similar, making this component more significant (see Fig. . 15° of
PA error corresponds to a signal-to-noise ratio ~ 2.

the PA error to the PA dispersion. Thus, given a number N of
PAs measured in a certain region, we have used the following
expression:

N Z?il w; (@; — D,)> N

s 2
(N - 1)2?&1 Wi Zf\il w; @

OPA stdev =

J— N

where @, = Z’j‘v—wwq) is the weighted mean of PAs, and the
second term withir; the square root corresponds to the con-
tribution of the PA errors to the dispersion (equation A2 of
Afez-Lopez et al. 2020a). In these equations, w; are the
weights of each PA @;, w; = 1 /6CDiZ, with 6®; the PA error
of each PA measurement. This final opa gdev can be consid-
ered as an intrinsic standard deviation, because the contribu-
tion from the PA errors has been removed.

The obtained values of opa ey for each region are listed
in Table ] The PA dispersion ranges from 6 to 50°, and a
plot of Nmm VS 0pa stdev 1S presented in Fig. @ In this plot, the
uncertainty in opa sidev Was taken equal to the uncertainty of
the weighted mean. If the magnetic field strength was directly
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related to the PA dispersion (as assumed in the DCF method)
one would expect to find a positive trend in this figure, as
a stronger magnetic field should yield a small PA dispersion
and this in turn should prevent fragmentation. However, such
a trend is not apparent from our figure.

4.3.2. Polarization Position Angle Dispersion from multiple
gaussian fitting

In the previous Section, the PA dispersion was estimated by
calculating the standard deviation of the PAs. However, the
dispersion values calculated from equation (2) would system-
atically overestimate the dispersion in the cases where multi-
ple components of the magnetic field are present. Thus, an-
other approach to estimate the PA dispersion is to fit Gaus-
sians to the histogram of PAs. The number of bins was deter-
mined using the ‘auto’ option of the ‘histogram’ function of
Python, and the resulting histograms are presented in Fig. [7}
For the cases of G192, N3 and N63, ~ 4 points per beam were
extracted from the PA image to allow a more robust fit of the
histogram. In some cases, the histogram could be fitted with
one single Gaussian component. In other cases, two (three)
components were clearly separated in the PA histogram, and
each component was fitted with a different Gaussian. How-
ever, there were cases clearly deviating from one single Gaus-

10" 10 10° 10* 10°
A (um)

sian but still with the two components merged so that it is
ambiguous whether there are two (narrower) components or
one (broader) component. In general, we considered sepa-
rated PA components if the second peak of the tentative com-
ponent is separated in y-axis by more than half of the peak of
the strongest component while still being significant in num-
ber of points (around 5). This implied fitting two components
for the ambiguous cases of N63341, DR210H, and N 63|E|, and
three components for W75N.

The final PA dispersion was computed as the average from
the different components, weighted by the area of each Gaus-
sian. The results are presented in Fig. [7]and listed in Table f]
The uncertainty in opa gauss Was taken equal to the uncertainty
of the weighted mean as calculated in the previous section.
Fig. [6] shows the fragmentation level against the PA disper-
sion using the multiple gaussian approach.

4.4. Determination of the magnetic field strength: The
Angular Dispersion Function method

The previous approaches to estimate the PA dispersion
could be introducing biases. First, the ‘standard deviation’ ap-

19 For the case of N63, we also tried to fit 3 PA components. This implied
a stronger magnetic field by less than a factor of two.
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proach could be overestimating the PA dispersion because it
is ignoring the fact that there could be different magnetic field
components within the same region. Second, the ‘multiple
gaussian’ approach might be biased because of the decision
of how many gaussian components should be used. Both the
‘standard deviation’ and the ‘multiple gaussian’ approaches
might also be biased for broad PAs distributions where PAs
separated about 180° actually correspond to the same direc-
tion. Fig. [/|shows that for 11 out the 15 regions studied here
the different PA components are separated by less than 90°
and should not be strongly affected by this problem. Only
4 regions present very broad distributions, W3H20, W75N,
N48, and N63, being W3H20 the most striking case (see also
Table [).

Another method to estimate ops in equation (1) was first
introduced by Houde et al. (2009), the so-called Angular Dis-
persion Function (ADF) method. This method does not suffer
from the aforementioned biases, and takes into account the
smoothing effect due to finite resolutions and the integration
along the line of sight. In addition, it separates the contribu-
tion of large scale magnetic fields to angle dispersions because
it assumes that there are two statistically independent compo-
nents of the magnetic field. One component is related to the
large-scale, ordered, magnetic field, By, and the other compo-

T 10" 10% 10° 10* 10°
A (um)

nent corresponds to a perturbed or turbulent magnetic field,
B;. With this assumption, Houde et al. (2009) applied ADF to
study the change of polarization PA differences with distance,
and related the output of this statistical analysis to the ratio of
B; energy to B energy, b = (B2)/ (B(z)), which corresponds to
O'IZ,A and can thus be used in equation (1). We refer the reader
to Houde et al. (2009) for further details on this approach. In
short, the ADF can be calculated as follows:

1- <COS[A(D(Z)]> ~ %(1 _ 6—12/(262+4W2)) + afz 12’ (3)

where [ is the length scale, ¢ is the magnetic field tur-
bulent correlation length, W is the ‘beam radius’ (W =

FWHM/ V81n2, with FWHM being the full width at half-
maximum of the beam), @) is the coeflicient of the uniform
parabolic approximation, and N is:

N = A (8 +2W)/(V2r8%), 4)

with A’ being the effective thickness of the cloud, expected
to be slightly smaller than the cloud thickness. Here we as-
sume that A’ is equal to the core’s effective thickness, taken
as the diameter of the dense core in the plane of the sky as
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measured with the SMA (Koch et al. 2010). By fitting equa-
tion (3) to the observational data the values for the three free
parameters, b/N, 6 and a), are obtained.

The ADF method can be applied for those regions with a
very large number of detections of polarization PA so that the
fitting of the ADF curve with three free parameters is robust.
For our sample, we applied this approach only to 10 regions,
which are those with more than 45 PA detections. Table []
lists the three fitted parameters, ¢, b/N, and ), along with
the adopted value for A’ (estimated from the SMA continuum
images combining all available configurations), and the corre-
sponding values for N, (Bf)/(B%) and (B%)l/z. Fig. |§|presents
a plot of Nym vs (BY)/(B3). In this plot, a typical uncertainty
of 0.05-0.1 has been adopted for the free parameter b/N con-
troling (B[Z)/(Bg).

4.5. A comparison between the DCF and ADF methods

As mentioned above, the ADF method should be more ro-
bust than the ‘standard deviation’ and the ‘multiple gaussian’
approaches because it does not suffer from the aforemen-
tioned biases (although it also has large uncertainties associ-
ated, as shown by Liu et al. 2019), but unfortunately it could
be applied only to 10 regions of our sample, while the other
two approaches could be applied to 15 regions. If opa sidev
OF Opa gauss Were shown to correlate to ((BZ)/(Bj))'/?, this
would suggest that such a determination of opa is a reason-
able approach. In Fig. [9| we present plots of ((Bf)/(B(z)))l/2
Vs tan(opa stdev) and tan(opa gauss) (S€€ next paragraph regard-
ing the use of tan(opa) instead of opa), as well as T pa sidev
VS OpAgauss- The figure shows a tighter correlation between
((Bf) / (B%))l/ 2 and tan(opa siev)> With a correlation coefficient
of 0.74 against 0.60 for the other two cases, suggesting that
the determination of o pa siev 1S @ reasonable good approach
to the real ops. In the following, we will consider the value
of opa siev s the reference value for opa.

In Sections [#.3.1] £.3.2] and 4] ops was estimated using

three different approaches. We then calculated the magnetic
field strength following equation (1) and using the density and
line width inferred in Sections 1] and £.2] with all quanti-
ties averaged within 0.15 pc of diameter. We would like to
emphasize that, while the fragmentation level is measured in
SMA images obtained using only the extended configuration,
thus filtering out typically angular scales larger than ~ 3" (Ta-
ble, the polarized and H'*CO* emissions are obtained from
images including subcompact and/or compact SMA configu-
rations, thus filtering out much larger scales, of 14”-30". The
density is obtained from the modeling of the radial intensity
profiles and SEDs obtained from single-dish data with angu-
lar resolutions 2> 11”. Thus, the magnetic field strength is
calculated using data sensitive to the core scale, and averaged
within this same scale (of 0.15 pc of diameter).

For the ‘standard deviation’ and ‘multiple gaussian’ ap-
proaches, the correction introduced by Falceta-Gongalves et
al. (2008) was applied. This correction consists of using
tan(opa ) instead of opa in equation (1), to finally compute the
magnetic field strength, Bggey and Bguss (see Table ). The
uncertainty associated with the magnetic field strength was
calculated by propagating the errors associated with the den-
sity, velocity dispersion and polarization PA dispersion, and a
consistency check was performed by plotting Bev VS 70.15pc
in Fig. [T3] of the Appendix. The figure shows that there is a
relation between these two quantities, as expected from equa-
tion (1). The results are reported in Table 4} and we plotted
the fragmentation level Ny vs B in Fig. We also cal-
culated the ratio of the observed mass-to-flux over the critical
mass-to-flux (Table ), by following equation (1) of Crutcher
et al. (2004). The figure shows that there is no apparent rela-
tion between Ny, and Bpes, OF Ny and the mass-to-flux ratio,
for any of the approaches used here.

5. DISCUSSION
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TABLE 4
MAGNETIC FIELD STRENGTHS DERIVED USING DIFFERENT APPROACHES
O-PA,stdeva ledleva O-PA,gaussb Bgzu.lssb o° a/zc A'C ) <B(2)> % ¢ Blild

Source ©) (mG)  pyge” ®) (mG)  Hguss” (mpe) € (pc?)  (mpe) N %C (mG)  (mG) Refs.!
1-W3IRS5 50 0.2 1.9 23 0.6 0.6 32 1.1 =80 85 1.3 140 0.7 - -
2-W3H20 41 1.4 0.7 9.1 7.6 0.1 12 0.5 40 47 23 1.21 3.7 4.6 5
3-G192 18 0.4 0.4 8.0 0.9 0.2 - - - - - - - - -
4-N6334V 35 0.8 1.1 12 2.7 0.3 30 0.7 0 57 1.0 0.68 23 0.7 2
5-N6334A 16 0.5 1.5 6.8 1.2 0.6 20 0.1 25 63 24 034 0.9 - -
6-N63341 6.5 2.8 0.4 7.8 24 0.5 46 05 =70 50 04 023 23 2.8 6
7-N6334In 6.0 4.6 0.3 7.4 3.7 0.4 29 0.1 -1 50 0.8 0.08 59 32 6
8-G34-0 17 0.9 0.8 18 0.9 0.9 - - - - - - - 0.5 7
9-G34-1 6.0 2.0 0.4 6.2 1.9 0.4 - - - - - - - 1.1 7
10-G35 33 0.8 0.8 23 1.3 0.5 25 0.2 45 96 1.8 0.35 3.0 1.4 11
11-120126 - - - - - - - - - - - - - 1.8 8
12-N3 47 0.2 2.8 8.6 1.3 0.4 - - - - - - - 0.3 9
13-W75N 35 0.8 1.1 24 1.3 0.6 12 05 -17 81 54 270 1.1 - -
14-DR210H 32 1.2 1.5 22 2.0 0.9 15 0.6 =70 68 20 1.28 23 1.8 3,10
15-N48 43 0.4 2.7 19 1.1 0.9 12 05 -16 101 72 378 0.6 0.5 4
16-N53 - - - - - - - - - - - - - 0.8 9
17-N63 46 0.2 2.1 25 0.4 0.9 - - - - - - - - -
18-N7538S — —

% 0pa sidev COITESpONds to the PA dispersion calculated within a region of 0.15 pc of diameter and using the standard deviation as described

in Section By s calculated using the DCF method and opa ey (column 2 of this table), 1g.15pc, and Avg ispe of Table 3| ey

is the ratio of observed over critical mass-to-flux ratio, calculated following equation (1) of Crutcher et al. (2004): u = % =

7.6 x 1072 &, where Ny, is the gas column density in cm™? obtained from Tableand considering a diameter of 0.15 pc, and B is

Biotal
the total magnetic field in uG, estimated from columns (3) and (6) and applying a factor of 4/x as a correction for the statistical mean

value.

® Opp gauss corresponds to the PA dispersion calculated within a region of 0.15 pc of diameter and fitting multiple gaussians as described
in Section By is calculated using the DCF method and opa gauss (column 5 of this table), 1g.1spc, and Avg ispe of TableE} Heauss 18
the ratio of observed over critical mass-to-flux ratio, calculated as in previous table note.

¢ 0, b/N, and a) are the three free parameters of the ADF method. ¢ is the magnetic field turbulent correlation length, b/N is the value of
the correlated component at the origin, and a; is the coefficient of the uniform parabolic approximation. A’ is the effective thickness of
the cloud, estimated from the size of the SMA continuum emission obtained using all configurations. N is the number of turbulent cells
along the line of sight. (B?)/(Bj}) is the ratio of the perturbed magnetic field energy vs the ordered magnetic field energy. (33)% is the
ordered magnetic field strength. See Section[4.4]for further details on each parameter.

4 (2) Judrez et al. (2017), ADF; (3) Girart et al. (2013), ADF; (4) Ching et al. (2017), ADF; (5) Chen et al. (2012b), DCF; (6) Li et al.
(2015): force equilibrium between gravity and magnetic tension and magnetic pressure; (7) Tang et al. (2019), ADF for single-dish; (8)
Edris et al. (2005), Zeeman effect of OH masers; (9) Hezareh et al. (2013), ion-neutral; (10) Hezareh et al. (2010), ion-neutral; (11) Qiu

etal. (2013), ADE.

5.1. Uncertainties in the determination of the magnetic field
strength

In previous sections we estimated the magnetic field
strength in the plane of sky following the DCF and ADF meth-
ods, and searched for a possible trend of this quantity with the
fragmentation level. We found no clear trend between these
two quantities. Before discussing the physical implications of
this result, we should consider how robust our determination
of the magnetic field strength is. In Fig. we plotted the
magnetic field strength with the corresponding uncertainties
after taking into account the uncertainties in the density (Sec-
tion [4.1)), velocity dispersion (Section .2) and polarization
PA dispersion (Section [#.3). Only three regions with large
relative errors in the PA dispersions (N6334I, N6334In and
G34-1) present large uncertainties, of ~ 2 mG, while the other
regions present smaller uncertainties in the range 0.1-0.4 mG.

Regarding the estimate of the density, an additional uncer-

tainty could come from the different spatial filtering of single-
dishes (used to assess density) vs interferometers (used to as-
sess velocity and PA dispersions). To assess how much the
different spatial filtering of each telescope could affect our
determination of the magnetic field strength, the average den-
sity was estimated using the SMA continuum flux densities,
including all the conﬁ?urations available as for the case of
the polarization and H3CO* data. For each region, we esti-
mated the total mass recovered by the SMA (see Appendix)
and found that the amount of mass filtered out by the SMA is
on average only ~ 25% of the mass inferred from the model-
ing of the single-dish data presented in Section4.1] In Fig.[I6]
of the Appendix, we present a plot of the SMA average den-
sity vs single-dish average density, showing a relation close
to 1-1, with the SMA densities only slightly below the single-
dish densities. Therefore, the slightly different spatial filtering
between the single-dish and the SMA is not heavily affecting
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Fi6. 5.— Top: Fragmentation level vs density averaged within the same field
of view where fragmentation, line width and PA dispersion were assessed
(0.15 pc of diameter). Bottom: Fragmentation level vs line width of the
H3CO* (4-3).

our results. The advantage of using single-dish telescopes to
infer the density structure is that the temperature structure can
be better determined thanks to the simultaneous fitting of the
SED and the radial intensity profiles.

Regarding the estimate of the velocity dispersion, the
H'3CO* (4-3) transition was used. This is a good tracer of
dense regions, which should correlate well with the polarized
emission, as shown in Figs. [[4a] and [14b] of the Appendix.
However, both the velocity dispersion and the PA dispersion
could still be affected by the presence of outflows. As shown
in Figs. [T4a] and [T4D] the magnetic field is, for most of the
cases, perpendicular to the outflows directions, with the only
clear exception of N6334In. Other cases where the polarized
emission seems to follow the outflow directions are DR210H
and N48. In none of the regions there is evidence of the mag-
netic field segments being especially perturbed along the out-
flow directions. Thus, it is unlikely that the velocity and PA
dispersions are strongly affected by outflows.

Regarding the estimate of the PA dispersion, the DCF
method tends to overestimate the magnetic field strengths
(Heitsch et al. 2001) in cases of weak magnetic fields or
super-Alfvénic conditions. These conditions could be eas-
ily fulfilled in presence of bulk motions of gas flowing to-
wards the center of the massive dense cores (e. g., Csengeri et
al. 2011, Lee et al. 2013, Battisti & Heyer 2014, Liu et al.
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Fic. 6.— Top: Fragmentation level vs polarization PA intrinsic standard de-
viation of the weighted mean (Section . Middle: Fragmentation level
vs polarization PA dispersion after fitting multiple PA components in the PA
histograms (Section[4.3.2). Bottom: Fragmentation level vs energy ratio be-
tween the perturbed magnetic field and the large-scale ordered magnetic field

(Section[f.4).

2015, Motte et al. 2018, Schworer et al. 2019). Actually, the
morphology of the magnetic field segments in several regions
studied here suggests such kind of motions (see, for example,
the cases of W3IRSS5, N6334V, W75N, DR210H, and N48 in
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Fig. 7.— Polarization angle histograms (black) with the gaussian fits (blue curves) performed in Python to estimate the PA dispersion in each region. In all

panels the full range of 180° is shown.

Figs.[ZaJand2b). In these cases, the DCF method would over-
estimate the magnetic field strength because energy equipar-
tition (a basic assumption of the DCF method) might not be
reached if the magnetic field does not follow the strong kinetic
motions. We explored this possibility for the particular case
of N6334V, where simulations of a collapsing magnetized
molecular cloud were specifically tuned to explain the mag-
netic field and dynamics of the region (Judrez et al. 2017). In
these simulations, the gas flows from the large scales towards
the center of the massive dense cores, and the magnetic field
is dragged by the gas. The magnetic field in the simulations
was measured within 0.15 pc of the massive dense core and a
value of 0.94 mG was found (Zamora-Avilés, priv. commu-
nication), very similar to the value obtained here for N6334V
using the ‘standard deviation’ approach, of ~ 0.8 mG, and
only a factor of 2 smaller than the magnetic field strength ob-
tained using the ADF method. Thus, for the particular case
of N6334V, the magnetic field measured in the simulations is
very comparable to the magnetic field inferred in our work
using the DCF method.

We should remind also that the measured PA dispersion can
be underestimated due to the finite angular resolution, aver-
aging along the line of sight (although these two effects are
already taken into account in the ADF method), or superposi-
tion with a strong and uniform large-scale field, yielding in all
these cases to an overestimation of the magnetic field strength.
In the ADF method, (Blz)/ (Bg) could be underestimated for
the cases of very weak magnetic fields. In these cases the
magnetic field could be so strongly perturbed that it could re-
semble a random field with no important changes with dis-
tance, implying an overestimation of the large-scale ordered
field. However, such an extreme disordered and random-like
magnetic field is not seen in our observations (Figs. [2a] and

A final way to test how robust is our determination of the

magnetic field strength is to compare it to other values re-
ported in the literature, especially when completely indepen-
dent methods are used, such as the ion-neutral drift (see be-
low). In Table[d] the magnetic field obtained in other works
in the literature are reported (see table notes of Table ] for
a reference to the different methods). For example, Hezareh
et al. (2010, 2013) estimated the magnetic field in the DR21
region, including DR210H, N3 and N53, by comparing the
velocity dispersions of ion and neutral pairs at different length
scales, and find values in the range 0.33—1.8 mG (for densities
very similar to the ones we obtained here). Li et al. (2015)
present evidence that magnetic fields regulate the dynamics in
NGC 6334, based on their findings of hourglass-shaped field
lines at gas column density peaks and from the fact that the
field strength is found to be proportional to the 0.4-power of
the density. They infer the magnetic field strength by assum-
ing force equilibrium between gravity, magnetic tension and
magnetic pressure at different scales, and derive a relation be-
tween magnetic field strength and density. The value given in
Table[d]for the magnetic field strength in N6334I and N6334In
is the one corresponding to the density given in Table [3] and
applying the aforementioned relation between field strength
and density. For the G34 cores, Tang et al. (2019) also re-
port submillimeter polarization observations using the Cal-
tech Submillimeter Observatory and infer the magnetic field
strength using the ADF method for both G34-0 and G34-1
(Table@ Tang et al. (2019) report densities of 1.6 X 10° cm™3
for these two cores). Regarding W3H20O, Chen et al. (2012b)
estimate the magnetic field stren§th using the DCF method
with a density of 1.5 X 107 cm™3, and obtained 17 mG. To
compare this value to our measurement, we scaled the mag-
netic field strength assuming a dependence with density as a
power law with index 0.4 (Li et al. 2015), and used our esti-
mate for the density reported in Table [3] obtaining a value of
4.6 mG. For the case of G35, Qiu et al. (2013) report a value
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the bottom panel the blue line shows the correlation due to the beam an(%
the correlation due to the beam alone.

of the magnetic field strength of 0.9-1.4 using the same SMA
dataset used in this work and the ADF method. Last, 120126
has been observed with the SMA in submillimeter polariza-
tion but no sufficient detections were found to estimate a reli-
able PA dispersion (Shinnaga et al., in preparation). However,
Edris et al. (2005) perform estimates of the magnetic field at
scales of ~ 1000 AU through Zeeman splitting of OH masers,
and obtain 11 mG within 0.5”. Assuming that the density at
~ 1000 AU is around 8.4 x 1077 g cm™ (Table , we esti-
mate a magnetic field strength of 1.8 mG for the density we
have calculated within 0.15 pc.

Fig. [T7) of the Appendix shows that the relation between
the magnetic field strength reported in the literature and the
strength derived in this work is quite close to the one-to-one

[2). In the upper panel, the blue line shows the fit to the data using equation (3), and in
the turbulent component of the magnetic field, while the solid red line corresponds to

relation. The cases of N63341, N6334In, DR210H, and N3
are particularly significant, as the methods used in the liter-
ature for these regions are independent to the method used
here. This figure indicates that the method used here to infer
the magnetic field strength is reasonable.

In addition to all the uncertainties mentioned above, a num-
ber of caveats have been raised in the literature regarding the
DCF method, for which several corrections have been pro-
posed (Heitsch et al. 2001; Falceta-Gongalves et al. 2008;
Hildebrand et al. 2009; Houde et al. 2009, 2011; Franco
et al. 2010; Koch et al. 2010). One of the main caveats is
related to the small angle approximation assumed in the orig-
inal DCF method. For this reason, we applied the correction
by Falceta-Gongalves et al. (2008) in our determination of
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the magnetic field strength (see Section [4.3). The other cor-
rections typically imply a factor well below 4 (see Cortés et
al. 2016, 2019 for a comparison among the values obtained
using the different corrections).

Finally, it is important to note that the fact that opa ey COI-
relates well with (B?)/(Bj) obtained from the ADF method
(Fig[9 of the Appendix) is indicative of our determination of

the magnetic field strength being fair. Such a correlation is
a significant result because the ADF method does not suf-
fer from the biases described in Section [£.4] and its robust-
ness has been tested by Liu et al. (2019). These authors find
that, although this approach has large uncertainties, it yields
no more than a factor of 2 of difference with respect to other
approaches (such as the structure function and unsharp mask-
ing). The problem with the ADF is that it can only be applied
to regions with a very large number of polarization PA detec-
tions. In our case, the ADF approach could be applied only to
10 out of the 15 regions with polarization detections. Thanks
to the correlation found between opa stdev and (Bf) / (B%), we
can trust the estimate of opa sdev, Which, in turn, can be ap-
plied to a larger number of regions, allowing us to improve
the statistics to test the Ny VS Bgey relation.

In spite of all the aforementioned caveats, the crucial as-
pect of the analysis presented here is that it is performed uni-
formly for the entire sample, measuring each parameter using
exactly the same method and within the same field of view
for all the regions. Hence our reported values of the magnetic
field strength should be useful to assess the variation of the
magnetic field in this sample.

5.2. Possible trend with density within 0.15 pc

In the top panel of Fig.[5] a possible correlation between the
fragmentation level and the density averaged within 0.15 pc
was found. Because we determined the density for a fixed
size, such a relation with density is equivalent to a relation
with mass. A linear regression fit gives a correlation coef-
ficient of 0.68. The relation is consistent with previous ob-
servational studies (e. g., Gutermuth et al. 2011; Palau et al.
2014; Lee et al. 2015; Liu et al. 2016; Nguyen-Luong et al.
2016; Pokhrel et al. 2016, 2018; Mercimek et al. 2017; Al-
faro & Roman-Zufiga 2018; Mendigutia et al. 2018; Murillo
et al. 2018; Li et al. 2019; Lin et al. 2019; Orkisz et al.
2019; Sanhueza et al. 2019; Sokol et al. 2019; Svoboda et
al. 2019; Zhang et al. 2019) and theoretical/numerical studies
(Guszejnov et al. 2018; Burkhart et al. 2018; Dobbs et al.
2019) reporting an important role of density in determining
fragmentation of massive dense cores, and is expected for the
case of thermal Jeans fragmentation.

5.3. Interplay between density and the magnetic field strength

The lack of correlation between the fragmentation level and
the magnetic field strength or the mass-to-flux over critical
mass-to-flux ratio could be due to the fact that our sample is
including massive dense cores with a too broad range of den-
sities. In other words, since density and magnetic field could
both affect the fragmentation level simultaneously, we con-
sider here whether a relation is found when only regions with
very similar densities are considered. Looking at Fig. [5}top,
the range (4-8)x10° cm™3 includes a large number of regions
and could be good to perform the aforementioned test. In
Fig. E] we present a plot of Ny, Vs Bggey Only for the re-
gions within the narrow density range given above. The fig-
ure presents hints of a possible anticorrelation between Ny,
and Bggey, as expected if the magnetic field is effective at sup-
pressing fragmentation. In turn, the different magnetic field
strengths in the cores with similar density could explain the
considerable scatter in the Nyym Vs n9.15pc relation. What we
find here is in full agreement with a recent work towards the
infrared dark cloud G14.225-0.506, where the two main hubs
of the cloud have very similar densities, and their different
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Fig. 10.— The three panels on the left show the plots of Ny vs the magnetic field strength for the different approaches used in this work: ‘standard deviation’
(Bstdev» top), ‘multiple gaussian’ (Bgauss, middle), and ADF (Bapr, bottom). In the top-left panel, the red dots correspond to the cores classified as ‘aligned
fragmentation’. The three panels on the right show the plots of Ny vs the ratio of mass-to-flux to critical mass-to-flux for the same three approaches.

fragmentation levels can be explained with the different mea-
sured magnetic field strengths (Afiez-Lopez et al. 2020b).

5.4. Comparison of average fragment masses with Jeans and
critical masses

The fact that the Ny VS ng.15p Telation is stronger than the
Nmm Vs Bgyaey relation suggests that thermal Jeans fragmen-
tation has a non-negligible role in the fragmentation of our
sample. If this is the case, the mass of the fragments should
be comparable to the Jeans mass. Using the density and tem-
perature averaged within 0.15 pc reported in Table 3] we cal-
culated the Jeans mass following equation (6) of Palau et al.
(2015). The values of the Jeans mass for each massive dense
core, Mjeans, are reported in Table |Zl As can be seen from

this table, Mje,ys is of the order 1-5 M., very similar to the
average mass of the fragments in each core.

The critical mass for magnetic support were calculated for
completeness following equation (16) of McKee & Ostriker
(2007), listed in Table |Z[ These critical masses are of the or-
der of 10-100 Mg, about one order of magnitude larger than
the average mass of the fragments in each core. These cal-
culations suggest again that the fragmentation process in our
sample is consistent with the thermal Jeans instability.

5.5. Fragment sizes vs magnetic field strength

We explore here whether there is any relation between the
sizes of the fragments and the magnetic field strength of their
parental core. Fig.[I2] presents a plot with the 3¢ radii for all
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Fic. 11.— Fragmentation level vs magnetic field strength for regions with
density in the range (4-8)x 10 cm™3.

the 126 detected fragments vs the magnetic field strength. The
figure indicates that there could be an upper envelope with the
largest fragments tending to occur where the magnetic field is
weaker. In addition, the scatter in the size of the fragments ap-
pears to decrease with growing field strength. For the largest
field strength (corresponding to N6334In), the scatter appears
to be very small (although statistics are not very large, see the
standard deviations of the fragment sizes for each region in
Table[2). Assuming that a fragment under a strong magnetic
field is not accreting material from its surroundings as effi-
ciently as a fragment under a weak magnetic field (because
the magnetic field should slow the collapse down), the smaller
sizes observed for regions with larger magnetic fields could
indicate that the magnetic field is preventing these fragments
from a fast growing in both mass and size.

In addition, the three regions with strongest magnetic field,
N6334In, N63341, and G34-1, have their fragments aligned
along a prevailing direction, and as such they were classified
as undergoing ‘aligned fragmentation’ in Table 2| This find-
ing is fully consistent with the work of Fontani et al. (2018),
who also report that a filamentary distribution of the frag-
ments is favored for strong magnetic fields. For all these 3
cases, the magnetic field morphology is rather uniform and
perpendicular to the axis of the aligned fragments. With
such a geometry, and with a relatively strong magnetic field
strength, the fragmentation process should happen along the
field lines with material moving more easily along the field
lines from the outer regions towards a mid-plane. This could
explain the relatively small scatter in size for such a configu-
ration. Note that G35 also presents ‘aligned fragmentation’,
but has the magnetic field along the main axis of the filamen-
tary structure, its magnetic field strength is relatively low, and
presents a large scatter in the fragment sizes (Table [2), thus
also fitting within this picture. In summary, the magnetic field
strength, the small scatter in the sizes of the fragments, and the
field morphology all suggest that the magnetic field in these
three cases is regulating at least partially the fragmentation
process.

5.6. Implications of our results

As mentioned in the introduction, a number of theoreti-
cal and numerical studies suggest that magnetic fields could
be crucial to determine the fragmentation level of molecular
clumps and cores, because strong magnetic fields should sup-
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Fic. 12.— Radii (at the 30~ contour) of the fragments identified within each
massive dense core vs magnetic field strength. The horizontal line indicates
the typical spatial resolution of our observations (Table[T).

press fragmentation. In a recent review about the role of mag-
netic fields in the formation of molecular clouds, Hennebelle
& Inutsuka (2019), present the assumptions leading to ideal
MHD equations, taking into account ion-neutral drift. They
consider the influence that the magnetic field may have on the
interstellar filaments and the molecular clouds, and its role on
the formation of stellar clusters. They argue that the magnetic
field could be responsible for reducing the star formation rate
and the numbers of clumps, cores and stars.

In this paper we aimed at testing this from direct obser-
vations. From our uniform analysis of the entire sample of
17 massive dense cores at ~ 0.15 pc scales, no clear hints
of the expected relation of higher fragmentation with fainter
magnetic field strengths were found. In particular, we find at
least three cores (N63, G192 and G34-0) with very little frag-
mentation and very small magnetic field strengths. On the
other hand, a possible relation between fragmentation level
and density (within 0.15 pc) is apparent from our analysis
(Section @, and the average mass of the fragments in each
region is comparable to the Jeans mass. These two obser-
vational findings suggest that the fragmentation process in
our sample is mainly dominated by gravity. This is consis-
tent with very recent numerical simulations from Krumholz
& Federrath (2019), who find that the magnetic field strength
should not strongly affect the star formation rate or initial
mass function in star-forming clouds at their earliest stages
of formation.

It is worth mentioning that the magnetic field strengths in-
ferred in this work cover a range of about one order of mag-
nitude (from 0.2 to 4.6 mG, or u from 0.3 to 2.8), and are
also subject to a number of uncertainties (see Section [5.1),
while simulations showing very different fragmentation lev-
els correspond to setups differing by two orders of magnitude
in the mass-to-flux vs critical mass-to-flux ratio (e. g., from 2
to 130, Hennebelle et al. 2011; Commercon et al. 2011). This
suggests that the typical magnetic fields in the massive dense
cores of our sample do not cover a sufficiently large range to
leave a clear trace on the fragmentation level and that this is
rather determined by other environmental factors such as den-
sity.

However, finer details of our observational dataset seem to
be consistent with the magnetic field affecting the fragmen-
tation process at least partially. First, when considering only



20 Palau et al.

the regions with similar density, we did find a possible anti-
correlation between Np, and the magnetic field strength, as
expected theoretically and numerically. This could explain
the significant scatter found in the N, vs density relation.
Second, the regions with strongest magnetic field (N63341,
N6334In, and G34-1) undergo fragmentation along a prefer-
ential direction, which is perpendicular to the magnetic field
lines. Third, the three regions with strongest magnetic fields
are also the regions with small fragments and with almost all
fragments with similar sizes. These three findings suggest that
the magnetic field, at least in these three cases, is somehow af-
fecting the fragmentation process. It is therefore necessary to
test this in a larger sample to strengthen the hints found here.

6. CONCLUSIONS

We have compiled a sample of 17 massive dense cores
for which submillimeter polarization observations from the
Legacy Program of the SMA (Zhang et al. 2014), as well as
submillimeter continuum images at high angular resolution
were available. The sample was built to strictly fulfill con-
straints of spatial resolution of ~ 1000 AU and mass sensitiv-
ities (from the submillimeter continuum) around ~ 0.5 M, so
that a fragmentation level can be measured in a uniform and
reliable way (and within the same field of view of 0.15 pc)
for all the cores. The polarization images were analyzed to
infer polarization position angle (PA) dispersions. In addi-
tion, H'*CO* (4-3) data from the SMA observations were
used to infer velocity dispersions for each core. Finally, the
temperature and density structure were modeled for each mas-
sive dense core using submillimeter continuum emission from
single-dish telescopes and the Spectral Energy Distribution,
following Palau et al. (2014). All the quantities were mea-
sured in a uniform way and within the same field of view
of 0.15 pc. The aforementioned inferred properties of the
massive dense cores allowed us to calculate magnetic field
strengths using the DCF and ADF methods, and search for
possible trends between the fragmentation level and any of
the derived properties of the parental cores. Our main conclu-
sions can be summarized as follows:

- A total number of 126 fragments have been identified
within the 17 massive dense cores. We have assigned
a fragmentation level within a field of view of 0.15 pc,
Nmm, to each massive dense core. We found a variety of
fragmentation levels, with 22% of the cores presenting
almost no fragmentation, and 39% of the cores present-
ing a high fragmentation level. Additionally, cores were
classified according to their fragmentation type, mainly
‘aligned fragmentation’ (6 cores), ‘clustered fragmen-
tation’ (6 cores) and ‘no fragmentation’ (4 cores).

- The inferred power-law indices for the density of the
massive dense cores range from 1.46 to 2.26. The den-
sities, masses, and temperatures, all (averaged) within
0.15 pc, range from 1.1 to 10.5 x10° cm™3, from 11 to
105 My, and from 23 to 120 K, respectively. A correla-
tion was found between the fragmentation level and the
density averaged within 0.15 pc.

- The line widths of the H'3CO* (4-3) transition mea-
sured in each core range from 1.3 to 9.7 km s~! and
no clear trend was found between N, and these line
widths.

- Two approaches were used to estimate polarization PA
dispersions. First, the PA dispersion was estimated
from the standard deviation of the PA corrected for the
PA uncertainties. Second, different Gaussians were fit-
ted to the PA histograms. Additionally, the Angular
Dispersion Function analysis was performed following
Houde et al. (2009). It was found that the PA dis-
persion, inferred from the standard deviation, correlates
with the corresponding quantity from the ADF analysis,
and the first one was used as reference to calculate the
magnetic field strengths. PA dispersions ranged from 6
to 50°. In combination with the line widths and average
densities, this yielded magnetic field strengths ranging
from 0.2 to 4.6 mG.

When considering the entire sample, no obvious rela-
tion was apparent between N, and the magnetic field
strength or the mass-to-flux over critical mass-to-flux
ratio. However, when considering the cores with simi-
lar densities, hints of an anticorrelation of Ny, with the
magnetic field strength were found, suggesting that for
cores with similar density, the magnetic field suppresses
fragmentation, as suggested by a number of theoretical
and numerical works.

The sizes and masses of each fragment were measured.
The average masses of the fragments ranged from 2—
5 Mg in most cases, which are comparable to the ther-
mal Jeans mass. On the other hand, the average masses
of the fragments were one order of magnitude smaller
than the magnetic critical mass. Regarding the sizes
of the fragments, hints of more compact fragments for
stronger magnetic fields were found, suggesting that in
the cases of strong magnetic field this might slow down
the accretion process compared to the non-magnetic
case. In addition, for the strong magnetic field cases,
fragmentation seems to take place along a preferred di-
rection perpendicularly to the magnetic field.

In summary, our entire sample of massive dense cores
presents a relation of the fragmentation level with the den-
sity of the parental core, while no clear trend is found with
the magnetic field strength. Furthermore, the average mass of
the fragments is comparable to the thermal Jeans mass. How-
ever, the trend between fragmentation level and density has a
significant scatter, and this could be explained by the differ-
ent magnetic field strengths in cores with similar densities. In
addition, hints were found of the magnetic field influencing
the fragmentation process for the cores with strongest mag-
netic fields. Overall, the observed properties of our sample
are consistent with thermal Jeans fragmentation, and the mag-
netic field seems to act as a modulating process required to
explain the finer details of the fragmenting cores.
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APPENDIX
TESTS FOR BIASES OF FRAGMENTATION LEVEL Nym

Fig.[I3|presents the plots of Nmm (Section[3) vs the mass sensitivity and the spatial resolution for each region (both reported in
Table(l)). If Ny, were biased with these two quantities one would expected a large Ny, for smaller (better) mass sensitivities, and
a large Ny, for smaller (better) spatial resolutions. As can be seen from the figure, none of these two biases affect our sample.
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Fic. 13.— Left: Fragmentation level N, vs the mass sensitivity for each massive dense core. Right: Fragmentation level Ny, vs the spatial resolution for each
massive dense core. These figures show that there are no biases of Ny, with respect to observational parameters, such as mass sensitivity and spatial resolution
(both related to distance).

FIRST-ORDER MOMENTS FOR H!3CO* (4-3) DATA

Figs. and show the first-order moments of the H'3CO™ (4-3) transition in colorscale, with the magnetic field segments
overplotted as well as arrows for the known outflows in each core (taken from the literature).

PARTICULAR CASES IN THE DENSITY AND TEMPERATURE STRUCTURE MODELING OF SECTION 4.1

In Section [4.1] a density and temperature structure model was fit to observational data for each region of our sample. The
observational data consisted of radial intensity profiles and the spectral energy distribution, and the model allowed us to infer an
average density within 0.15 pc for each region. For two of the regions, we calculated a range of possible average densities within
0.15 pc (N6334A and G35). For the case of N6334A, the assumption of the core being centrally heated might not be fulfilled
because there is a Herschel core (core number 38 from Tigé et al. 2017) that only lies about ~ 13” from the SCUBA peak at
450 um and for which the flux density at 70 um is a factor of ~ 20 larger than the flux at 70 um for the core directly associated
with the 450 um peak. In this case we used two approaches to estimate the radial density profile. First, to build the SED we
considered only the Herschel intensities associated with core number 41 (core associated with the 450 um peak). This yielded
an average density within 0.15 pc of 5.9 x 10° cm™>. This should be a reasonable approach as long as we are considering only
peak intensities of the core directly associated with the SCUBA peak, and the excess due to heating by core 38 (and 10) should
not be strong because its effect should be only in specific directions compared to the entire radially averaged profile. Second, we
considered only the contribution of core 41 and used peak intensities to build the SED, except for Herschel wavelengths where
the beam cannot separate the different sources (i. e., 250, 350 and 500 um, where the beam is > 12""). For these wavelengths we
included in the SED the flux density of all three cores and used the core size as aperture radius for the model to compute the flux.
This method yielded an average density within 0.15 pc of 4.6x 103 cm™3, and in Tablewe report the fitted values corresponding
to this second method, to be conservative. In Fig. 5| we plot the average of these two possible densities. Regarding the case of
G35, the IRAS flux at 100 um is a factor of 3 smaller than the Herschel-PACS measurements at 70 and 160 ym. For this region,
we calculated the model including both Herschel and IRAS fluxes (best-fit values reported in Table[3] yielding an average density
within 0.15 pc of 3.6 x 10° cm™), and we also calculated the model including in the SED only the flux of IRAS at 100 um and
excluding PACS data (yielding an average density within 0.15 pc of 4.3 x 10° cm ™). Fig. presents the average of these possible
densities.

MAGNETIC FIELD STRENGTH VS DENSITY

In Fig. [I5] we present a plot of the magnetic field strength vs density averaged within 0.15 pc of diameter. The log-log plot
shows a trend, with a slope of 1.2.
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FiG. 14a.— First-order moments for H'3CO* (4-3) data with the magnetic field segments (black) overplotted. Red and blue arrows indicate the approximate
orientations of the redshifted and blueshifted outflow emission according to Zapata et al. (2011), and Zhang et al. (2014). The synthesized beam is shown in the
bottom-right corner. The circle corresponds to the field of view of 0.15 pc of diameter used in this work to assess the magnetic field strength. Wedge units are

kms~!.

COMPARISON OF SMA AND SINGLE-DISH DENSITIES

In Section [£.1] the density structure for each massive dense core was inferred using data from single-dish telescopes, mainly
the James Clerk Maxwell Telescope (with main beams of 19.5” at 850 um and 11.0” at 450 um) and the IRAM 30m telescope
(with a main beam of 11.0” at 1.2 mm). From this model, the average density within 0.15 pc was derived. In order to asses
if the different spatial filtering of the single-dish telescopes and the SMA is affecting our determination of the density and the
magnetic field strength, we compare here how the inferred densities in Section[d.I|compare to the density inferred using the SMA
data. The average density (within 0.15 pc of diameter) was estimated using the SMA continuum flux densities, including all the
configurations available as for the case of the H'3CO* and PA data. This includes in many cases the subcompact configuration
and in all cases the compact configuration of the SMA. These configurations allow to recover angular scales as large as 30”
and 14", respectively (following the appendix of Palau et al. 2010). Therefore, using these SMA data we are sensitive to scales
comparable to the scales of the single-dish telescopes. To infer the masses and densities from the SMA data, we measured the flux
density within the region of 0.15 pc of diameter, and assumed the average temperature within the same diameter inferred from
our modeling (given in Table [3), as well as the opacity law of Ossenkopf & Henning (1994, grains covered by thin ice mantles
at 10° cm™3, 0.0175 cm? per gram of gas and dust at 870 um). Fig.|16|presents the relation between the SMA average density
(within 0.15 pc of diameter) vs the average density inferred using the modeling of the single-dish data presented in Section &.1]
As can be seen from the figure, the amount of mass filtered out by the SMA is small, of only ~ 25% of the mass inferred from
the modeling of the single-dish data presented in Section [d.1]

COMPARISON OF MAGNETIC FIELD STRENGTH INFERRED IN THIS WORK AND THE MAGNETIC FIELD STRENGTH IN OTHER WORKS OF
THE LITERATURE
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orientations of the redshifted and blueshifted outflow emission according to Duarte-Cabral et al. (2013, 2014), Girart et al. (2013), and Zhang et al. (2014). The
synthesized beam is shown in the bottom-right corner. The circle corresponds to the field of view of 0.15 pc of diameter used in this work to assess the magnetic
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Fig. 15.— Magnetic field strength vs density averaged within 0.15 pc. The blue line corresponds to a linear fit in the log-log scale with a slope of 1.2.
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