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The contribution of the magnetic field to the formation of high-mass stars is poorly understood. We
report the high-angular resolution (~ 0.3”, 870 au) map of the magnetic field projected on the plane
of the sky (Bpos) towards the high-mass star forming region G333.46—0.16 (G333), obtained with the
Atacama Large Millimeter/submillimeter Array (ALMA) at 1.2 mm as part of the Magnetic Fields
in Massive Star-forming Regions (MagMaR) survey. The B,os morphology found in this region is
consistent with a canonical “hourglass” which suggest a dynamically important field. This region is
fragmented into two protostars separated by ~ 1740 au. Interestingly, by analysing H'3CO™ (J = 3—2)
line emission, we find no velocity gradient over the extend of the continuum which is consistent with
a strong field. We model the B, obtaining a marginally supercritical mass-to-flux ratio of 1.43,
suggesting a initially strongly magnetized environment. Based on the Davis—Chandrasekhar—Fermi
method, the magnetic field strength towards G333 is estimated to be 5.7 mG. The absence of strong
rotation and outflows towards the central region of G333 suggests strong magnetic braking, consistent
with a highly magnetized environment. Our study shows that despite being a strong regulator, the
magnetic energy fails to prevent the process of fragmentation, as revealed by the formation of the two
protostars in the central region.

Keywords: Magnetic fields (994) — Polarimetry (1278) — Dust continuum emission (412) — Star

formation (1569) — Massive stars (732) — Star forming regions (1565)

1. INTRODUCTION

Star formation is a complex process controlled by sev-
eral factors, among which gravity, turbulence, and mag-
netic field play a key role. Magnetic fields are believed to
oppose the gravitational contraction and fragmentation
of dense cores, thus delaying the formation of protostars
(e.g., Mouschovias & Ciolek 1999; McKee & Ostriker
2007; Li et al. 2017; Palau et al. 2021; Hwang et al.
2022). However, magnetic fields can also help to channel
cloud material towards overdense regions, thus acting as
a catalyst in the formation of protostars (e.g., Soler &
Hennebelle 2017; Hennebelle & Inutsuka 2019).

In a strongly magnetic environment, the morphology
of the magnetic field remains preserved up to scales of
dense molecular cores of 0.01 — 0.1 pc (e.g., Qiu et al.
2014; Li et al. 2015; Cortés et al. 2021). Another possi-
ble scenario shows the dragging of the frozen-in magnetic
field along with the gas material towards the dense core
by the gravitational collapse. This phenomenon creates
a pinching effect in the magnetic field lines, leading to
an “hourglass”-like appearance (e.g., Girart et al. 2006,
2009; Rao et al. 2009; Tang et al. 2009; Stephens et al.
2013; Hull et al. 2014; Qiu et al. 2014; Maury et al.
2018; Koch et al. 2018; Beltran et al. 2019; Kwon et al.
2019; Cortés et al. 2021; Huang et al. 2024). This spe-
cific structure may be partially due to projection and
line-of-sight integration effects that lead to the observed
dust polarization. It is of utmost importance to char-
acterize hourglass patterns when observed, in order to
better understand the initial conditions of star forma-
tion.

Despite being a significant regulator of star formation,
the role of the magnetic field during the birth of mas-
sive stars is still poorly understood. To make progress, a
survey Magnetic fields in Massive star-forming Regions
(MagMaR) has been carried out. In MagMaR, a to-

tal of 30 high-mass star-forming regions were observed
at 1.2 mm with the Atacama Large Millimeter/ submil-
limeter Array (ALMA). A few detailed characteristics of
some targets, such as G5.89—0.39, IRAS 18089—1732,
and NGC 6334I(N), have been discussed by Ferndndez-
Lépez et al. (2021), Sanhueza et al. (2021), and Cortés
et al. (2021), respectively.

Out of the 30 targets, the magnetic field projected on
the plane of the sky (Bpog) towards the high-mass star-
forming region G333.46—0.16 (hereafter, G333) shows
the most extended hourglass morphology on a few 1000
au scale (assuming a distance of 2.9 kpc; Lin et al. 2019).
This target was studied as a part of the ATLASGAL sur-
vey of massive clumps by Csengeri et al. (2014) and Lin
et al. (2019). The bolometric luminosity of this target
is of 4.4x103 L (Lin et al. 2019). Based on its spectral
energy distribution, Lin et al. (2019) estimated a dust
temperature and mass of 25.2 K and 282 Mg, respec-
tively for this region. Here, we aim to assess magnetic
properties and to investigate the importance of the mag-
netic field, gravity and turbulence in the star-forming
region G333.

2. OBSERVATIONS

ALMA polarimetric observations towards G333 were
carried out on 2018 September 27 using ALMA Band 6
(1.2 mm) as a part of the MagMaR project (Project ID:
2017.1.00101.S and 2018.1.00105.S; PI: P. Sanhueza).
The maximum recoverable scale (MRS) was ~ 4.5".
During the observing runs, J1650-5044 was used as
phase calibrator while J1427-4206 was used as a calibra-
tor for bandpass, flux, and polarization. Details of the
observational setup are discussed by Fernandez-Lépez
et al. (2021), Sanhueza et al. (2021), and Cortés et al.
(2021).

Linearly polarized dust continuum emission is identi-
fied within the the inner one-third area of the primary
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Figure 1. (a) The Bpos geometry (black line segments) towards G333, obtained after rotating the polarization segments by

90°, overplotted on ALMA 1.2 mm dust continuum emission. The Bpos segments have arbitrary length and plotted above the

30 (0 = 29uJy beam ™! for Stokes Q and U) level. Contours correspond to dust continuum emission 5, 10, 50, 100, 190, 230,
300 and 340 times o (= 160pJy beam™!). The positions of MM1 and MM2 are marked as ‘+’ symbols. The circle in magenta
represents the area of analysis. The scale bar and the beamsize of 880 au are displayed on the bottom right and bottom left

sides, respectively. The line segments are drawn following the Nyquist sampling (every three pixels each of size 0.05”). (b)
Magnified view of the area of analysis. Symbols are the same as in panel (a).

beam (24"). Bright emission lines have been eliminated
from the Stokes I continuum following the method elab-
orated by Olguin et al. (2021). We used CASA 6.5.2 to
perform self-calibration and imaging. Self-calibration
of the Stokes I was performed with three iterations in
phase with a final solution interval of 10 seconds. The
self-calibration solutions were applied to the respective
spectral cubes. The imaging of each Stokes parame-
ter was performed separately employing the CASA task
tclean using Briggs weighting with a robust parameter
of 1. The resulting Stokes I image has an angular reso-
lution of 0.318" x 0.290” with a position angle of 49.4°
(922%x841 au). The sensitivities of the images are 160
pJy beam™! for the final Stokes I, and 29 pJy beam™!
for the final Stokes @, and U. The source is bright in
continuum Stokes I emission making the image dynamic
range limited. However, the polarized emission (Stokes
Q and U) is significantly weaker compared to the con-
tinuum Stokes I and therefore, it is unlikely to be dy-
namic range limited, making them possible to reach the
thermal noise. The debiased linear polarized intensity,
polarization fraction and polarization angle images were
constructed following Vaillancourt (2006).

The image of H¥COT(J = 3 — 2) line emission,
also included in the spectral setup, was obtained by

the automatic masking method yclean (Contreras et al.
2018). The CASA task tclean was performed using
Briggs weighting with a robust parameter of 1, lead-
ing to a noise level of 2.9 mJy beam™! (0.61 K) per 0.56
km s™! channel.

3. RESULTS

The ALMA 1.2 mm continuum emission with ~ 900
au spatial resolution is shown in Figure 1 a and reveals
details of the internal structure of G333. The dust con-
tinuum emission shows a flattened structure that is elon-
gated in the northwest-southeast direction. The center
of this flattened structure is fragmented into two more
condensations with a separation of ~ 1740 au along
the major axis of the elongation. Both the conden-
sations show presence of hot molecular core emission
lines (Taniguchi et al. 2023), suggesting that they are
potential protostars. The peak flux at the position of
the brightest component, located towards the south-east
(MM1), is 53.5 mJy beam™!, while the fainter one lo-
cated towards the north-west (MM2) has a peak flux of
38.8 mJy beam™!.

The direction of the Byos is inferred by assuming the
dust grains are aligned with respect to the magnetic
fields (i.e., rotating the polarization segments by 90°;
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Cudlip et al. 1982; Hildebrand et al. 1984; Hildebrand
1988; Lazarian 2000; Andersson et al. 2015). The polar-
ized emission detected in G333 suggests an hourglass-
like geometry of the magnetic field aligned with the sym-
metry axis of the hourglass almost parallel to the minor
axis of the flattened envelope. For our analysis, we fo-
cus on the circular area as marked in Figure 1 (a), that
harbours the hourglass magnetic field. We chose this
area to avoid the additional distortion of Byos produced
by other surrounding cores. The circle is centered at
a=16:21:20.183 and 6 = —50 : 09 : 46.662, with a
radius of 1.5” (4350 au). As the diameter of the area of
analysis (3”) is less than the MRS, the extended emis-
sion should not be significantly affected by filtering.

Being a cold dense gas tracer (upper energy level, E,
of 25 K), the spatial distribution of H¥*CO*(J = 3 — 2)
line emission towards G333 appears to be similar to that
of the dust continuum emission (see Figure 2 a). Figure
2 (b) shows the HI3CO™ distribution of the intensity-
weighted velocity structure (moment 1 map) towards
(G333 with respect to the systemic velocity (vig, ~ —43
km s™1). No clear signature of large-scale velocity gradi-
ent is detected with a spectral resolution of 0.56 km s™!,
suggesting a quiescent environment at ~ 10000 au scale.
However, the velocity field over MM1 and MM2 is rela-
tively more blueshifted than their immediate vicinities,
which could be a sign of infall as suggested by Estalella
et al. (2019) and Olguin et al. (2021).

4. DISCUSSION
4.1. Dust continuum emission and velocity dispersion

The flux density enclosed in the circular region is 493
mJy. The temperature of the region marked with a
circle as in Figure 1, is determined using the CH3CN
(J = 14 — 13) rotational transitions. We detected pri-
marily 4 brightest K components (K = 0, 1, 2, 3) of
the transition towards this area. We avoided the region
very close to MM1 and MM2 to refrain the line contam-
ination by radiation from MM1 and MM2. In Figure
4, we present the average brightness distribution of the
CH3CN (J = 14 — 13) transitions in black. The blue
dashed line represents the fitted spectrum that is ob-
tained by fitting the observed spectrum with XCLASS
(Moller et al. 2017) resulting in a temperature of 50
K. Using this temperature, and assuming optically thin
dust emission and a spherical geometry, the total gas
mass is estimated using:

F,D?

M= A/«:,,BD(T)

(1)
where A is the gas-to-dust mass ratio, F}, is the flux den-
sity of the source, D is the distance to the target, k, is
the dust opacity per gram of dust, and B, is the Planck
function with a dust temperature T. The gas-to-dust ra-
tio is assumed to be 100:1. The dust opacity is assumed

as 1.03 cm?g~! (interpolated to 1.2 mm; Ossenkopf &
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Figure 2. (a) The moment 0 or integrated intensity map
of H*®*CO™ line emission. (b) The moment 1 or intensity
weighted velocity map of the same. The white line segments
show the Bpos geometry and the contours outline the dust
continuum emission (same as Figure 1). The positions of
MM1 and MM2 are marked as ‘4’ symbols. The scale bar
and the spatial resolution are displayed on the bottom right
and bottom left sides, respectively, in all panels.

Henning 1994). Using a dust temperature of 50 K, the
total mass is estimated as 23 Mg

We estimate the mass density p as 3.9 x 107!

em™3, using a volume (V = %WRB, where, R =
1.5"”). The number density n(Hs) is p/pm,mu, where
tu, (= 2.86) is the mean molecular weight per hydrogen

molecule (Kirk et al. 2013) and my is the atomic mass
of hydrogen. The n(Hs) enclosed in the area of analysis
is estimated as 8.4 x 10% cm™3.

Using the dendogram technique (Rosolowsky et al.
2008) adopted in the astrodendro Python package !, the

L http://www.dendrograms.org/

140

120

100
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flux densities of MM1 and MM2 are estimated as 59.5
mJy and 25.8 mJy, respectively. Assuming the similar
temperature, MM1 is 2.3 times more massive than MM2.
Table 1 lists the dendogram results for both protostars.

Considering a bolometric luminosity of 4.4 x 103 Lg
(Lin et al. 2019), and assuming that a single main-
sequence star is responsible for the bolometric luminos-
ity, the stellar mass would then be ~ 6 Mg (Mottram
et al. 2011). However, there are two protostars at the
center. At larger scale, based on the ALMA 7m array
observations with an angular resolution of 3.7" (Csen-
geri et al. 2017), the mass of the structure containing
MM1 and MM2 is determined as 120 My, suggesting
that most of the clump mass (282 Mg,) is concentrated
in the central region of the clump. Thus, these pro-
tostars are potential candidates to becoming high-mass
stars by accreting gas material from the available mass
reservoir.

Using H'®CO™ line emission, we derive the disper-
sion in the turbulent velocity along the line of sight,
oVlos(= V0%, — 0%,). The oons and oy, are the total
observed and thermal velocity dispersions, respectively.
The oy, can be expressed as \/kgT/umu, where kg is
the Boltzmann constant, y is the mean molecular weight
per free particle (30). Assuming a temperature of 50 K,
o, and ovpes are estimated as 0.12 and 1.21 km s™1,
respectively.

4.2. Modeling of the hourglass-shaped magnetic field

In order to model the magnetic field pattern, we used
the DustPol module included in the ARTIST package
(Padovani et al. 2012), which is based on the Line Mod-
eling Engine (LIME) radiative transfer code (Brinch
& Hogerheijde 2010). DustPol generates the synthetic
Stokes I, @, and U images in FITS-format, which are
used as an input for the simobserve and simanalyze
tasks of CASA, considering the same antenna config-
uration of the observing runs in ALMA. In this way,
polarization position angle maps are created and com-
pared with the observations. The physical modeling of
the 3D magnetic field is done by combining an axisym-
metric singular toroid threaded by a poloidal field (Li &
Shu 1996; Padovani & Galli 2011). Based on Padovani
et al. (2013), we added a toroidal force-free component
of the magnetic field to represent the effects of rotation.

The model used in this work has four free parameters:
(1) the mass-to-flux ratio normalized to its critical value,
A, defined as,

(M/®p) M
A O0/%). 271'\/5(1)3 (2)
where G is the gravitational constant, ®p is the mag-
netic flux (= mR?B), and M is the mass of the core; (2)
the ratio of the strengths of the toroidal and the poloidal
components of the magnetic field in the midplane of the
source, bg; (3) the orientation of the magnetic axis pro-
jected on the plane of sky, ¢, starting from north and
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increasing eastward; (4) the inclination with respect to
the plane of the sky, i, with an assumption to be pos-
itive/negative when the magnetic field in the northern
part directs towards/away from us. A y2-test is per-
formed on the polarization angle residuals (At) of the
polarization angle v, obtained from the difference be-
tween the observed (¢ops) and the modeled (¢mod) po-
larization angles (At = Yobs — ¥mod), enclosed within
the circular area for each combination of the four free
parameters. The x? is estimated accounting for regions
lying above the 30 level (o = 29uJy beam™!) of Stokes
Q@ and U images. A constant temperature (50 K) has
been adopted in the modelling as no temperature map
of this region is available currently. On the other way,
the region close to MM1 and MM2, is expected to be
relatively hot and having more weight in estimating the
Stokes parameters.

The best-fit model provides the minimum reduced x?
value of 9.39 with the combination of model parame-
ters: A = 1.63, by = —0.1 £ 0.1, i = 45°E1%" and

= 403}1 °. The errors are estimated following Lamp-
ton et al. (1976). A low value of by in the best-fit model
is consistent with no apparent rotation towards G333
as found in H'3CO*. The value of A = 1.63 obtained
from the model (see Equation 2) is relative to the mass
enclosed in a flux tube, but observationally the mass is
derived considering a spherical system. Therefore, the
estimated A is transformed to an effective A of 1.43 (Li
& Shu 1996), which is marginally supercritical.

In Figure 3 (a), we show a comparison between the
observed and modeled magnetic field geometry, limited
to the area within the circle shown in Figure 1 (a). Al-
though the hourglass model reproduces quite well the
observed magnetic field geometry, deviations can be seen
around MM1, mainly towards its southern and eastern
regions. Since MMI1 is relatively more massive than
MM2, it is possible that the gravity of MM1 might have
dragged and distorted the magnetic field lines more ef-
fectively than MM2. In Figure 3 (b), we show the his-
togram of the At. A Gaussian fit to the whole distri-
bution of Ay provides a mean value <Ap> = —3.32°
and a standard deviation oy = 19.48°.

4.3. Magnetic field strength

We estimate Bpog towards (G333 using the well-known
Davis—Chandrasekhar—Fermi (DCF) method (Davis
1951; Chandrasekhar & Fermi 1953)2, which states:

O Vlos
Bpos = Qv/ 47”)61#1' 3)
int

2 also see Liu et al. (2022a,b)
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with the Gaussian fitting.

where Q is a correction factor, 0.5,% adopted from sim-
ulations in turbulent clouds (Ostriker et al. 2001), p is
the mass density of the cloud, ovg is the dispersion in
the turbulent velocity along the line of sight, and §t;,+
is the intrinsic dispersion in the polarization angle .

3 In Ostriker et al. (2001) the size scale adopted is ~ 8 pc, whereas
Liu et al. (2021) estimated Q to be ~ 0.28 at a size scale of a
1—0.2 pc, which is relatively closer to the size scale of the area of
analysis. Adopting the later, the Bpos is estimated as 3.0 — 3.6
mG, which is consistent with our estimated Bpos.

The §3)int can be obtained from /o7 — d92, . The av-

erage uncertainty in the observed ¥ within the circle of
analysis is 61ops = 5.4°. The §v;,; obtained is 18.7°.
Consequently, Bpos is estimated as 4.0 mG. Adopting
1 = 45° from our model, we also estimate the total mag-
netic field strength B = Bjos/cos (i) = 5.7 mG. With a
density of n(Hy) = 8.4x10% cm ™~ this strength is consis-
tent as found in the compilation of B-field strength with
density by Liu et al. (2022a) using the DCF method.

The DCF method assumes the deviation of uniform
magnetic field by turbulent gas motions, without con-
sidering gravity, which is most likely responsible for the
hourglass shape. In this work gravity is taken into ac-
count while using the dustPol model and by considering
the A, we eliminate the gravitational effect and the dv
is supposed to be the interplay between the turbulence
and the magnetic field.

While computing A using Equation 2, we assumed
that all the mass is in the envelope, while the proto-
stellar mass should also be added to the envelope mass.
Therefore, the estimated A should be considered as a
lower limit. As mentioned in 4.1, based on the lumi-
nosity, an additional stellar mass of ~ 6 Mg could be
added to the envelope mass, making the total mass of
29 Mg, which leads to a mass-to-flux ratio of 1.22. The
fact that the dust emission may be optically thick at
the very central bright fragmented region, leads to un-
derestimate the mass of the circular region can not be
ignored. However, the estimated value of X is similar to
the one obtained from the modelling (1.43).

We compute the Alfvén speed vpo = B/\/4mp = 2.58
km s~!, through which we estimate the turbulent to
magnetic energy f; = 3(0vios/va)? = 0.66. This indi-
cates that the magnetic energy dominates moderately
over the turbulent energy in this region. Thus the mag-
netic field towards G333, in spite of being quite strong,
could not prevent the fragmentation and eventually star
formation.

Based on a non-ideal magnetohydrodynamic simula-
tions of an initially subcritical core by Machida & Basu
(2020), the collapse happens after the core reaches a
marginally supercritical mass-to-flux ratio, leaving be-
hind a considerable amount of magnetic flux, which
helps to transport out the angular momentum through
strong magnetic braking. As a result, the protostar may
harbour no disc or a very small one, with a very weak
outflow signature. In G333, we do not find any evi-
dence of rotation in the envelope region (Figure 2 b),
nor in any of the protostars at the current angular res-
olution. Even in higher angular resolution (~ 0.05")
observations of the same region obtained as part of the
Digging into the Interior of Hot Cores with the ALMA
(DIHCA; Olguin et al. 2022, 2023; Taniguchi et al. 2023)
survey (P. Sanhueza, private communication), no clear
signature of rotation was found in any of the protostars,
making the argument of strong magnetic braking more



evident. Additionally, we found no significant outflow
signature coming from the two protostars in G333 (see
appendix A). This is consistent with overall physical sce-
nario of very weak outflow and no disk when starting
with strongly magnetized initial conditions (Machida &
Basu 2020). This leads to the possibility that star for-
mation in G333 started in an initially subcritical or tran-
scritical cloud.

4.4. Analysis of the Energy Balance

The current dynamical state towards G333 can be in-
ferred from the virial parameter (ayi,), the ratio of the
virial mass (M) to the total mass (M) of the system
with considerations of both the turbulent and magnetic
supports. While ayi; ~ 1 indicates the equilibrium state,
iy >1 implies expansion and conversely ayi;<1 signi-
fies contraction under gravity. We estimate o, as 1.3
for a centrally peaked density profile (see Appendix B).
This suggests that G333 is currently close to a quasi-
equilibrium state or undergoing quasi-static evolution,
which is further supported by the quiescent environment
of G333 as implied by the velocity field traced by the
H'3CO™ line emission (Figure 2 b). A strongly magne-
tized environment exerts an adequate support against
rapid gravitational collapse, although the magnetic field
could not hinder the fragmentation. This is consistent
with a second stage of fragmentation within an initial
massive core that forms out of a transcritical cloud (Bai-
ley & Basu 2014).

4.5. Flattened envelope harbouring the hourglass
magnetic field

Theoretical studies suggests that for a relatively
strong magnetic field environment (A < 3), the core ma-
terial is channeled primarily along the magnetic field
lines by the gravitational pull, building a flattened
pancake-like structure perpendicular to the field lines,
and developing a small toroidal component of the mag-
netic field (Allen et al. 2003; Price & Bate 2007). As
shown in Figure 1, the flattened structure where the
fragmentation took place agrees well with the strong
magnetic field case, which is further supported by a
low A obtained from our best-fit model as well as the
observations. Additionally a small contribution of the
toroidal component of the field (~ 10% of the poloidal
component) obtained from the best-fit model supports
this phenomenon. This is consistent with some previous
studies (e.g., Qiu et al. 2014; Beltran et al. 2019; Kwon
et al. 2019), which suggest a major contribution of mag-
netic field in the formation of high-mass protostars.

4.6. Stability analysis of the central protostars

To investigate whether the central protostars MM1
and MM2 are gravitationally bound, we followed the
methodology adopted in Pineda et al. (2015) and Li
et al. (2024). We estimate the gravitational potential

energy (V;) by

Gm;m;
Vi=— _— 4
' Z Tij @
i#]

where m; and m; are the masses of objects 7 and j, re-
spectively, and r;; is the separation between them. The

kinetic energy (F;) is given by,

1 2
E; = Qmi(vi — Vcom) (5)
where v; is the line-of-sight velocity of the object 7, and
Veom 18 the velocity of the centre of mass of the system.
We estimate veom by

_ Zk MEV (6)

Ucom = W

The velocities of MM1 and MM2 are obtained from
Taniguchi et al. (2023) as —44.06 and —43.55 km s~}
respectively. Assuming that the measured velocity dif-
ference between MM1 and MM2 is in 1-D, the full veloc-
ity difference in 3-D is Avsp = V/3(v; — Veom) along the
line-of-sight. Also, the total separation between MM1
and MM2 is estimated by multiplying the measured pro-
jected separation (1740 au) with 4/7, i.e., 2215 au, as-
suming a random orientation between them.

We measured the masses of MM1 and MM2 from the
flux density obtained from the astrodendro task to esti-
mate the E;/V; for each of them. The E;/V; for MM1
and MM2 are estimated as 0.08 and 0.17, respectively.
As both MM1 and MM2 show FE;/V;<1, they could be
gravitationally bound in a binary system at the present
stage.

5. SUMMARY AND CONCLUSIONS

The ALMA high-angular resolution (~ 0.3") obser-
vations of linearly polarized 1.2 mm dust emission to-
wards the high-mass star-forming region G333.46—0.16
revealed an hourglass-shaped pattern of Byos at a scale
of ~ 6000 au. The hourglass shape is found to be more
pinched towards MM1 than MMZ2, which might be be-
cause of the larger mass of MM1 compared to MM2.
The protostars MM1 and MM2 are found to be gravi-
tationally bound in a binary system at present with a
separation of 1740 au.

The H'3CO™ line emission shows no strong velocity
gradient that could hint any rotation towards G333.
Also, none of the protostars show any clear signature
of outflows, suggesting a strong magnetic braking.

The hourglass-shaped Bpos is well fitted with an ax-
isymmetric semi-analytical magnetostatic model. The
best fit model is primarily governed by a poloidal com-
ponent tangled with a small toroidal component (~ 10%
of the poloidal one). The best fit results also provide

A =143, i =455 and ¢ = 40°%L".



Based on the DCF relation, the total magnetic field
strength is estimated as 5.7 mG. We also estimate the
mass-to-flux ratio using the dispersion of polarization
angle obtained from the model fitting, which results in
1.22, consistent with same obtained from the best fit
model (A = 1.43).

Our analysis of energy balance in this area suggests
a quasi-equilibrium state, which is consistent with the
current dynamic environment inferred by H**CO® line
emission. Our speculation based on this work is that the
magnetic field towards G333 is strong enough to stabilize
the environment towards the center. A low magnitude of
turbulent-to-magnetic energy ratio indicates a suppres-
sion of the magnetic field over the turbulence in this
region. However, both are ultimately overwhelmed by
the gravity, responsible for the fragmentation and even-
tually star formation. This leads to a possible scenario
that the star formation in G333 might have started in
an initially subcritical core, when the very central peak
density area reached the marginally supercritical mass-
to-flux ratio.
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APPENDIX
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Figure 4. The spectra of CH3CN (J = 14 — 13) towards
G333. The black line shows the observed spectrum and the
dashed blue line shows the fitted spectrum.

Table 1. Results obtained from astrodendro™®

R.A. Dec. FWHM Peak Intensity  Flux Density
(ICRS) (ICRS) (" x" (mJy beam™1) (mJy)
MM1
16:21:20.20 -50:09:46.91 0.31 x 0.21 53.5 59.5
MM2
16:21:20.17 -50:09:46.41 0.23 x 0.14 38.8 25.8

* Fmin = bo: the threshold above which the structures are defined.

6 = lo: the minimum significance for separation of the structures.
Smin =half of the beamsize: the minimum area to be allocated in the
individual structure.

A. MOLECULAR OUTFLOWS IDENTIFIED
AROUND G333

Several molecular outflows are identified around G333
using the 12CO (J = 3 — 2) line emission observed by
ALMA (Project ID: 2013.1.00960.S, PI: T. Csengeri).
Using the CASA task imregrid, we match the phase-
center of the 2CO line image and our 1.2 mm dust con-
tinuum image.

Figure 5 shows the '2CO molecular outflows overplot-
ted on the dust continuum image. The 2CO line emis-
sion is integrated from —106.1 to —65.3 km s~! for the
blueshifted lobe, and —22.1 to 0.7 km s~ for the red-
shifted lobe. The sensitivities of the integrated images
of the blueshifted and redshifted 2CO line emission are
0.14 and 0.10 Jy beam™!, respectively. The outflow
lobes in the north and south of the region enclosed by
the hourglass-shaped magnetic field (shown as a cyan
colored circle in Figure 5) are highly collimated. Inter-
estingly, it is noticeable that although there is a signif-
icant amount of redshifted '2CO line emission within
the circle (which seems to be the redshifted lobe of the

-50°09'40"f

a5t 10-2

Dec (ICRS)
d
Jy beam—1

5oL

® 880au 1107

e

3000 au

5ol
16M21M21.0° 20.55 20.0° 19.5°
RA (ICRS)

Figure 5. Molecular outflows identified in *2CO (J = 3 —2)
overplotted on our observed 1.2 mm dust continuum emis-
sion. The plus symbols mark the positions of MM1 and
MM2. The circle in cyan shows the region of analysis. The
blueshifted and redshifted outflows are shown in blue and
red contours, respectively. The blue contours are drawn with
levels 3,5,7,9,12, and 18 times 0.13 Jy beam ™. The red con-
tours are drawn with levels 3,5,7,9,11,15,20, and 25 times
0.10 Jy beam™'. The possible sources driving the ouflows
are marked using green ‘X’ symbols. The red and blue ar-
rows show the directions of the redshifted and blueshifted
outflows, respectively.

nearby dense core located south to the circular area of
analysis), none of the outflow lobes is driven by any of
the protostars but likely the low-mass protostars resid-
ing outskirts of the dense gas. There are some dust
condensations that likely could host these protostars,
marked with ‘X’ symbols in Figure 5.

The absence of outflows in any of the protostars makes
it difficult to predict the of angular momentum direc-
tion. In a classical scenario of magnetized star forma-
tion, the angular momentum is efficiently lost by mag-
netic braking (Mouschovias & Paleologou 1979). Our
speculation is that magnetic braking is relatively strong
in the case of G333, because of which we do not find any
observational signature of strong angular momentum.

B. VIRIAL PARAMETER
The virial theorem can be expressed as below:
1d%1
2 dt?
where I is the moment of inertia, Ej, Fq, and Ep are
the kinetic, gravitational, and magnetic energy, respec-

=2E, + Eqg +Ep (B1)
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tively. We consider a spherical cloud having a radial
density profile p o< 7=, where a = 2 imply the den-
sity profile to be centrally peaked (Belloche 2013). The
gravitational energy (E¢g) can be expressed by:

 (3—a) GM?
EG__(B—Qa) R (B2)

The magnetic energy (Ep) is given by:

BV
Ep = (B3)
8
The kinetic energy (Fj) is derived by:
3.1 2
By, = 3 Mo, (B4)
The rotational energy (E,) is expressed as:
1 B3—a)
E, = -Mv2,—F B5
3 Urot (5 _ Oé) ( )

We do not find any evidence of rotation with a spectral
resolution 0.56 km s~! in the area of analysis. If we
assume this resolution as the upper limit of the velocity
due to rotation (vy01), we estimate the ratio E,.t/Eqg
to be 0.006 for a centrally peak density profile. With
the same assumption of rotation, a ratio of E,..;/FEp is
estimated to be 0.013 for the same profile. Similarly, we
estimate the ratio of E,.:/Ey as 0.014. As the contribu-
tion of the rotational energy is negligible compared to

the other energies, we do not account the upper limit of
rotational term in the estimation of virial parameter.
Including both the kinetic and magnetic energies, a
system can be in stable phase, when 2E), + Ep + E<0.
The ratio between the virial mass My, (= Mgyp) and
the total mass M can be defined as the virial parameter
ayir. Following Liu et al. (2020), awi, is given below:

M, 1 M? M,
Qyir = k+B:[ M]%+<k>+k

B
M M 2 2 (B6)

where My p is the total virial mass considering the ki-
netic motion and magnetic field. The kinetic virial mass
My is defined as,

. 2
M 3(5 2a> ot R 87

3—« G

The virial mass accounting for the ordered magnetic
field My is expressed as:

R%B
Mg = _ s (BS)
?53—2(13 7T_2G

We estimate the o, to be 1.3, which suggests an equi-
librium state of G333, implying that magnetic field pro-
vides a significant support against gravity.
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