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ABSTRACT

A full understanding of high-mass star formation requires the study of one of the most elusive
components of the energy balance in the interstellar medium: magnetic fields. We report ALMA

1.2 mm, high-resolution (700 au) dust polarization and molecular line observations of the rotating

hot molecular core embedded in the high-mass star-forming region IRAS 18089−1732. The dust

continuum emission and magnetic field morphology present spiral-like features resembling a whirlpool.

The velocity field traced by the H13CO+ (J=3-2) transition line reveals a complex structure with spiral

filaments that are likely infalling and rotating, dragging the field with them. We have modeled the

magnetic field and find that the best model corresponds to a weakly magnetized core with a mass-to-

magnetic-flux ratio (λ) of 8.38. The modeled magnetic field is dominated by a poloidal component,

but with an important contribution from the toroidal component that has a magnitude of 30% of

the poloidal component. Using the Davis-Chandrasekhar-Fermi method, we estimate a magnetic field

strength of 3.5 mG. At the spatial scales accessible to ALMA, an analysis of the energy balance of

the system indicates that gravity overwhelms turbulence, rotation, and the magnetic field. We show

that high-mass star formation can occur in weakly magnetized environments, with gravity taking the

dominant role.
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1. INTRODUCTION

High-mass stars dominate the energy input and chem-

ical enrichment of galaxies. Among all the ingredients

that have to be considered in their formation, the mag-

netic field is by far the least explored. Indeed, it is still

debated how the magnetic energy compares to other en-

ergies in play, namely turbulence, gravity, and rotation.

Observations of linearly polarized dust emission are

currently the best available tool to infer the magnetic

field in molecular clouds and denser regions associated

with star formation (e.g., Hull & Zhang 2019). Dust po-

larization observations of high-mass star-forming regions

suggest that the magnetic field appears to be dynami-

cally important during the collapse and fragmentation of

parsec-scale molecular clumps and the mass assembly of

dense cores at scales of 0.01 to 0.1 pc (Zhang et al. 2014;

Hull & Zhang 2019; Cortes et al. 2019). However, it re-

mains unclear whether at smaller scales (core-disk inter-

face, ∼1000 au) the star formation process is magneti-

cally dominated (Girart et al. 2009; Beltrán et al. 2019;

Beuther et al. 2020; Cortes et al. 2021; Fernández-López

et al. 2021). So far, since polarization observations are

scarce at these small scales, it is difficult to evaluate the

overall importance of the magnetic field in the high-mass

star formation process.

Located at a parallax distance of 2.34 kpc (Xu et al.

2011) with a bolometric luminosity of 1.3 × 104 L�
(Sridharan et al. 2002), the high-mass star-forming re-

gion IRAS 18089−1732 is an ideal laboratory to assess

the importance of the magnetic field with respect to tur-

bulence, gravity, and rotation. Earlier studies at arc-

sec resolution show that IRAS 18089−1732 has a deeply

embedded hot core (Beuther et al. 2004a,b) and a disk-

like rotating structure roughly perpendicular to a molec-

ular outflow. A line-of-sight magnetic field strength

of 8.4 and 5.5 mG has been estimated from measure-

ments of Zeeman splitting of the 6.7 GHz CH3OH maser

line using the 100 m Effelsberg telescope (Vlemmings

2008) and the MultiElement Radio Linked Interferom-

eter Network, MERLIN (Dall’Olio et al. 2017), respec-

tively. Early observations of IRAS 18089−1732 with

the Submilimeter array (SMA) show the detection of at

least a few independents polarization measurements in

dust continuum emission (Beuther et al. 2010). Tak-

ing advantage of the superlative capabilities of the At-

acama Large Millimeter/submillimeter Array (ALMA),

we have observed IRAS 18089−1732 in polarized dust

continuum and molecular line emission to better under-

stand the role of the magnetic field in the formation

of high-mass stars. This target was observed as part

of the Magnetic fields in Massive star-forming Regions

(MagMaR) survey that in total contains 30 sources. De-

tails on the survey and source selection will be given in

Sanhueza et al. (2021, in prep.). Early results on two

high-mass star-forming regions, G5.89–0.39 and NGC

6334I(N), are presented in Fernández-López et al. (2021)

and Cortes et al. (2021, submitted), respectively.

2. OBSERVATIONS

ALMA polarization observations (Project ID:

2017.1.00101.S; PI: Sanhueza) of IRAS 18089−1732

were taken on September 25, 2018. A total of 47 anten-

nas of the 12 m array were used, covering baselines from

15 to 1400 m that resulted in an angular resolution of

∼0.3′′. The data set consists of full polarization obser-

vations in band 6 (∼250.486 GHz; 1.2 mm). The cor-

relator setup includes three spectral windows of width

1875 MHz, with a spectral resolution of 1.95 MHz (∼2.4

km s−1), and two spectral windows of width 234 MHz,

with a spectral resolution of 0.488 MHz (0.56 km s−1).

Linearly polarized dust continuum emission is de-

tected in the inner ∼8′′ of the observed field, the in-

ner one-third of the primary beam (24′′), with polariza-

tion angles having less than 1% errors. We note, how-

ever, that polarization angles on angular scales up to

the width of the primary beam have only few percent er-

rors (Hull et al. 2020). Line contamination was removed

from the continuum (Stokes I) image following the pro-

cedure described in Olguin et al. (2021). Stokes I was

self-calibrated in phase and amplitude, while Stokes Q

and U were only self-calibrated in phase. Self-calibration

solutions were then applied to the spectral cubes.

The continuum imaging was done by independently

cleaning each Stokes parameter using the CASA task

tclean with Briggs weighting and robust parameter of

1. The resulting images have an angular resolution of

0.27′′×0.34′′ and sensitivities of 175 µJy beam−1 for

Stokes I and 31.4 µJy beam−1 for both Stokes Q and

U. The polarized intensity image was debiased follow-

ing Vaillancourt (2006). The peak of the polarized dust

emission is 1.4 mJy beam−1. The mean (median) polar-

ization fraction is 5% (4%).

The H13CO+ line emission was imaged using the au-

tomatic masking procedure yclean from Contreras et al.

(2018). The CASA task tclean with Briggs weighting
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Figure 1. ALMA 1.2 mm dust continuum emission (color scale and contours) toward IRAS 18089−1732 with overlaid magnetic
field vectors, which correspond to the dust polarization vectors rotated by 90 deg. Yellow line segments representing the magnetic
field orientation are plotted above the 3σ level, with σ = 31.4 µJy beam−1, and have an arbitrary length. Contours correspond
to the dust continuum emission in steps of 4, 6, 10, 18, 34, 66, 130, 258, 514 times the σ (rms) value of 175 µJy beam−1. Spatial
resolution of 700 au (0.3′′) is shown on the bottom left. Scale bar is shown on the bottom, right side of the panel.

and robust parameter of 1 was used, resulting in a noise

level of 3.2 mJy beam−1 per 0.56 km s−1 channel.

The quasar J1924-2914 was used for the calibration
of flux, bandpass, and polarization. The quasar J1832-

2039 was used for phase calibration. Data calibration

and imaging were performed using CASA 5.1.1 and

5.5.0, respectively.

3. RESULTS

The ALMA observations at 1.2 mm with a spatial res-

olution of 700 au (0.3′′) allow us to observe the internal

structure of IRAS 18089−1732 in great detail (Figure 1).

The dust continuum emission peaks at the position of

the previously reported hot core (Beuther et al. 2004a,b;

Zapata et al. 2006). The overall emission is asymmetric,

with an extension toward the north-west of the brightest

1.2 mm peak. In addition, there are spiral-like stream-

ers associated with the central hot core having a coun-

terclockwise orientation (mimicking a whirlpool). The

magnetic field projected in the plane of the sky also

traces spiral-like features connected to the central hot

core, roughly following the dusty spirals and making

more evident the whirlpool shape (Figure 1).

Along with the continuum emission, there are myr-

iad molecular line transitions detected with different

excitation conditions (i.e, tracing different temperature

and density regimes). Among these, here we focus on

H13CO+ (J = 3–2) and leave the tracers of the inner

hot core for a forthcoming work (V. Chen et al. 2021,

in prep.). The emission from the H13CO+ (J=3-2) line

shows a spatial distribution coincident with that of the

dust emission, as can be seen in the integrated inten-

sity map (Figure 2a). This molecule is a good tracer

of the relatively cold (Eu = 25 K), dense material in

the spiral-like and filamentary structures found in IRAS

18089−1732. The H13CO+ spectra shows two clear ve-

locity components separated by ∼4 km s−1 that can

be traced continuously from the regions in which they
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Figure 2. H13CO+ integrated intensity (moment 0) in panel (a) and velocity fields in panel (b) and (c). Yellow vectors, of an
arbitrary length, indicate the inferred magnetic field and gray contours show the dust continuum emission (same as Figure 1).
In (a), the moment 0 includes both velocity components. In (b), the blueshifted component has a spiral-like shape following the
magnetic field with a velocity gradient of 17 km s−1 pc−1. In (c), the redshifted gas component shows two filaments that follow
the magnetic field with velocity gradients of ∼54 km s−1 pc−1.

overlap (presenting double-line profiles) to regions where

only a single component is detected. To properly trace

the velocity field of both components, a simultaneous

Gaussian fitting of both velocity components was per-

formed. Figure 2b shows the velocity field traced by

the blueshifted gas component (with respect to the sys-

temic cloud velocity vLSR ≈ 33.0 km s−1), while Fig-

ure 2c shows the velocity field traced by the redshifted

gas component. Near the center of the hot core, the

H13CO+ profile becomes complex, exhibiting extremely

broad line widths, absorption features, and blending

with hot core lines, precluding a successful Gaussian fit-

ting.

A prominent spiral-like feature in the blueshifted gas

component that follows the magnetic field morphology

is seen in Figure 2b . Although there is significant sub-

structure in the velocity pattern along this spiral-like

filament, it has an overall velocity difference of ∼1.4

km s−1 over a length of 7.3′′ (17000 au), resulting in a 17

km s−1 pc−1 velocity gradient. The redshifted gas com-

ponent shows two filaments that coincide with the area

emitting polarized emission (Figure 2c), one extending

to the north and the other one to the south of the central

hot core. The northern filament starts at 3.3′′ (7700 au)

from the hot core with blueshifted velocities of ∼34.1

km s−1 and then connects to the red-side of the rotat-

ing central hot core at ∼36.1 km s−1 (velocity gradient

of 53.6 km s−1 pc−1). The southern filament extends

over 2.9′′ (6800 au) with extreme velocities of ∼34.2

and ∼36 km s−1, resulting in a velocity gradient of 54.6

km s−1 pc−1. In the position-position-velocity (PPV)

space displayed in Figure 3, the distribution of the gas

and the main structures, spiral and northern/southern

filaments, can be seen. Figure 3a simultaneously dis-

plays both the blue and redshifted velocity components

and is comparable to displaying Figure 2b and 2c in a

single image. Figure 3b and 3c show the three main

structures from different angles. Figure 3d corresponds

to a position-velocity (PV) diagram. Figure 3d shows,

at the positions indicated by the black arrows, how the

velocity increases closer to the central hot core, espe-

cially in the southern and northern filaments. Such an

increase in velocity is typical of gas accelerating close

to the central object and is a sign of infall (Tobin et al.

2012).

4. DISCUSSION

4.1. Dust Continuum Emission

The physical properties of the central region of IRAS

18089−1732 were calculated in the area enclosed by the

10–σ contour, which has a flux density of 1.38 Jy. We

choose to analyze this area because it includes most of

the polarized emission and excludes the most diffuse ma-

terial and the outlfow cavity (see Beuther et al. 2004a).

Assuming optically thin dust emission, the total gas

mass enclosed in the main dust structure is 75 M� (Ap-

pendix A). The average number density is 1.3 × 107

cm−3, resulting in a free fall time of 8.4 × 103 yr.

4.2. Line Emission and Accretion Flows
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Figure 3. Selected views of the position-position-velocity
(PPV) distribution of the H13CO+ emission. (a) View in
position-position (PP) space, comparable to combining Fig-
ure 2b and 2c into a single image. The main structures in
IRAS 18089−1732 are delineated and labeled. (b) and (c)
show the PPV distribution from different angles, with the po-
sition of the main features marked. (d) View of the position-
velocity (PV) space with the main structures marked. Ar-
rows point to the places where the gas is accelerating and
infalling towards the central source.

The spiral-feature and filaments seen in H13CO+ (Fig-

ure 2) resemble the accretion flows funneling material

to disk scales that have been observed (also using high-

angular resolution observations) in a few other high-

mass star-forming regions (e.g., Liu et al. 2015; Maud

et al. 2017; Izquierdo et al. 2018; Goddi et al. 2020).

Following standard procedures, we convert the H13CO+

emission tracing the blueshifted spiral-feature and red-

shifted filaments into total gas mass (Appendix B).

The spiral-feature has a gas mass of 2.2 M�, while

the northern and southern filaments have 1.4 and 0.60

M�, respectively. If the velocity gradients observed are

produced by material flowing toward the inner hot core,

we estimate a combined infall rate of 0.9-2.5× 10−4 M�
yr−1 for inclination angles between 30◦ and 60◦, larger

than the accretion rates through filaments seen in other

high-mass star-forming regions at larger scales (Lu et al.

2018). These infall rates imply that the central disk-like

structure can be replenished with 0.70-2.1 M� per free

fall time (8.4 × 103 yr), thus contributing to the increase

in the mass of the central high-mass star.

4.3. Modeling the Magnetic Field

To model the polarization pattern observed in IRAS

18089−1732, we used the DustPol module contained in

the ARTIST package (Padovani et al. 2012) and fol-

lowed the same procedure described in Beltrán et al.

(2019). We then perform synthetic ALMA observations

of the models and compare the resulting polarization

position angles with the observations. DustPol creates

a set of FITS images related to the Stokes parameters

(I, Q, U) that is directly used as an input for the CASA

simobserve/simanalyze tasks, which use the same an-

tenna configuration of the observing runs.

The model used for the magnetic field configura-

tion is an axially-symmetric singular toroid threaded

by an hourglass-shaped poloidal field (Li & Shu 1996;

Padovani & Galli 2011) with an added toroidal com-

ponent to mimic the effect of rotation as in Padovani

et al. (2013). More details on the model are given in

Appendix C. The main purpose of the modeling is to de-

termine basic properties of the magnetic field (mass-to-

magnetic-flux ratio, toroidal-to-poloidal ratio, inclina-

tion) to be compared with observations, and to provide

the configuration of the mean field needed to perform the

Davis-Chandrasekhar-Fermi (DCF; Davis 1951; Chan-

drasekhar & Fermi 1953) analysis of the polarization

angle residuals.

We performed a χ2 test for all the combinations of the

parameters λ, b0, and i and found that the set λ = 8.38,

b0 = 0.30+0.28
−0.18, and i = −5+25

−15 deg gives the lowest re-

duced χ2 value (χ̄2 = 4.13). The magnetic field is dom-

inated by a poloidal component, but with an impor-

tant contribution from the toroidal component, whose

magnitude is 30% of the poloidal component. This sig-

nificant contribution from the toroidal component indi-

cates that rotation is affecting the magnetic field. Fig-

ure 4, shows the comparison between the observed and

modeled polarization angles. The excellent agreement is

shown quantitatively in the inset of the same figure. The

latter illustrates the distribution of the polarization an-

gle residuals, ∆ψ = ψobs−ψmod, defined as the difference

between the observed (ψobs) and modeled (ψmod) polar-

ization angles, whose Gaussian fit gives a mean value of

〈∆ψ〉 = 1.15 deg and a standard deviation σψ = 18.09

deg. The latter is needed for the DCF method. The λ

value of 8.38 of the best model characterizes the mass

inside a flux tube, while observationally the mass is esti-

mated assuming a spherical source. To correct for this, λ

must be divided by a correction factor of 2.32 (Li & Shu

1996), leading to an effective λ of 3.61. Despite the rela-

tive simplicity of the model, this value of λ is very close

to that estimated from observations (see Section 4.4). It

should be stressed that cloud models with smaller val-

ues of λ cannot be completely ruled out. For example,
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a model with λ = 2.66 also provides an acceptable fit to

the data, resulting in b0 = 0.40+0.50
−0.21 and i = 0+22

−22 deg

with a slightly worse value of χ̄2 = 4.65 (for smaller val-

ues of λ, the χ̄2 becomes progressively larger). We note

that the magnetic field strength determined in the fol-

lowing section would not change adopting the λ = 2.66

model because its σψ = 18.52 deg practically has the

same value (18.09 deg) as in the preferred λ = 8.38

model.

Figure 4. Observed polarization angles showing the mag-
netic field orientation (yellow segments) on top of which are
superposed those obtained from the best-fit model (λ = 8.38,
b0 = 0.30+0.28

−0.18, and i = −5+25
−15 deg; red segments). The

black contours show the dust continuum emission (same as
Figure 1) and the grey-scale map displays the polarized in-
tensity, P . Scale bar is shown on the top, right side of the
panel. The inset shows the histogram of the polarization an-
gle residuals ∆ψ = ψobs − ψmod with its Gaussian fit (black
line).

4.4. Analysis of the Energy Balance

To estimate the magnetic field strength, we employ the

DCF method, calculating the dispersion of the difference

between the observed and modelled polarization angles

(Appendix D). The estimated magnetic field strength

and Alfvén speed are 3.5 mG and 1.26 km s−1, respec-

tively.

Once the magnetic field strength is estimated, we

can assess the importance of each energy compo-

nent involved in the star formation process in IRAS

18089−1732. To put things into context, previous obser-

vations find that at low densities and large scales (few to

several pc), the magnetic field tends to be parallel to fil-

amentary gas structures (e.g., Clark et al. 2014; Planck

Collaboration et al. 2016), which in some cases has been

interpreted as material being funneled by the magnetic

field toward the cloud center (Palmeirim et al. 2013).

On the other hand, at higher densities and smaller scales

(∼0.5 - 1 pc), the magnetic field is typically found per-

pendicular to the gas structures (e.g., Zhang et al. 2014;

Planck Collaboration et al. 2016; Soler et al. 2017; Liu

et al. 2018; Juvela et al. 2018; Fissel et al. 2019; Soam

et al. 2019). At scales of a few thousand astronomi-

cal units (a few times 0.001 pc), however, the relation-

ship between field direction and gas structures is much

more uncertain. In IRAS 18089−1732, the magnetic

field morphology has a spiral pattern at scales from 0.1

pc down to 0.003 pc. The magnetic field vectors tend to

follow the spiral-like features and filaments seen in both

the continuum as well as in the molecular line emission.

As suggested by the model, the twisted morphology of

the magnetic field seems to be produced by gas rotating

around the hot core.

To confirm if gravity has overwhelmed the support

that the magnetic field can provide against collapse,

we calculate the mass-to-magnetic-flux ratio (λ; Ap-

pendix C and D). From observations, we obtain a λ of

3.2 (consistent with the model value mentioned above

after correcting for geometry), indicating that the core

is supercritical and likely collapsing. Indeed, the mag-

netic to gravitational energy ratio is 0.11. Turbulence

is an additional source of energy that can oppose grav-

ity and, in low-mass star-forming regions, turbulence

has been found to be more dynamically important than

the magnetic field (Hull et al. 2017). Their relative im-

portance can be assessed by the turbulent to magnetic

energy ratio, βt. We obtain a βt of 1.1, which indi-

cates that turbulence and the magnetic field play a com-

parable role in supporting the IRAS 18089−1732 core

against collapse. With an excellent agreement between

the observations and the model seen in Figure 4, the

important contribution from the toroidal component of

the magnetic field reveals the effects of rotation, sug-

gesting that the rotational and magnetic field energy

should be comparable. We estimate the rotational en-

ergy of the system (Appendix D) and find that it is

also overcome by the gravitational energy and it is only

slightly weaker than the magnetic field energy. To as-

sess the relative importance of all energies at play, the

virial analysis is frequently performed. In its basic form,

the virial analysis includes only gravity and turbulence,

and relies on the determination of the virial parameter

(αvir). We computed a virial parameter of 0.24 (unity

indicates equilibrium), which indicates collapse. The

overwhelming importance of gravity with respect to the

other energies becomes more evident once we include the
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magnetic field and rotation. After adding the magnetic

field and then rotation, we obtain virial parameters of

0.35 (αvir,B) and 0.57 (αvir,B,rot; see derivation in Ap-

pendix D), respectively. These calculations of the virial

parameter assume a uniform density profile. If a cen-

trally peaked density profile is used, virial parameters

are 50-60% smaller: 0.14 (αvir), 0.21 (αvir,B), and 0.28

(αvir,B,rot), diminishing the importance of other energies

with respect to gravity.

Overall, at the scales we observe in IRAS 18089−1732,

the magnetic field morphology seems to be dictated by

dynamical processes such as inflow and rotation, thus in-

dicating a diminished importance of the magnetic field

at the current evolutionary stage. The analysis of the

energies in play supports that gravity has taken the dom-

inant role in the immediate vicinity (∼1000 au scales)

of a high-mass star in formation, and the magnetic field

importance is only comparable to turbulence and rota-

tion.

5. CONCLUSIONS

ALMA observations of the high-mass star-forming re-

gion IRAS 18089−1732 have revealed that the dense

molecular envelope surrounding the high-mass star has

a complex spiral pattern at the 0.003–0.1 pc scales. This

spiral-like morphology is seen in the gas and dust (traced

by the H13CO+ (J=3-2) line and the 1.2 mm continuum

emission, respectively), as well as in the magnetic field

(traced by the linearly polarized 1.2 mm dust emission).

At the observed size scales, gravitational infall clearly

dominates over the support from the magnetic field, tur-

bulence, and rotation, resulting in the feeding of the

inner dense, hot circumstellar disk-like structure with

a high accretion rate of 0.9-2.5× 10−4 M� yr−1. We

show that high-mass star formation can occur in weakly

magnetized environments and that gravity is shaping

the immediate surrounding around the high-mass star.

The spiral magnetic field indicates that angular momen-

tum is high enough to twist the field lines, as supported

by the model and the energy analysis. With these ob-

servations and consistent with previous works in other

high-mass star-forming regions (e.g., Koch et al. 2014,

2018), we suggest that the importance of the magnetic

field in the process of high-mass star formation depends

on the size scales traced and the evolutionary stage of

the observed region.
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APPENDIX

A. PROPERTIES FROM DUST CONTINUUM EMISSION

The total gas mass can be calculated from the dust emission, in the optically thin limit, as

M = R
FνD

2

κνBν(T )
, (A1)

where Fν is the source flux density, R is the gas-to-dust mass ratio, D is the distance to the source, κν is the dust

opacity per gram of dust, and Bν is the Planck function at the dust temperature T . Assuming a dust-to-gas mass

ratio of 100, dust opacity of 1.03 cm2 g−1 (interpolated to 1.2 mm assuming β = 1.6; Ossenkopf & Henning 1994), and

a temperature of 30 K (Lu et al. 2014), the computed total mass is 75 M�. The number density, n(H2) = M/(Volume

× µH2mH) with µH2 the molecular weight per hydrogen molecule and mH the hydrogen mass, and the surface density,
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Σ = M/(πr2), can be calculated assuming a spherical core. We define an effective radius (reff) determined by the

area (A) emitting above 10σ as reff = (A/π)1/2, resulting in reff = 2.36′′ (equal to 0.027 pc or 5500 au). Assuming

µH2 = 2.8, we obtain a n(H2) of 1.3 × 107 cm−3 and Σ = 6.9 g cm−2, values characteristic of cores forming high-mass

stars. The free fall time is determined from

tff =

√
3π

32Gρ
, (A2)

where G is the gravitational constant and ρ is the mass density, n(H2) × µH2
mH. With ρ equal to 6.3 × 10−17 g

cm−3, the free fall time is 8.4 × 103 yr.

B. PROPERTIES FROM LINE EMISSION

We estimated the total gas mass in the spiral-like feature and filaments from the H13CO+ emission following a

standard procedure (Sanhueza et al. 2012) as follows. First, the column density for a linear, rigid rotor in the optically

thin regime, assuming a filling factor of unity, can be calculated from

N =
3k

8π3Brotµ2

(Tex + hBrot/3kB)

(J + 1)

exp(E
J
/kTex)

[1− exp(−hν/kTex)]

1

[J(Tex)− J(Tbg)]

∫
Tb dv , (B3)

where kB is the Boltzmann constant, h is the Planck constant, Tex is the excitation temperature (30 K; Lu et al. 2014),

ν is the transition frequency (260.255339 GHz), µ is the permanent dipole moment of the molecule (3.89 D), J is the

rotational quantum number of the lower state, EJ = hBrotJ(J + 1) is the energy in the level J , Brot is the rotational

constant of the molecule (43.377302 GHz), Tb is the brightness temperature, Tbg the background temperature, and

J(T ) is defined as

J(T ) =
hν

k

1

ehν/kT − 1
. (B4)

The column density is then converted into mass using

M =

[
H13CO+

H2

]−1

µH2
A
∑

N(H13CO+) , (B5)

where A is the size of the emitting area in an individual position (pixel of 0.05′′), [H13CO+/H2] is the H13CO+ to

molecular hydrogen abundance ratio, and the sum is over all the observed positions. We have assumed an [H13CO+/H2]

abundance ratio typical of high-mass star-forming regions equal to 1.28 × 10−10 (Hoq et al. 2013).

C. MAGNETIC FIELD MODELING

The idealized model used represents a cloud in magnetostatic equilibrium with density and magnetic field strength

decreasing with radius as r−2 and r−1, respectively. The field lines are spirals wrapping around nested hourglass-

shaped magnetic flux tubes, and have a kink in the equatorial plane where the toroidal component changes sign. The

parameters of the model are: (i) the mass-to-magnetic-flux ratio normalized to its critical value, λ, given by

λ =
(M/ΦB)

(M/ΦB)cr
= 2πG1/2 M

ΦB
, (C6)

where G is the gravitational constant, M is the core mass, and ΦB is the magnetic flux; (ii) the ratio of the strength

of the toroidal and poloidal magnetic field components in the midplane, b0; and (iii) the inclination of the toroid with

respect to the plane of the sky, i (i = 0 for face-on). The latter is assumed positive if the magnetic field in the north

side is directed toward the observer. In principle the orientation of the projection of the magnetic axis on the plane

of the sky, ϕ, should also be considered as a further parameter, but as we will show, the best-fit model indicates that

the equatorial plane of the cloud is practically in the plane of the sky (i = −5 deg), so that the model turns out to be

insensitive to ϕ.

We considered four values for λ. The extreme cases include a nearly spherical density profile with a weak magnetic

field (λ = 16.2) and a flat density profile with a strong magnetic field (λ = 1.63). The two intermediate cases correspond

to λ = 2.66 and 8.38. For the magnetic field configuration, we have considered the range of b0 from the pure poloidal

case (b0 = 0) to the case where the strength of the toroidal component is twice the poloidal one (b0 = 2). Finally, we

have taken inclinations with respect to the plane of the sky between −90 and 90 deg.
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The lowest χ2 value, 4.13, is found for the set λ = 8.38, b0 = 0.30+0.28
−0.18, and i = −5+25

−15 deg (uncertainties on b0
and i have been estimated using the method of Lampton et al. 1976). The best fit model can be seen in Figure

4. For completeness, Figure 5 shows the map of the χ̄2 distribution as a function of the explored range of b0 and i.

Superimposed on this map are the isocontours of the average value of the polarization angle residuals, 〈∆ψ〉 (left panel),

and the skewness (also known as moment 3) parameter of their distribution (right panel). The mass-to-magnetic-flux

ratio that corresponds to the minimum χ̄2 also gives the distribution of ∆ψ with the smallest degree of skewness (equal

to 0.12, namely the distribution is only slightly positively skewed, which means that the peak of the distribution is

shifted towards negative values as seen in the inset of Figure 4).

Figure 5. Map of the χ̄2 distribution of residuals as a function of the inclination, i, and the toroidal-to-poloidal ratio, b0, for the
model with λ = 8.38. The black isocontours show the average value of the polarization angle residuals ∆ψ = ψobs − ψmod (left
panel) and the skewness (also known as moment 3) of their distribution (right panel). The solid cyan circle and the magenta
lines show the best-fit values of b0 and i and their uncertainties, respectively.

D. MAGNETIC FIELD PROPERTIES AND ENERGY BALANCE

The magnitude of the magnetic field was estimated using the DCF method, following the procedure of Beltrán et al.

(2019)

Bpos = ξ
σlos

δψint

√
4πρ , (D7)

where ξ = 0.5 is a correction factor derived from turbulent cloud simulations (Ostriker et al. 2001) and σlos is the

line-of-sight velocity dispersion. The DCF method assumes that σlos is from turbulence, and indeed, the observed

velocity dispersion is 2.6 times the thermal line width. The average velocity dispersion (σlos) for both H13CO+

velocity components above the 10σ area, in the continuum image, is 0.75 km s−1 (both blueshifted and redshifted

components have practically the same line width). The density used in the estimation of the magnetic field strength

is 6.3 × 10−17 g cm−3. δψint is the intrinsic angle dispersion given by δψint = (σ2
ψ − δψ2

obs)
1/2. σψ of 18.1 deg is the

standard deviation of the polarization angle residuals obtained from the magnetic field modeling (see inset in Figure 4,

top) and δψobs of 6.0 deg is the mean angle uncertainty in the whole debiased polarization angle image. The derived

δψint of 17.1 deg results in a magnetic field strength of Bpos = 3.5 mG. The Alfvén speed, given by σA = B/
√

4πρ, is

1.26 km s−1.

We calculate the mass-to-magnetic-flux ratio normalized to the critical value, λ, using equation (C6) and the fact

that ΦB = BπR2. Adopting R = reff , we obtain a value of λ equal to 3.2.

The ratio of the turbulent to magnetic energy, βt, is given by

βt = 3

(
σlos

σA

)2

. (D8)
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The calculated βt is 1.07, which indicates that turbulence and the magnetic field play a comparable role in the energy

budget of the system.

We assess the importance of the rotational energy with respect to gravity and the magnetic field as follows. First,

we take the ratio between the gravitational energy, EG,

EG = −GM
2

R

(
3− α
5− 2α

)
, (D9)

and the rotational energy, Erot,

Erot =
1

2
IΩ2 =

1

3
Mv2

rot

(
3− α
5− α

)
, (D10)

where the moment of inertia (I) of a sphere has been assumed, the angular velocity is given by Ω = vrot/R, vrot is

the rotational velocity, and α corresponds to the exponent in a density profile of the form ρ(R) ∝ R−α (where α = 0

implies a uniform density profile and α = 2 a centrally peaked density profile; Belloche 2013). The maximum velocity

gradient observed is of 2 km s−1. If we assume as upper limit that this gradient is purely produced by rotation, we

obtain a Erot/EG ratio of 0.11 for a uniform density profile (α = 0) and 0.037 for a centrally peak density profile (α

= 2).

To evaluate the relative importance between rotation and the magnetic field, we follow two approaches: the rotation

to magnetic field energy ratio and the prescription from Machida et al. (2005). First, the energy in the magnetic field

(EB) is given by

EB =
1

8π
B2V =

1

6
B2R3 , (D11)

where V is the volume, assumed here to be a sphere. Taking into account the same consideration from above (velocity

gradient entirely produced by rotation), the Erot/EB ratio is 1.0 for a uniform density distribution and 0.56 for a

centrally peaked density distribution. These results suggest that the magnetic field is slightly more important than

rotation, depending on the exact density profile.

Second, for assessing whether the magnetic field dominates over rotation during the collapse of clouds, Machida

et al. (2005) suggest that the ratio of the angular velocity to the magnetic flux density can be used. According to the

following relation, if the observed ratio is(
Ω

B

)
obs

> 0.39

√
G

σth
= 1.69× 10−7

(
σth

0.19 km s−1

)−1

yr−1 µG−1 , (D12)

rotation dominates over the magnetic field, otherwise the magnetic field dominates over rotation. Evaluating the

thermal velocity dispersion (isothermal sound speed), σth =
(
kBT
µmH

)1/2

, for a temperature of 30 K and using the mean

molecular weight per free particle µ = 2.37, we obtain the right hand side of Equation D12 equal to 9.8 × 10−8

yr−1 µG−1. Evaluating the observed ratio, we obtain 2.2 × 10−8 yr−1 µG−1. The observed ratio is lower than the

right-hand side of Equation D12 by a factor 4.5, suggesting that from this analysis the magnetic field dominates over

rotation. Based on both methods employed to assess the importance of rotation with respect to the magnetic field,

we conclude that the magnetic field is slightly more important than rotation.

The dynamical state of cores is generally evaluated by using the virial theorem. The ratio between the virial mass,

Mvir, and the total mass defines the virial parameter, αvir. A virial parameter of unity implies equilibrium, αvir < 1

implies gravitational collapse, αvir > 1 means the core is expanding and it will disperse. In its simplest form, the virial

analysis only includes gravity and the kinetic energy (turbulence and thermal energy) as follow

αvir =
Mvir

M
= 3

(
5− 2α

3− α

)
Rσ2

los

GM
, (D13)

resulting in αvir = 0.24 for a uniform density profile (α = 0) and 0.14 for a centrally peaked density profile (α = 2).

Both low αvir values, in the absence of other energies, indicate that the core is collapsing dominated by gravity.

The virial parameter considering the magnetic field, is written as follow (e.g., Sanhueza et al. 2017)

αvir,B =
Mvir

M
= 3

(
5− 2α

3− α

)
R

GM

(
σ2

los +
σ2
A

6

)
, (D14)
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which results in αvir,B of 0.35 for a uniform density profile and 0.21 for a centrally peaked density profile. Including

the magnetic field, gravity continue to be dominant and the core is collapsing.

We derive the contribution of rotation in the virial equation as below. The virial theorem can be written as

1

2

d2I

dt2
= 2Ek + EG + EB , (D15)

= 2(En−rot + Erot) + EG + EB , (D16)

in which Ek is the kinetic energy that can be separated in a rotational part (Erot) and non-rotational part (En−rot;

McKee & Zweibel 1992). The non-rotational part includes thermal and turbulent energies as follow

En−rot =
3

2
Mσ2

los , (D17)

where the observed velocity dispersion is σ2
los = σ2

th + σ2
tur and σtur is the turbulent component. En−rot is frequently

assumed as Ek when rotation is neglected. In virial equilibrium, the moment of inertia does not vary over time and

the left-hand side of Equation D16 becomes zero. Solving Equation D16 for the mass, one can find the virial mass and

the virial parameter can be calculated. If rotation and magnetic energies are ignored, Equation D13 is recovered. If

only rotation is ignored, Equation D14 is found. Solving for all energies in play, we obtain

αvir,B,rot = 3

(
5− 2α

3− α

)
R

GM

(
σ2

los +
σ2
A

6
+

2

9

(
3− α
5− α

)
v2

rot

)
. (D18)

For a uniform density profile and for a centrally peaked density distribution, we obtain a virial parameter of 0.57 and

0.28, respectively. This implies that at the scales we probe with our ALMA observations, even when both the magnetic

field and rotation are considered, gravity is still the dominant dynamical force (independently of the density profile

assumed).
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2015, ApJ, 804, 37, doi: 10.1088/0004-637X/804/1/37

Liu, T., Li, P. S., Juvela, M., et al. 2018, ApJ, 859, 151,

doi: 10.3847/1538-4357/aac025

Lu, X., Zhang, Q., Liu, H. B., Wang, J., & Gu, Q. 2014,

ApJ, 790, 84, doi: 10.1088/0004-637X/790/2/84

Lu, X., Zhang, Q., Liu, H. B., et al. 2018, ApJ, 855, 9,

doi: 10.3847/1538-4357/aaad11

Machida, M. N., Matsumoto, T., Tomisaka, K., & Hanawa,

T. 2005, MNRAS, 362, 369,

doi: 10.1111/j.1365-2966.2005.09297.x

Maud, L. T., Hoare, M. G., Galván-Madrid, R., et al. 2017,

MNRAS, 467, L120, doi: 10.1093/mnrasl/slx010

McKee, C. F., & Zweibel, E. G. 1992, ApJ, 399, 551,

doi: 10.1086/171946

McMullin, J. P., Waters, B., Schiebel, D., Young, W., &

Golap, K. 2007, in Astronomical Society of the Pacific

Conference Series, Vol. 376, Astronomical Data Analysis

Software and Systems XVI, ed. R. A. Shaw, F. Hill, &

D. J. Bell, 127

Olguin, F. A., Sanhueza, P., Guzmán, A. E., et al. 2021,

ApJ, 909, 199, doi: 10.3847/1538-4357/abde3f

Ossenkopf, V., & Henning, T. 1994, A&A, 291, 943

Ostriker, E. C., Stone, J. M., & Gammie, C. F. 2001, ApJ,

546, 980, doi: 10.1086/318290

Padovani, M., & Galli, D. 2011, A&A, 530, A109,

doi: 10.1051/0004-6361/201116853

Padovani, M., Hennebelle, P., & Galli, D. 2013, A&A, 560,

A114, doi: 10.1051/0004-6361/201322407

Padovani, M., Brinch, C., Girart, J. M., et al. 2012, A&A,

543, A16, doi: 10.1051/0004-6361/201219028
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