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Abstract. To study the transportation of magnetic flux from large to small scales in protostellar sources, we estimate the magnetic 
field strengths in the dense core on a 0.1 pc scale and in the protostellar envelope on a 600 au scale around the Class 0 protostar 
HH211 with the single-dish and ALMA observations. Our result suggests that from 0.1 pc to 600 au scales, the magnetic field 
strength and mass-to-flux ratio increase by at least a factor of three. This hints at efficient ambipolar diffusion in the infalling 
protostellar envelope in HH211, enabling the magnetic fields to decouple from the matter.

We measure the temperature using the Herschel GBS data(1), the line width using the NRO 45m N2H+ (1-0) data, the density using the 
JCMT 850 um data, and the angular dispersion of the magnetic fields using the JCMT POL-2 data. Then the magnetic field strength 
(Bpos) and mass-to-flux ratio (  ) are estimated with the the Davis–Chandrasekhar–Fermi  method(2,3).
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Figure 3. Comparison of the intensity distributions of the N2H+ (1–0; color) and 850 µm continuum (contours) emission. The N2H+ map is the
same as that in Fig. 1a. The 850 µm continuum map was convolved to the same resolution of the N2H+ map. Contour levels are from 2% of
the peak intensity and in steps of a factor two, where the peak intensity is 1.73 Jy beam�1. A cross and a hatched circle denote the protostellar
position and the angular resolution, respectively. A dashed open ellipse delineates the dense core associated with HH 211 identified in the N2H+

(1–0) emission.

The direction of the magnetic fields around HH 211 is from the south to the northwest (Fig 2a), and the overall morphology172

is consistent with that observed with SCUPOL (Matthews et al. 2009). The mean uncertainty in the observed magnetic field173

orientations in the dense core associated with HH 211 is 2�. The large-scale magnetic field structures were first removed to174

measure the angular dispersion of the magnetic field orientations in the dense core associated with HH 211. We adopted the175

method similar to unsharp masking, as applied to other POL-2 data (Pattle et al. 2017; Wang et al. 2019), with a smoothing scale176

comparable to the size of the dense core. The Stokes Q and U detections were first smoothed by 3 by 3 pixels (3600 ⇥ 3600), where177

the size of the 3 pixels approximately corresponds to the size of the dense core along the minor axis. The smoothed magnetic field178

structures are shown in Fig. 2b. Then the smoothed magnetic field structures were subtracted from the original data. A histogram179

of the residual angles is shown in Fig. 2c. The standard deviation of the residual angles was computed to be 12� and adopted as180

the angular dispersion of the magnetic field orientations in the dense core. We note that the angular dispersion increases to 15�181

(25% larger) if the spatial scale for smoothing is 5 by 5 pixels (6000 ⇥ 6000), the geometric mean radius of the dense core.182

With the angular dispersion (�✓B) of 12�–15� and the density (⇢) of (3.3–6.6)⇥10�19 g cm�3, the magnetic field strength183

projected on the plane of the sky (Bpos) in the dense core associated with HH 211 was estimated to be 56–107 µG with the DCF184

method (Davis 1951; Chandrasekhar & Fermi 1953) as,185
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where ⇠ was adopted to be 0.5 to correct for inhomogeneous and complex magnetic field and density structures along the line of186

sight (Ostriker et al. 2001; Chen et al. 2022). On the other hand, Skalidis et al. (2021) propose an alternative equation to estimate187
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With this equation, the magnetic field strength in the dense core was estimated to be 40–69 µG. With the overall range of189

the estimated magnetic field strengths (40–107 µG), the dimensionless mass-to-flux ratio (�) of the dense core associated with190

HH 211 was estimated to be 1.2 to 3.7 as,191
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where G is the gravitational constant and ⌃ is the column density. The ranges of the estimated magnetic field strengths and192

mass-to-flux ratios here include the uncertainties in the angular dispersion of the magnetic field orientations and the density of193

the dense core, but does not include correction for the unknown inclination of the magnetic field. In addition, the values are194

subject to the assumed dust absorption coe�cient at 850 µm. Increasing the dust absorption coe�cient by 50% leads to a 50%195

decrease in ⇢ and ⌃ and a 20%–30% decrease in �.196
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Figure 3. Comparison of the intensity distributions of the N2H+ (1–0; color) and 850 µm continuum (contours) emission. The N2H+ map is the
same as that in Fig. 1a. The 850 µm continuum map was convolved to the same resolution of the N2H+ map. Contour levels are from 2% of
the peak intensity and in steps of a factor two, where the peak intensity is 1.73 Jy beam�1. A cross and a hatched circle denote the protostellar
position and the angular resolution, respectively. A dashed open ellipse delineates the dense core associated with HH 211 identified in the N2H+

(1–0) emission.
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Figure 3. Comparison of the intensity distributions of the N2H+ (1–0; color) and 850 µm continuum (contours) emission. The N2H+ map is the
same as that in Fig. 1a. The 850 µm continuum map was convolved to the same resolution of the N2H+ map. Contour levels are from 2% of
the peak intensity and in steps of a factor two, where the peak intensity is 1.73 Jy beam�1. A cross and a hatched circle denote the protostellar
position and the angular resolution, respectively. A dashed open ellipse delineates the dense core associated with HH 211 identified in the N2H+

(1–0) emission.
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Figure 9. Dimensionless mass-to-flux ratio λ, for three different times of
the 2.4Slw-trMRN model, along with the 2.4Slw-MRN model at 1.487tff.

To conclude, it is worth noting that the decoupling region occurs
preferentially in the vicinity of the infall channel where field pinch-
ing is the strongest (similar to Krasnopolsky & Königl 2002). In an
axisymmetric collapse, such a channel is along the equator. Larger
than ∼3◦ (with respect to the origin) above or below the equator,
the separation of infall velocity between the magnetic field and the
neutrals nearly disappears in either the MRN or tr-MRN models.
Besides, the AD decoupling of magnetic fields triggered by col-
lapse requires a lack of VSGs before the onset of discs, in order
to provide enough ambipolar diffusivity in the envelope. Therefore,
the process of removing VSGs must have already taken place in the
103 au scale envelope or even in the pre-stellar phase.

3.2 Trapping and escaping of early DEMS in discs

As shown in Zhao et al. (2011) and Krasnopolsky et al. (2012) for
both the ideal MHD limit and non-ideal MHD cases, DEMS are
inevitable structures once magnetic flux is by any means decoupled
from the accreted matter (on to the star). In Section 3.1.b, we have
demonstrated the catastrophic role of DEMS in suppressing disc
formation and obstructing disc rotation in the MRN cases. However,
in the tr-MRN models, the DEMS are still present, but are less
destructive and play a less important role.

In the tr-MRN models, the DEMS are most prominent in early
phases shortly after the first core formation, as gas in the cloud centre
that has the lowest specific angular momentum is quickly accreted
by the star. As shown in Fig. 11, the corresponding decoupled
magnetic flux remains in the stellar vicinity, and is surrounded by
the early RSD formed from the infalling gas with higher specific
angular momentum (second to fifth panels from the left).

At the beginning, the axisymmetric first core (first panel from the
left) breaks into filamentary accretion flows (second panel from the
left) in between DEMS under the so-called magnetic interchange
instability (Parker 1979; Kaisig, Tajima & Lovelace 1992; Stehle &
Spruit 2001; Krasnopolsky et al. 2012). The DEMS (high magnetic
field strength and low-density regions dominated by PB) tend to
expand as the central star grows in mass and more magnetic flux
is decoupled (third panel from the left); however, the structures
are quickly contained and squeezed by the ∼10 au initial ring-
shaped RSD (fourth panel from the left). The RSD (high-density
disc regions dominated by Pcent), which is unrelated to the already
disrupted first core, is formed by assembling infalling gas with

large enough centrifugal radius, thanks to the efficient decoupling
of magnetic flux at larger radii that allows gas to retain enough
angular momentum along their way to the centre (as discussed
above in Section 3.1.c). Within a few 100 yr, the RSD quickly
grows and becomes massive enough (!50 per cent of stellar mass)
to be self-gravitating (Toomre Q parameter ∼0.2, see Fig. 12) and
develops spiral structures that open up escape channels for DEMS
(sixth panel from the left).

At later times, the DEMS are less obvious and become even less
disruptive to disc evolution, as most magnetic flux is excluded from
the thermally and rotationally dominated disc.6 In other words, a
sizeable RSD (!10 au) further prevents magnetic flux from reaching
the very centre and minimizes the development of DEMS around
the star. Recall that to form and retain such an RSD requires enough
angular momentum in the infalling gas, which is achieved in the tr-
MRN models. We will show a shrinking disc example in the MRN
model in Section 3.4 where the initial RSD can quickly shrink into
the central sink hole by accreting gas with low specific angular
momentum; in such a case, large DEMS re-appear at later times.

It is worth clarifying that the development of DEMS is a natural
result of magnetic flux conservation and does not depend on the de-
tailed decoupling mechanisms (Ohmic, AD or Hall; see Krasnopol-
sky et al. 2012). The results in this section also imply that

(i) the first hydrostatic core (Larson 1969) is prone to disrup-
tion by magnetic instabilities and is unlikely the origin of the
RSD formed later, in contrast to the claims by previous studies
(Bate 1998, 2010, 2011; Machida & Matsumoto 2011);

(ii) the onset of RSD takes place outside the DEMS region, which
is enabled by the sufficient angular momentum in the infalling gas;

(iii) after a sizeable RSD (!10–15 au) is in place, most magnetic
flux can be further kept outside the disc, or the centrifugal radius of
the infalling gas (definition given in equation 6) if it is smaller than
the disc radius.

3.3 Disc fragmentation and formation of multiple systems

Until recently, disc fragmentation has shown to be difficult if the
initial core is moderately or strongly magnetized (λ " 10) (e.g.
Lewis & Bate 2017). In contrast, we find that fragmentation can
indeed occur on spirals or rings in the tr-MRN models (Table 1)
with a relatively strong initial magnetic field (λ = 4.8). Note that the
spiral or ring structures themselves are clear signs of high specific
angular momentum entering the inner disc-forming region.

The general criterion for disc stability and spiral formation can
be estimated by Toomre’s Q parameter (Toomre 1964),

Q = csκ

πG#
, (4)

where cs is the sound speed within the disc, κ is the epicyclic
frequency which equals to $ (angular rotation frequency) for a
Keplerian disc and # is the disc surface density. When Q " 1,
the disc becomes susceptible to the growth of spiral wave modes,
which is exactly the case in the early phases of all tr-MRN models.
By substituting $2 ≈ GM∗/r3, disc mass Md ≈ πr2#, and disc

6 Note that the RSD and the pseudo-disc in the 2.4Slw-trMRN model are
non-coplanar (Fig. 5, see also Li et al. 2014). Despite the unusual geometry,
the infall stream along the pseudo-disc still lands relatively far from the
central star, with a radial distance between 10 and 15 au (centrifugal radius,
see also Section 3.4 for detailed discussions).
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We measure the radial profiles of density, temperature, and infalling and rotational velocities of the protostellar envelope by fitting the 
ALMA 0.9 and 1.3 mm continuum and C18O (2-1) data in the visibility domain with a disk+envelope model and radiative transfer 
calculations. The comparisons between the model and observed data (radial profiles along the major axis) are shown below.

We measure the curvature of the magnetic fields in the protostellar envelope 
using the ALMA polarization data at 1.3 mm. Together with the density and 
infalling velocity profiles measured above and the central stellar mass of 0.08 Msun  
measured from the disk rotation(4), we estimate the magnetic field strength from 
the balance between the gravity and magnetic tension force

ALMA 0.8 mm continuum
Magnetic field
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Figure 3. Comparison of the intensity distributions of the N2H+ (1–0; color) and 850 µm continuum (contours) emission. The N2H+ map is the
same as that in Fig. 1a. The 850 µm continuum map was convolved to the same resolution of the N2H+ map. Contour levels are from 2% of
the peak intensity and in steps of a factor two, where the peak intensity is 1.73 Jy beam�1. A cross and a hatched circle denote the protostellar
position and the angular resolution, respectively. A dashed open ellipse delineates the dense core associated with HH 211 identified in the N2H+

(1–0) emission.
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Observations

Our results of the increasing mass-to-flux 
ratio are consistent with the expectation 
from the non-ideal MHD simulation with 
efficient ambipolar diffusion(5), where the 
magnetic field is partially decoupled from 
the matter in the infalling protostellar 
envelope (solid lines).

Conclusion
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