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ABSTRACT

Context. Magnetic fields are believed to play a crucial role in the process of star formation.

Aims. We compare high-angular resolution observations of the submillimeter polarized emission of NGC 1333 IRAS 4A, tracing the
magnetic field around a low-mass protostar, with models of the collapse of magnetized molecular cloud cores.

Methods. Assuming a uniform dust alignment efficiency, we computed the Stokes parameters and synthetic polarization maps from
the model density and magnetic field distribution by integrations along the line-of-sight and convolution with the interferometric
response.

Results. The synthetic maps are in good agreement with the data. The best-fitting models were obtained for a protostellar mass of
0.8 Mo, of age 9 x 10* yr, formed in a cloud with an initial mass-to-flux ratio ~2 times the critical value.

Conclusions. The magnetic field morphology in NGC 1333 IRAS 4A is consistent with the standard theoretical scenario for the
formation of solar-type stars, where well-ordered, large-scale, rather than turbulent, magnetic fields control the evolution and collapse

of the molecular cloud cores from which stars form.
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1. Introduction

NGC 1333 IRAS 4A (herafter IRAS 4A) is one of the proto-
typical low-mass young stellar systems in the earliest stages of
evolution, and it is still deeply embedded in an infalling dense
molecular and dusty envelope (Sandell et al. 1991; Di Francesco
et al. 2001) and powering a well-collimated outflow (Blake et al.
1995; Choi 2005; Choi et al. 2005). The BIMA spectropolari-
metric observations have detected and partially resolved the po-
larization in both the dust (at 1.3 mm) and line (CO J = 2-1)
emission (Girart et al. 1999). Recent observations with the sub-
millimeter Array (SMA) at 877 um (see Fig. 1) show that the
magnetic field associated with the infalling envelope has a well-
defined hourglass morphology on scales of a few hundred AU
(Girart et al. 2006, hereafter GRMO06). In this paper, we perform
a quantitive comparison of the observed submillimeter polariza-
tion data with models of the collapse of magnetized molecu-
lar cloud cores and show that the data support the theoretical
scenario where the ordered, mean component of the interstellar
magnetic field controls the evolution and collapse of the molec-
ular cloud cores from which stars form (see e.g. Shu et al. 1987,
1999; Machida et al. 2005a,b; Banerjee & Pudritz 2006).

2. The models

We have adopted two models for the magnetic field in
IRAS 4A. The first is an axisymmetric, time-dependent, calcula-
tion of the inside-out collapse of an uniformly magnetized cloud

Fig. 1. Map of NGC 1333 IRAS 4A, from GRMO06. Contours show the
continuum emission at 877 um, bars indicate the direction and degree of
polarization (magnetic field vectors), and the color map shows the po-
larized intensity. At the distance of 300 pc, 1” corresponds to 300 AU.

with ambipolar diffusion (Galli & Shu 1993a,b, hereafter GS93).
The second is a steady-state, axisymmetric calculation of the ac-
cretion flow on a low-mass protostar and the associated magnetic
field, including the effects of Ohmic dissipation (Shu et al. 2006,

Article published by EDP Sciences


http://dx.doi.org/10.1051/0004-6361:200810861
http://www.aanda.org
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810861&pdf_id=1
http://www.edpsciences.org

L40

hereafter S06). Both studies ignore the effects of rotation on the
collapse (for this, see Galli et al. 2006).

The study of GS93 focused on the formation of a large
flattened structure (“pseudo-disk”) around an accreting proto-
star due to the effect of the strong non-radial component of the
Lorentz force on the collapsing matter. According to GS93, am-
bipolar diffusion during the dynamical collapse phase plays a
minor role on scales larger than a few 10? AU, especially at
very early times after the onset of collapse. Under quasi-field
freezing, the infalling gas pulls the magnetic field towards the
center, strongly pinching the field lines near the protostar. The
parameters of the GS93 model are the spatial scale of the core
prior to collapse, ry, and the nondimensional time elapsed since
the onset of collapse, 7. The scale ry is defined in terms of
the effective sound speed a.¢ (including thermal, turbulent and
magnetic support) and the initial magnetic field By by the ex-
pression ry = 2a§ﬁ/ (G'?By), where G is the universal gravity
constant. The physical conditions in the core that gave birth to
IRAS 4A are difficult to derive. In particular, no Zeeman mea-
surement of the magnetic field strength in the surroundings of
IRAS 4A is available. Thus, we adopted the “fiducial” values of
GS93, aer = 0.35 kms™!, and By = 30 uG. Then ry = 2.1 x
10* AU, and the nondimensional time 7 is given by 7 = t/t, with
fo = ro/aes = 2.9 x 10° yr. The results can be easily scaled to
different values of r.

The only parameter of the S06 model is the Ohm’s radius,
a spatial scale associated with Ohmic dissipation and defined as
7Ohm = 772 /(2GM,.), where n is the Ohmic resistivity, assumed to
be spatially constant. With a non-zero resistivity, the magnetic
field lines strongly bent inward by the pull of the infalling gas
relax to an almost straight and uniform field configuration in a
region of a size ~ronm, With the enclosed magnetic flux reduced
with respect to the field-freezing value (by a factor of ~100 at
7 = ronm)- The value of n depends on the ionization, temper-
ature, and chemical composition of the gas close to the source
and is not well-constrained. Moreover, the value of 7 is probably
associated to macroscopic plasma instabilities rather than micro-
scopic collisional processes (Shu et al. 2007). Estimates of ronm
are in the range 1-100 AU for a solar-mass star (S06).

3. The method

In spite of the idealization of the models, a comparison with the
data is not straightforward. First, the orientation in space of the
models is specified by two viewing angles, the position angle ¢
of the polar axis with respect to a reference direction in the plane
of the sky (with ¢ = 0 corresponding to a polar axis aligned
north-south), and the inclination i of the meridional plane of
the model with respect to the plane of the sky (with ¢ = 0 cor-
responding to a polar axis in the plane of the sky). These ori-
entation parameters are well-constrained by the observations. In
addition, the GS93 model depends on two parameters, a spatial
scale ry and time, whereas the steady-state SO6 model depends
on a single parameter, the Ohm’s radius ropn,. The latter in partic-
ular is not well-constrained by the theory (S06). Thus, the data
must be compared with an extensive set of model density and
magnetic field distributions obtained for different values of the
model parameters and the orientation angles ¢ and .

First from a grid of density and magnetic field models we ob-
tained a large number of maps of Stokes parameters /, Q, and U,
using the same method as described in Gongalves et al. (2005).
Once the models were generated, they were convolved with the
SMA interferometric response. This was done by converting
the modeled map to visibilities using the same distribution of
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visibilities in the u, v plane and the same u, v weighting as the
SMA observations of IRAS 4A. This procedure was followed
independently for the Stokes /, Q, and U. Once the synthetic
SMA-like Stokes I, Q, U maps were obtained, the polarization
intensity and position angle were obtained in the same way for
the SMA data and for the models. Since this convolution is non-
linear, it is necessary to scale the model intensity with that of the
observations, which is equivalent to selecting a specific value
for each map for the product «B(T'), or, in other words, a mass
calibration factor. This is performed with an iterative procedure.

The third and last step was to compare the modeled and ob-
served polarization angle at each observed position. A quantitive
evaluation of the goodness of the fit is given by the standard de-
viation of the distribution of the residuals between the modeled
and the measured polarization angles. The continuum emission
and the polarized intensity predicted by the model were also used
as additional constraints.

4. Results
4.1. The GS93 model

We have computed a total of 270 maps for 7 = 0.3, 0.5, and
0.7, with different values of ¢ and . The best-fit models have
¢ = 50°-60°, ¥ = 0°=30°, ry = 3.2 x 10" cm, and 7 = 0.3.
Although the fit is not very sensitive to the value of ¢, the best
results are obtained for small inclinations of the model with re-
spect to the plane of the sky, with the pseudo-disk seen almost
edge-on. In Fig. 2 we show the histograms of the residuals in
polarization angles (differences between predicted and observed
values) for the three values of 7. The standard deviations are
o = 14.8°,15.6°, and 18.5° for T = 0.3, 0.5, and 0.7 (the instru-
mental uncertainty on the polarization angles is ojpgy. = 6.2°,
see GRMO06).

Although the polarization angles and the intensity profile of
IRAS 4A can also be satisfactorily reproduced by models with
7 = 0.5-0.7, the isocontours of the emitted flux are flatter in
these cases than observed, and the polarized flux intensity not
reproduced as well as in the 7 = 0.3 case. For 7 = 0.7, nei-
ther the shape of the isodensity contours nor the polarized inten-
sity distribution can be reasonably reproduced for any possible
viewing angle. In Fig. 3 we show a comparison of the modeled
and observed intensity and polarization map for the best-fit value
7 = 0.3. For this case, the largest contribution to o comes from
a systematic deviation of the polarization vectors on the top-left
side of the map.

With our choice of parameters, the best-fit model with 7 =
0.3 implies an age for this protostar of #, = 8.6 x 10* yr and a
mass of M, ~ azﬁt*/G = 0.8 M. The mass of the infalling en-

velope within a radius » = 103 AU from the source is 0.5 Mo, in
agreement with the mass distribution derived by Belloche et al.
(2006) from interferometric and single-dish continuum observa-
tions (0.7 and 0.9 My, respectively). From the best-fit model, the
magnetic flux enclosed in a radius r = 10°> AU is ® = 2.4 x
10" G cm?, so the mass-to-flux ratio of the envelope plus star
is ~1.7 times the critical value (M/®)., = (2nG'/?)7!, in agree-
ment with the independent estimate of GRMO06. Since the effects
of ambipolar diffusion are negligible on the collapse time scale
in the GS93 model, this value characterizes the mass-to-flux ra-
tio of the original 1.3 M of cloud core that have collapsed to
form the protostar and the envelope.
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Fig. 2. Histogram of residuals in polarization angles for the GS93 mod-
els. Solid line, T = 0.3; short-dashed line, T = 0.5 AU; long-dashed line,
7 = 0.7 (histograms slightly displaced for clarity). The dotted curve
shows the Gaussian distribution of the measurement uncertainty with
Tinsr. = 6.2° (GRMO06).
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Fig. 3. Synthetic maps for the GS93a model: continuum emission (con-
tours), polarized emission (greyscale), polarization degree (segments).
Red segments show the observed polarization vectors. Model GS93
with 7 = 0.3, ¢ = 30°, ¢ = 55°.

4.2. The S06 model

The S06 model is only applicable to a small region with re-
spect to a.gt (6000 AU with the parameters of Sect. 4.1), and
assumes steady-state over this region. Thus, no ages or stellar
masses can be derived for this model. In principle, a compari-
son of the polarization data for IRAS 4A with the S06 model is
able to constrain the value of ropy, without relying on uncertain
estimates for the Ohmic resistivity.

For the SO6 model, we computed a total of ~450 synthetic
maps with different values of ¢ and ¢ and values of rop, rang-
ing from 5 to 500 AU. Best-fitting models are obtained with
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¢ = 60°—65° and ¢ = 25°-55°. The results for the GS93 model
discussed in Sect. 4.1 are not very sensitive to the value of ¢, and
the observed polarization pattern alone is not sufficient for con-
straining the model parameters. Models with high values of ropm
(ronm ~ 200—500 AU) are not able to reproduce the observed po-
larization pattern very well or even the two-lobe structure of the
polarized continuum emission. The best fit to the polarization
angles is obtained for models with ropm < 50 AU, suggesting
that the actual value of rop, may be close to or below the spatial
resolution of the observations (~10% AU). In fact, the two-lobe
shape of the polarized intensity emission evident in Fig. 1 can
only be reproduced with very low values of the Ohm’s radius,
ronm = 5—50 AU, suggesting, in agreement with the findings
of Sect. 4.1, that the magnetic field down to the scale of resolu-
tion is dominated by a pinched, rather than uniform, component.
Figure 4 shows the histograms of the polarization angle residu-
als for the models with ropm = 5, 50 and 500 AU, characterized
by standard deviations o = 11.7°, 13.8°, and 22.6°. The polar-
ization and intensity map for the case ronm = 5 AU is shown in
Fig. 5.

5. Discussion and conclusions

From the discussion of Sect. 4, it is clear that the agreement of
magnetic collapse models with the continuum polarization data
for IRAS 4A is very good, supporting the standard theoretical
scenario for the formation of low-mass stars from magnetized
molecular cloud cores. The residuals distributions indicate that
the best agreement with the data is obtained with GS93 models
with early ages (o0 = 14.8° for 7 = 0.3) or for SO6 models with
low values of the Ohm’s radius (o- = 11.7° for ropm = 5 AU).
The low value of rop, obtained from the best-fitting SO6 model
(ronm = 5-50 AU) might also indicate that the steady-state con-
ditions assumed in that model have not yet been reached, and the
size of the region of strong magnetic dissipation is below the res-
olution limit of the observation. At any rate, both models suggest
that the magnetic field lines in a region of radius ~500 AU from
the central source(s) are almost radial, as expected for collapse
under ideal MHD conditions.

The almost radial geometry of magnetic field lines in
IRAS 4A is also supported by the distribution of polarized in-
tensity shown in Fig. 1. In fact, only models with strong cen-
tral concentration of magnetic field lines reproduce the observed
two-lobe structure of the observed polarized intensity, with two
large “polarization holes” in the midplane of the pseudo-disk,
on both sides of the central protostar. Rather than a variable ef-
ficiency alignement of dust grains, the presence and extent of
these “holes” seem to indicate a combination of geometrical ef-
fect (many field lines point to the observer in a strongly pinched
geometry) combined with beam dilution effects (the pinched re-
gion is smaller than the beam), resulting in a cancellation of
Stokes parameters along the line-of-sight.

Some amount of field dissipation must have already occurred
in the central regions of IRAS 4A. The presence of two contin-
uum peaks in IRAS 4A separated by 1.8” (Looney et al. 2000;
Reipurth et al. 2002), corresponding to 540 AU at the assumed
distance of 300 pc, suggests that some fragmentation of the
pseudo-disk has already occurred, leading to the formation of a
(possibly bound) protobinary system. Without field dissipation,
the catastrophic magnetic braking associated to the concentra-
tion of magnetic fields in ideal-MHD collapse calculation pro-
vides a fierce opposition to fragmentation and to the formation
of circumstellar disks (Galli et al. 2006; Hennebelle & Fromang
2008; Mellon & Li 2008).
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Fig. 4. Histogram of residuals in polarization angles for the SO6 models.
Solid line, ropm = 5 AU; short-dashed line, ron, = 50 AU; long-dashed
line, ronm = 500 AU (histograms slightly displaced for clarity). The
dotted curve shows the measurement uncertainty as in Fig. 2.

From the distribution of residuals of the fit, it is possible to
estimate the relative magnitude of the turbulent vs. the ordered
component of the magnetic field using the formula |0B|/|B| =~
2o )2 (GRMO06). With the o~ obtained for the best-fitting
GS93 and S06 models, we derive |6B|/|B| ~ 20%. This is prob-
ably an upper limit on the intensity of the turbulent field. Thus,
The magnetic field morphology in IRAS 4A is consistent with
the standard theoretical scenario for the formation of low-mass
stars from cores threaded by ordered rather than turbulent mag-
netic fields.
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