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ABSTRACT

We present the first resolved observations of the 1.3 mm polarized emission from the disk-like
structure surrounding the high-mass protostar Cepheus A HW2. These CARMA data partially resolve
the dust polarization, suggesting an uniform morphology of polarization vectors with an average
position angle of 57◦ ± 6◦ and an average polarization fraction of 2.0% ± 0.4%. The distribution of
the polarization vectors can be attributed to (1) the direct emission of magnetically aligned grains
of dust by a uniform magnetic field, or (2) the pattern produced by the scattering of an inclined
disk. We show that both models can explain the observations, and perhaps a combination of the two
mechanisms produce the polarized emission. A third model including a toroidal magnetic field does
not match the observations. Assuming scattering is the polarization mechanism, these observations
suggest that during the first few 104 years of high-mass star formation, grain sizes can grow from
1 µm to several 10s µm.

Subject headings: ISM: individual objects (Cepheus A HW2) – ISM: magnetic fields – polarization –
stars: formation – techniques: polarimetric

1. INTRODUCTION

Recently, polarization has been resolved in a few cir-
cumstellar disks around low-mass protostars via millime-
ter and centimeter radio-interferometric observations.
Specifically, these resolved polarization detections were
found for two Class 0 sources (IRAS 16293-2422 and
L1527, Rao et al. 2014; Segura-Cox et al. 2015) and a
Class I/II source (HL Tauri Stephens et al. 2014). A
fourth detection has been reported toward the candi-
date disk of the Class 0 protostar NGC1333 IRAS4A1
(Cox et al. 2015). However, these observations have a
small number of independent polarization measurements
difficulting to discern the nature of the polarized emis-
sion.
Usually, the polarized (sub)millimeter continuum emis-

sion from protostellar disks has been interpreted as a
consequence of the presence of a magnetic field (al-
though see discussions about other possibilities in Gold
1952a,b; Andersson et al. 2015). The short axis of dust
grains preferentially aligns with the magnetic field caus-
ing dust polarization to be perpendicular with the mag-
netic field (Lazarian 2007; Andersson et al. 2015, and
references therein). This polarization mechanism is ex-
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pected to dominate dust emission at scales larger than
the disk, and is frequently used by interferometers to
investigate the role of magnetic fields at the envelope
scale (e.g., Rao et al. 1998; Girart et al. 1999, 2006, 2009;
Stephens et al. 2013). However, this mechanism is not
the only way of producing (sub)millimeter polarized
emission. Dust grain growth is expected to happen
in protostellar disks (Beckwith et al. 2000; Testi et al.
2014). Scattering by large enough dust grains (& 10 µm)
may also cause the observed polarized morphologies in
the disks, as recently shown by Kataoka et al. (2015) and
Yang et al. (2016a).
The model of Kataoka et al. (2015) proposed that the

polarized (sub)millimeter emission is produced by scat-
tering of anisotropic radiation in dust grains with sizes
of ∼ 100s µm. Yang et al. (2016a) included the scat-
tering idea to dust grains in inclined disks. This study
was expanded upon in Yang et al. (2016b), which used
a semi-analytic model to combine polarization originat-
ing from both scattering and direct emission from grains
aligned with a toroidal field. The polarization pattern
strongly depends on the disk inclination (see Figure 3
in Yang et al. 2016b). For a 45◦ inclined disk, on one
hand, the polarized emission due to scattering is con-
centrated along the disk major axis and the polariza-
tion vectors8 are generally aligned with the minor axis.
On the other hand, for disks with such inclination, the
polarized direct emission is radial throughout the disk
(i.e., the polarization vectors are perpendicular to the
projected toroidal magnetic field). Despite the apparent
differences between scattering and polarized dust grain
emission, the current resolved polarization observations
in disks are unable to distinguish clearly between them.
At a distance of 0.7 kpc (Moscadelli et al. 2009;

Dzib et al. 2011), Cepheus A HW2 is one of the nearest
high-mass YSOs. Its luminosity is about 1.3 × 104 L⊙

8 These so-called vectors are not actually vectors but rather
segments showing the orientation of the polarization plane.
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(Evans et al. 1981), which is that of a B0.5 main se-
quence star (Rodriguez et al. 1994, although note that
because this is not a main-sequence star some of the lu-
minosity is due to accretion). Patel et al. (2005) found a
rotating molecular and dusty 1-8 M⊙ disk-like structure,
with a radius of 330 AU (Patel et al. 2005; Brogan et al.
2007; Torrelles et al. 2007; Jiménez-Serra et al. 2009).
The dust continuum emission of this structure is elon-
gated along the direction perpendicular to a thermal
radio jet (Rodriguez et al. 1994; Hughes et al. 1995;
Curiel et al. 2002) which has a 45◦ position angle (P.A.,
measured counterclockwise from north) and an ejection
velocity of 500 km s−1 (Curiel et al. 2006). The radio
jet is associated with part of a strong molecular out-
flow detected in different molecular tracers (H2, CO and
HCO+). The outflow is precessing due to a multiple
protostellar system harbored in the disk-like structure
of HW2 (Curiel et al. 2006; Cunningham et al. 2009;
Zapata et al. 2013).
Submillimeter and millimeter observations have de-

tected two molecular clumps inside the HW2 gaseous
disk (Jiménez-Serra et al. 2007; Brogan et al. 2007;
Comito et al. 2007; Torrelles et al. 2007) which may be
interpreted as two separate hot cores (Brogan et al.
2007; Comito et al. 2008; Jiménez-Serra et al. 2009), or
as gas heated by HW2 (i.e., the central protostar,
Torrelles et al. 2007).
Other radio and millimeter sources in the Cepheus

A region are probably harboring low/intermediate mass
protostars. In particular, the protostellar source HW3c
is detected at 0.8 mm and 1.3 mm at 3.′′5 south of HW2
(Brogan et al. 2007; Zapata et al. 2013). HW3c is prob-
ably responsible for a prominent outflow running south-
west of its position.
Polarimetric observations with the JCMT9 at 850 µm

(14′′ angular resolution) show a centrosymmetric pattern
of polarization vectors around the HW2/HW3c region
(e.g., Matthews et al. 2009; Chrysostomou et al. 2003;
Curran & Chrysostomou 2007; also see Glenn et al.
1999). This pattern is broken along a 20′′ depo-
larization band stretching across HW2 with a P.A.∼
135◦ (i.e., a lane about 10 times the size of the disk-
like structure). The plane of the sky magnetic field
strength estimated from these observations is 6 mG
(Curran & Chrysostomou 2007).
Vlemmings et al. (2006) measured magnetic field

strengths (through H2O Zeeman-splitting observations
at 22.2 GHz) in the HW2 area ranging from 30 to
600 mG. These fields are strong enough to control the
outflow dynamics (Curran & Chrysostomou 2007). Po-
larimetric observations of OH masers at 1665 MHz have
a linear vector oriented at P.A.∼ 143◦ (Bartkiewicz et al.
2005). The resolution of the H2O Zeeman-splitting ob-
servations and the JCMT polarimetric observations are
drastically different (0.′′0005 versus 14′′, respectively),
which likely explains the very different field strengths.
Finally, NIR K-band polarization observations at arcsec-
ond resolution (Jones et al. 2004) report a centrosym-
metric pattern in the arcminute scale, which may be in-
terpreted as scattering due to the illumination by the
central star(s). This pattern is centered at HW2, and is
again disrupted in a southeast-northwest elongated lane

9 James Clerk Maxwell Telescope

crossing HW2. In this elongated lane, the polarization
vectors show a roughly uniform direction, approximately
aligned with the orientation of the lane itself.
In this contribution we present CARMA polarimetric

millimeter observations partially resolving the circum-
stellar disk-like structure of Cepheus A HW2, which pos-
sibly harbors a cluster of high-mass protostars. These
type of disk structures are generally large reservoirs of
dense dust and gas, but their polarized emission has yet
to be explored in detail. The paper is organized as fol-
lows. In Section 2, we describe our CARMA observa-
tions. In Section 3, we present the main results and the
spatial distributions from the four Stokes parameters. In
Section 4, we briefly discuss our findings. Finally, in Sec-
tion 5, we summarize the main results.

2. OBSERVATIONS

The 1.3 mm CARMA observations toward
Cepheus A HW2 were taken on three days: 2014
March 20, 21 and 2014 April 10. CARMA was
in C configuration, with baselines ranging be-
tween 25 m and 310 m. The phase center of
the telescope was R.A.(J2000.0)=20h56m17.s98 and
DEC(J2000.0)=62◦01′49.′′50. For these observations,
the receiver was tuned in Full Stokes mode, with
four 500 MHz wide bands in each sideband, and a
Local Oscilator frequency of 234.0112 GHz. As gain
calibrators we used BLLAC and the quasar J0102+584.
The bandpass calibrators were 3C454.3 and BLLAC.
Leakages were solved using BLLAC and J0102+584.
The leakage terms for each antenna were consistent from
track to track, and the accuracy of their calibrations is
within 0.1% (Hull et al. 2014; Hull & Plambeck 2015).
The absolute flux scale was determined from observa-
tions of MWC349 and BLLAC. We derive their fluxes
from the CARMA dedicated quasar monitoring. A
15% uncertainty is estimated for the CARMA absolute
flux calibration of the 230 GHz observations. The
three tracks were calibrated using the Miriad package
(Sault et al. 1995). Finally, we combined the data from
the three tracks and produced images of the four Stokes
products (I, Q, U and V ). We also create a linear

polarization intensity image (p =
√

Q2 + U2) and a
polarization position angle image (χ = 0.5 arctanU/Q,
with the arctan calculating the angle in the appropriate
quadrant based on the signs of Q and U), constraining
the polarization detection to those locations in which
the linearly polarized emission has a signal-to-noise ratio
(SNR) greater than 3 and the total intensity (Stokes I
map) has SNR> 5. The synthesized beam of the natu-
rally weighted images is 0.′′9 × 0.′′8 (P.A.= −48◦), about
630 AU at 700 pc. The rms noise of the Stokes I map,
which is limited by dynamic range, is 10.4 mJy beam−1

and for Stokes Q and U maps, which is limited by
thermal-noise, is 1.2 mJy beam−1.

3. RESULTS

Figure 1 shows a set of images of Cepheus A HW2
in full Stokes 1.3 mm continuum emission. Two bright
sources are detected in Stokes I, known as HW2 and
HW3c in the literature. One more feature is detected
at the 3σ level, which is located 1.′′5 southeast of HW2;
this feature is probably due to a peak in the noise spec-
trum. As reported in previous submillimeter observa-
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tions (Patel et al. 2005; Torrelles et al. 2007), HW2 has
two protrusions northwest and southeast of the pro-
tostellar location: SMA1 and SMA3. These features
have been interpreted as possible protostellar cores in
a tight cluster, but also have been suggested to be part
of a more extended structure associated with the disk
(Brogan et al. 2007). We measured a total integrated
flux of 893 mJy for HW2. A 2D-Gaussian fit to its
emission (Table 1) gives a structure with a deconvolved
size 1.′′21 × 0.′′82 (850 × 575 AU at 700 pc). The P.A.
of the HW2 millimeter emission is 135◦, which is or-
thogonally oriented to the thermal jet (P.A.= 44◦ ± 4◦,
Torrelles et al. 1996), thought to be the current ejection
of the episodic precessing outflow (Cunningham et al.
2009; Zapata et al. 2013). The deconvolved size obtained
from this fit is slightly larger than reported by Patel et al.
(2005) from submillimeter observations, maybe due to a
better sensitivity of CARMA to extended emission or dif-
ferences in the spatial distribution of grains of different
sizes. The peak location of the HW2 continuum source
agrees with the protostar position derived in Curiel et al.
(2006). HW3c is located 3.′′5 south of HW2. Its in-
tegrated 1.3 mm flux is 112 mJy, and a 2D-Gaussian
fit shows that it is extended, with a deconvolved size of
1.′′4 × 0.′′7 (980 × 490 AU), and elongated in the north-
south direction (P.A.= 2◦±10◦). Its peak position agrees
with the position of the 1.3 cm radio source reported by
Torrelles et al. (1996).
The images of the Stokes Q and V parameters are

devoid of significant emission (Figure 1). However, the
Stokes U image shows a clear detection (> 7σ) peaking at
the HW2 location. Hence, the linear polarized intensity
image (Figure 2) resembles the Stokes U emission dis-
tribution, and the polarized angle dispersion throughout
HW2 is small. No other source was found to be polarized
at a 3σ level (3 mJy beam−1) within the field of view.
The polarization fraction for HW3c is less than 1.9%. For
HW2, we measured a total linear polarized intensity of
9± 1 mJy. The CARMA observations partially resolved
the HW2 polarized emission, which spreads over two in-
dependent beams (5-6 beams at the 2σ level), with an
average polarization fraction of 2.0%± 0.4%. The mor-
phology of the polarized emission shows two preferential
elongations: one roughly aligned with the HW2 radio jet
(northeast-southwest of the protostar location) and the
other aligned with the major axis of the disk-like struc-
ture and due northwest. The average orientation of the
electric field vectors (57◦±6◦, measured counterclockwise
from north) is deviated about 12◦ with respect to the
HW2 radio jet and the disk normal directions (as shown
in the left panel of Figure 2), but the deviation is smaller
when considering the orientation of the northern lobe
of the radio jet alone (P.A.= 50◦, Curiel et al. 2006).
Moreover, the polarization vectors (P.A.= 57◦ ± 6◦) are
not exactly perpendicular to the dusty disk-like structure
orientation (P.A.= 135◦).

4. MODELING AND DISCUSSION

In this section we discuss the nature of the polarimet-
ric observations resolving the disk of Cepheus A HW2.
First, we summarize the interpretations given to simi-
lar observations in other protostellar disks. It is of ut-
most importance to figure out the dominant polarization
mechanism to analyze these data since each mechanism

provides different constraints on the disk’s dust proper-
ties. We fit three polarization models to the data and
comment on the results here.

4.1. Previous polarized observations resolving disks of
low-mass protostars

In the disk of HL Tau, the polarization vectors are uni-
formly oriented and parallel to the minor axis, but the
polarized emission stems mainly from an elongated re-
gion along the disk major axis (Stephens et al. 2014).
Simple models for direct emission do not completely
agree with the observations. This disagreement moti-
vated new theoretical studies that showed that dust scat-
tering is a viable alternative to explain the nature of
the millimeter polarized emission of the HL Tau disk
(Kataoka et al. 2015; Yang et al. 2016a; Kataoka et al.
2016). For the disk of L1527, the 1.3 mm CARMA po-
larization vectors are again uniformly oriented parallel
to the minor axis of the disk, but the polarized emission
seems to be along the same axis (Segura-Cox et al. 2015).
These characteristics are expected for the direct emission
of magnetically aligned grains threaded by a toroidal field
in an edge-on disk (Yang et al. 2016b). However, the
higher than average polarization fraction may also agree
with the expectation for scattering in high-inclination
disks. In the NGC1333 IRAS4A1 disk, the JVLA10 po-
larized 8 mm/1 cm dust continuum emission (Cox et al.
2015) has been interpreted as possibly due to a mixture of
magnetically aligned grains embedded in a toroidal mag-
netic field in the disk and dust scattering (Yang et al.
2016b). For the Class 0 disk IRAS 16293-2422 B (SMA11

observations, Rao et al. 2014), the geometry of the disk
(face-on) and the complex morphology of the 870 µm
polarization vectors (swirled and curved) could be ex-
plained by a toroidal magnetic field model.

4.2. Polarization vector models

In order to better understand the nature of the
polarized emission found in the disk-like structure of
Cepheus A HW2, we test the orientation of the polariza-
tion vectors with three different models: grains aligned
with a uniform magnetic field, grains aligned with a
toroidal magnetic field, and polarization due to scatter-
ing. We fit each model to the observed orientations of the
polarization vectors, but we did not fit the spatial dis-
tribution of the polarized emission nor the polarization
fraction.

4.2.1. Uniform magnetic field model

The first model that we test is one with grains aligned
with a uniform magnetic field threading the disk-like
structure approximately along its major axis, which
would cause a distribution of polarization vectors per-
pendicular to the field (i.e., northeast-southwest, along
the minor axis). This distribution of vectors has the same
morphology as the large-scale 850 µm polarization obser-
vations (Matthews et al. 2009), which traces a northeast-
southwest parsec scale hour-glass shaped magnetic field,
with a uniform distribution threading the central proto-
star(s), including HW2. In general, field lines are ex-
pected to be toroidal wrapped due to the rotation of

10 Jansky Very Large Array
11 Submillimeter Array
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the gas in accretion disks, but it is feasible that in early
stages and far from the inner disk, the magnetic field can
be almost uniform.
We make a weighted linearly fit to the 1.3 mm po-

larization observations (orientations of the polarization
vectors only) with a uniform field (Figure 3). The av-
erage fit orientation of the uniform field is given by a
polarization vector set with P.A.= 56◦, implying a mag-
netic field oriented with a P.A.= 146◦. This is roughly
consistent with the large-scale P.A. of 135◦. As indicated
by the residuals (mostly below the 3σ threshold of 18◦),
the model is a good match to the observed data.

4.2.2. Toroidal magnetic field model

The second model that we test is a simple one, with
grains aligned with a toroidal magnetic field. Toroidal
fields are proposed for MRI (magneto-rotational insta-
bility) dominated disks of low-mass protostars (e.g.,
Cho & Lazarian 2007). It is therefore an appropriate
model to test against the CARMA observations.
We fit the observations (orientation of the polarization

vectors only) allowing two free parameters: inclination
(i) with respect to the plane of the sky (0◦ means face-
on and 90◦ is edge-on) and position angle (more details of
the model are given in the Appendix). The best fit gives
i = 45◦ and P.A.= 141◦ (Figure 4). A visual comparison
with the uniform model fit clearly shows that the toroidal
field is not a perfect match to the observations, with most
of the residuals over 3σ, except for the region around the
minor axis of the disk-like structure.

4.2.3. Scattering in an inclined disk

For the third model, we test inclination-induced scat-
tering as the polarization mechanism (Yang et al. 2016a).
We used a phenomenological model which is described in
the Appendix. This is strictly a morphological compari-
son of the orientations of the polarization vectors for the
model and data, and we neglect comparing the polarized
intensity morphology. We neglect the latter to reduce the
free parameters, given the limited amount of independent
beams detected across the source. The best fit is found
when the inclination is i = 61◦ and the P.A.= 145◦ (left
panel of Figure 5). Patel et al. (2005) estimated an in-
clination of 62◦ and a P.A. of 135◦ for the gaseous and
dusty disk, which agrees with these results. The residu-
als of this model (right panel of Figure 5) are in general
below the 3σ threshold, even lower (mean of the abso-
lute residuals is 7◦) than those obtained for the uniform
magnetic field model (mean of the absolute residuals is
8◦).

4.3. Morphology of the polarized intensity

Our models do not include the spatial distribution of
the polarized intensity emission. If the morphology of the
polarized emission is elongated along the major or minor
axis of a disk, this can indicate that scattering or direct
emission dominates the polarized emission, respectively
(Yang et al. 2016b). A combination of both mechanisms
produces also elongated polarized intensity along the ma-
jor axis. In the case of HW2, the polarized intensity
seems to be slightly elongated in the northeast-southwest
direction (deconvolved size of 1.′′2± 0.′′2× 1.′′0± 0.′′2 with
a P.A. between 20◦ and 30◦, depending on the vectors

between 2σ and 3σ are included or not), i.e., elongated
across the minor axis of the disk-like structure. Since
the elongation of the polarized intensity cannot be accu-
rately determined from the present observations, we do
not derive any convincing conclusion about the polariza-
tion mechanism only from the intensity distribution.

4.4. Interpretation of the data

The modeling of the orientations of the polarization
vectors indicates a good match for the uniform magnetic
field and scattering scenarios. It is clear from the resid-
uals of Figures 3-5 that the toroidal field model is signif-
icantly worse than the other two models. Nevertheless,
the polarized intensity shows a slight elongation along
the minor axis of the disk-like structure, which could fa-
vor the direct emission mechanism from a toroidal field
over the scattering.
We must make note of the caveats involved with

this method of determining possible polarization mecha-
nisms. First, CARMA is resolving the polarized emission
only on a limited number of independent beams across
the source. Both scattering and direct emission from
grains aligned by a uniform magnetic field produce a sim-
ilar pattern of vectors at the center of the disk-like struc-
ture, which explains the observations well, with residuals
below the 3σ level. The lack of higher angular resolution
and sensitivity also hinders the analysis of the elongation
of the polarized intensity. When considering the emission
over 3σ (Figure 2 left), it seems slightly elongated along
the minor axis, but when considering the emission over
2σ (Figure 2 right), this preferential orientation is less
clear. It is therefore complicated to use the elongation of
polarization to distinguish between the direct emission
and the scattering models.
Second, we are probably dealing with a massive disk-

like structure that may be optically thick, particularly at
the center. Note that our models are based on a 2D flat-
ten disk and should be review to appropriately address
how the optical depth modifies the polarization due to
direct emission and/or scattering.
Finally, it is unclear that the millimeter emission to-

ward HW2 comes entirely from a circumstellar accretion
disk. The disk-like structure of HW2 is considered a
dust and molecular rotating disk (Patel et al. 2005), but
the dust emission could also contain a common envelope
for the protostars, irregularities due to substructure of a
multiple system, or even morphological disturbances pro-
duced by the action of the precessing jet. When present
observations are improved, the assumed scattering model
should probably be refined to include these effects.
The CARMA observations presented here cannot alone

distinguish between the uniform magnetic field (direct
emission) and the scattering scenarios, assuming the ac-
cretion disk dominates the dust emission in HW2. On
one hand, the uniform magnetic field would imply the
presence of a large-scale field possibly dragged by the
dust and gas accretion into a flatten structure which has
yet to wrap into a toroidal field, at least at large scales far
away from the protostar(s). On the other hand, the scat-
tering hypothesis would imply that grains have grown up
to ∼ 10s of microns (Yang et al. 2016a; Kataoka et al.
2016). Grains grow very rapidly from ∼ 1 µm (ISM
grain sizes) to several 10s of microns (grains in Class 0
and Class I disks, Kwon et al. 2009; Chiang et al. 2012;
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Miotello et al. 2014). Since the age of HW2 has been es-
timated to be 104 yr (from its outflow dynamical time,
Cunningham et al. 2009), this could be a new evidence
of fast grain growth in dense environments. In the end, it
may be a combination of polarization due to both mech-
anisms in play, although the hybrid (with a simple mag-
netic field configuration) model proposed by Yang et al.
(2016b) may not perfectly explain the observations ei-
ther.

5. SUMMARY AND CONCLUSIONS

We have reported the first resolved polarization obser-
vations of the disk-like structure of the high-mass proto-
star Cepheus A HW2. The 1.3 mm CARMA data show
a partially resolved distribution of polarization vectors,
suggesting an uniform morphology toward the center of
the disk-like structure. The two likely mechanisms which
could lead to the polarization of the millimeter emission
are: (1) a magnetic field aligning the grains that emit
polarized radiation, or (2) scattering from large enough
dust grains (10s of microns). Fitting the observations
with two phenomenological models (the uniform mag-
netic field threading the disk-like structure and the scat-
tering in the inclined disk), we find both of these sce-
narios to be plausible and indeed, taking into account
factors such as the opacity, a mixture of them may be
expected.
If the main cause of the polarization is the grain align-

ment via magnetic forces, future intermediate resolu-
tion SMA observations could fill the gap between the
CARMA (1′′ resolution) and the previous JCMT (20′′

resolution) millimeter and submillimeter data. This is
crucial to make the link between the large scale hour-
glass shape morphology and the uniform vectors thread-
ing the most dense part of the disk-like structure. It
is also clear from our fitting that the toroidal magnetic

field does not match the CARMA observations. On the
contrary, if the dominant cause of the polarized emission
is scattering, the grains in the disk should have rapidly
grown to sizes at least of the order of ∼ 100 µm (probably
in a few 104 yr, Kataoka et al. 2015; Yang et al. 2016a).
This would add new evidence for quick grain growth tak-
ing place in dense disk-like structures, even in the ad-
verse environment of a small cluster of massive proto-
stars, where radiation or dynamical effects could restrict
the growth of planetesimals. Both, multi-wavelength and
sub-arcsecond angular resolution observations would give
details to better distinguish which is the dominant mech-
anism.
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APPENDIX

In this section, we describe the expressions used to generate the synthetic polarization electrical vector images of
the toroidal and scattering models (see Modeling and Discussion section). To make an E-vector image we first create
its corresponding Stokes Q and U images (Miriad tasks IMGEN and MATHS) and convolve them with the CARMA
synthesized beam (Miriad task CONVOL). We produce the E-vector image using Miriad task IMPOL. This image is
then rotated by a position angle (task MATHS), since the Stokes Q and U images are originally obtained for P.A.= 0◦.
For the toroidal field model (radial E-vectors), we implement the following expressions for a 2D Cartesian coordinate

system (x, y) in the plane of the sky, with the x- and y-axes along the major and minor axes of the disk-like structure
respectively, and with the origin at the disk center:

Q = −D (x, y, i2) ·
x2 − (y cos i2)

2

x2 + (y cos i2)
2 , (1)

U = −D (x, y, i2) ·
2xy cos i2

x2 + (y cos i2)
2 , (2)

where

D (x, y, i1) = F0 ·





√

x2 + (y cos i1)
2

r0





−α

· e−
(√

x2+(y cos i1)
2/r0

)β

. (3)

In the previous equations, D (x, y, i) is a 2D function that is fitted to the Stokes I image (avoiding the x = 0,
y = 0 point, which we set as the position observed Stokes I peak). In the fitting process, the free parameters are the
exponents α and β, a characteristic radius r0, the parameter F0 (related to the central flux density of the disk-like
structure) and the inclinations with respect to the plane of the sky i1 and i2. P.A.1 and P.A.2 (the angle of the disk
in the plane of the sky counterclockwise from North) are also free parameters, but they do not appear explicitly in
the above expressions, since they are implemented as a later rotation of the E-vector image. D (x, y, i) is reminiscent
of the standard viscous accretion disk model (Pringle 1981) used by other authors to fit the continuum emission of an
accretion disk (e.g., Kwon et al. 2011; Yang et al. 2016a). The fit of Equation 3 to the Stokes I data is a sufficient
representation of the disk-like structure emission, with residuals below the 3σ level. The fit values for the different
parameters are presented in Table 2. After fitting the disk continuum emission the obtained values of F0, r0, α and β
are fixed and used to create the Stokes Q and U . The obtained values of i1 and P.A.1 are discarded and left as two new
free parameters (i2 and P.A.2) in Equations 1, 2, 4 and 5. By solving for i2 and P.A.2, we can find the best possible
fit for each polarization model. This gives us an additional qualitative check on the models, since we can compare the
fitted disk inclination and position angle from the orientations of the polarization vectors (i2, P.A.2) to that reported
in the literature and the obtained from the fit of the Stokes I emission (i1, P.A.1).
The following mathematical expressions for the scattering model where inspired by equations (16) and (17) of

Yang et al. (2016a). Our model is a phenomenological function and hence it is not based on physical principles. How-
ever, these expressions provide a representation of the effects of disk inclination on the orientations of the polarization
vectors of scattered radiation shown in Figure 2 of Yang et al. (2016a).

Q = D (x, y, i2) ·
(

1− sin2 i2 ·
x2

x2 + y2

)

·
x2 cos2 i2 − y2

x2 cos2 i2 + y2
, (4)

U = D (x, y, i2) ·
(

1− sin2 i2 ·
x2

x2 + y2

)

·
2xy cos2 i2

x2 cos2 i2 + y2
. (5)
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TABLE 1
Parameters of the Serpens South 3 mm continuum sources

Source Right Ascension Declination Stokes I Peak Stokes I Flux P(a) P%(b) P.A.( c)

J2000 J2000 (mJy beam−1) (mJy) (mJy) (%)

HW2 22h56m17.s989 62◦01′49.′′60 423±10 863±20 9±1 2.0±0.4 57±6
HW3c 22h56m17.s976 62◦01′46.′′10 68±10 160±6 · · · · · · · · ·

Note. —
(a) Polarized intensity flux.
(a) Fraction of polarized emission (percentage average).
(c) Position angles of the polarized emission are measured counterclockwise.

TABLE 2
Parameters obtained from the

Stokes I fit

Parameter Fit

F0
(a) 2.5× 10−4 Jy pixel−1

r0 1.′′0
α 1.2
β 1.6
i1 51◦

P.A.1 142◦

(a) The size of a pixel is 0.′′05.

Stokes QStokes I Stokes U Stokes V

HW2

HW3c

Fig. 1.— Images of the 1.3 mm continuum emission for Cepheus A in each of the four Stokes parameters taken with CARMA. The
Stokes I emission appears in the four panels in grayscale. Overlayed yellow contours for the Stokes I are at -3, 3, 6, 9, 15, 25, 35 ×σ,
where σ = 10 mJy beam−1 is the rms noise level of the image. For Stokes Q, U and V , red contours are at -3, 3, 4, 5, 6 ×σ, where
σ = 1 mJy beam−1 is the rms noise level of these three images. The two main sources in the field are labeled in the Stokes I image.
The orientation of the disk-like structure (P.A. ∼ 135◦) and the jet of HW2 (P.A. ∼ 45◦) are marked with blue lines (dashed and solid,
respectively). The synthesized beam is shown in the bottom right corner.
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Fig. 2.— Left: Polarimetric map (polarization E-vectors) of the Cepheus A HW2 disk-like structure. Fractional polarization red vectors
over 3σ displayed. Black contours are Stokes I data with the same levels as in Figure 1. Green contours correspond to the VLA C band
continuum emission showing the radio jet at -6, -3, 3, 6, 10, 20, 40, 80, 100 and 140 times the rms noise level of the 6 cm radio map,
28 µJy beam−1) associated with the HW2 massive protostar. Color scale shows the polarized intensity over 3σ. The synthesized beam of
both CARMA (grey) and VLA (green) observations are shown at the bottom left corner. Right: Same map as in left panel but including
orange vectors between 2σ and 3σ. The polarized intensity (color scale) also shows emission over 2σ.

Fig. 3.— Left: Uniform magnetic field model (yellow polarization E-vectors) compared with the 1.3 mm polarimetric observations
(orange and red vectors are CARMA detections between 2σ and 3σ and > 3σ, respectively). Contours are Stokes I data with the same
levels as in Figure 1. Color scale shows the polarized intensity over 2σ. Right: The absolute value of the residuals between the observed
and the modeled orientations of the polarization vectors (color scale, in degrees). The mean rms level of the E-vectors is 6◦. Contours are
Stokes I data with the same levels as in Figure 1. Vectors are as in the right panel of Figure 2.
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Fig. 4.— Same as Figure 3, except for the toroidal magnetic field model (see text).

Fig. 5.— Same as Figure 3, except for the scattering model (see text).


