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ALMA polarimetric studies of rotating jet/disk
systems

F. Bacciotti, J.M. Girart, M. Padovani, L. Podio, R. Paladih. Testi, E. Bianchi,
D. Galli, C. Codella, D. Coffey, C. Favre and D. Fedele

Abstract We have recently obtained polarimetric data at mm wavelengtith
ALMA for the young systems DG Tau and CW Tau, for which the tiotaproper-
ties of jet and disk have been investigated in previous higjukar resolution stud-
ies. The motivation was to test the models of magneto-dagsi launch of jets via
the determination of the magnetic configuration at the diskase. The analysis of
these data, however, reveals that self-scattering of Hastnal radiation dominates
the polarization pattern. It is shown that even if no infotima on the magnetic
field can be derived in this case, the polarization data arewaegul tool for the
diagnostics of the properties and the evolution of dust aigplanetary disks.
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1 Introduction

The process of formation of stars and planets is one of the imiguing topics in
current astrophysics. In recent years, high angular réealstudies like the ones
conducted with the Hubble Space Telescope (HST) and theAtat.arge Millime-
ter/submillimeter Array (ALMA) have allowed us to advandgrsficantly in the
knowledge of protoplanetary disks and associated outflowgarticular, the sensi-
tivity of ALMA allowed us to study the physical properties ybung systems with
an unprecedent combination of spectral and spatial résnlu®ne of the principal
aims of such studies is to correctly set the initial condisiéor planet formation.

In this context, the determination of the disk magnetic ganfition is of particu-
lar interest, as magnetic fields may be responsible for ttra@ion of the excess of
angular momentum from the system. This can occur via magéational instabil-
ities generating an effective viscosity for horizonthahsport [6]. Such instabilities,
however, have proven to be ineffective for disk realistinditions [5]. Alternatively,
protostellar jets generated by magneto-centrifugal acagbn can transport angu-
lar momentum vertically along the ordered strong magnegic fattached to the
star and the disk ([21, 9]). Magneto-centrifugal winds caiginate from the star
('stellar winds’), the disk co-rotation radius ("X-wingsor from a wider range of
disk radii (extended 'disk winds’). In any case proto-pliamg disks are expected to
be strongly magnetized, which would have fundamental icagibns for planetary
formation and migration models [27].

The increase in sensitivity in mm-wave polarimetry has @gea new possibil-
ity to investigate the disk properties, and in particular thagnetic configuration.
Polarimetry, in fact, has long been believed to provide thentation of magnetic
field lines, as non-spherical dust grains tend to align via#irtshort axis perpendic-
ular to the direction of the magnetic field ('grain alignmigngiving rise to linear
polarization of the emission [2].

Polarization, however, can also arise from self-scatteoirthe thermal emission
of dust grains of size of the order of the radiation wavelbnigt this case the models
show that the polarization direction is parallel to the miagis for inclined disks
[29, 17].

A third effect producing polarized emission is the alignemef non-spherical
grains with an anisotropic radiation field. For a centralllyminated disk, the lin-
ear polarization would present for this mechanism a cirqoddtern centred on the
source [25].

The first studies on protostellar envelopes allowed thetifieation of large-scale
hourglass-shaped and twisted patterns consistent withvithaing-up of magnetic
field lines due to the rotation of the envelope [10, 22]. Sghseat studies at mod-
erate resolution reported detections of polarized emissipprotostellar discs (e.g.
[23, 16]) but in none of these cases the polarization stracthhowed a clear re-
lationship with the expected magnetic configuration. Maeently, the inner disk
scales have been reached thanks to the advent of ALMA. Mabe @olarization of
the dust emission have been derived for various targets regolution down to 0."1
-0."2 (12 - 15 AU in nearby forming systems). A polarisatienél of 0.5 - 2% can
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Fig. 1 Top Total emission map at 87im in the disks around DG Tau. Contour levels are
[0.1,0.2, 0.3, 0.4, 0.6, 0.8, 0.95] peak value, which is 182.4 mJy beahfor DG Tau.Bottom
Linearly polarized intensity. Contours are as in top panel and the Polarization anglelisated
with vector bars. The arrows indicate the jet orientatiorthviie disk near-side on the same side
of the red arrow. As discussed in Sect.3, the evident asymmetrg gidfarized intensity indicates
a flared geometry for the disk.
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easily be detected over the relevant regions of the disktivélexpected ALMA sen-
sitivity. These studies show that all the mechanisms meatiaabove can produce
polarization, but dust self-scattering appears to be dantif24, 17, 18, 11, 13, 1].

In this framework, we have started a project to map the masian properties of
young evolved Class Il systems with associated jets, ag thestems offer funda-
mental observational constraints in both the cases in wételttering or magnetic
properties dominate the polarized emission. In particul@r are interested in the
sources for which the rotation kinematics of both the jet hreddisk has been stud-
ied. The determination of the magnetic configuration foiséhtargets can consti-
tute the ultimate proof of the validity of the magneto-céngal mechanism for the
launch of jets, which can realize the exctraction of the sg@ngular momentum.

Following this line of research we selected and recenthepled with ALMA
the Class Il sources DG Tau and CW Tau. These targets havettesabject of
numerous studies in the past, both for their disks and tedlintated jets [14, 19,
3, 12]. The two sources are nearby~(t40 pc), free of their parental envelope,
are oriented favourably for polarization measurementsthed dust emission is
sufficiently strong. Importantly, the known kinematics bétjets and disks allows
one to identify immediately the near-side of the disks angite constraints on the
expected magnetic configuration.

Despite our expectations, the observed polarization (shiov&ect. 2) does not
seem to convey a simple interpretation in terms of an orderagnetic structure.
Instead, the results are fully consistent with self-sceteof the dust emission (see
discussion in Sect. 3). This allows us to derive from the fzdgion measurements
new information on the size and distribution of dust gramthie disk [4].

2 Polarized emission from DG Tau and CW Tau

In the following we illustrate the main featurs emerged fritv@ polarimetric obser-
vations of DG Tau and CW Tau. More details can be found in [4].

The two targets were observed in full polarization mode iy 2017 within the
ALMA Cycle 3 in Band 7 (870um). The configuration of the interferometer for
these observations included 40 antennas, giving an angsalution of about 2.
The datasets were reduced and analysed with the CommomaAstical Software
Application (CASA) software.

From the Stokes I, U, Q maps we obtain the linear polarizatitensity, P =
/@2+U2, the linear polarization fractionp = P/I, and the polarization angle,
X = 0.5arctarfu /Q), i.e. the direction of polarization of the electric field.
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Fig. 2 Top Total emission map at 87Qim in the disks around CW Tau. Contour levels are
[0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 0.95] peak value, which is 44.9 mJy beamfor CW Tau. Bot-
tom Linearly polarized intensity. Contours are as in top panel. polarization anglés indicated
with fixed-length vector bars. The arrows follow the jet otaion. Disk near-side lies towards the
receding jet lobe (red arrow). The central symmetry of the jpdrintensity suggests a geomet-

rically thin disk (see Sect.3).
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2.1 DG Tau

The case of DG Tau is illustrated in Figure 1. The integratedifl 880.2+ 9.4 mJy,
with peak intensity of 182.4- 1.4 mJy beam!, The FWHM along the major and
minor axis are @45 and 036, respectively. These values impfjsk ~ 37°, while
the measured disk PA is 1384 2.5°, almost perpendicular to RA= 46°.

The polarization properties of DG Tau are illustrated inlb&om panel of Fig-
ure 1. The near-side of the disk is brighter in polarizedrisity, with the peak
emission on the minor axis, displaced ky0.”07 from the photocenter of the to-
tal intensity. This feature, observed here for the first tima disk around a low
mass star, indicates that the disk has a flared geometry If28e outer disk re-
gion, between 3 and 0”5 from the source, the polarized emission is distributed
in a belt-like structure of lower intensity. The polarizativectors are nearly aligned
with the disk minor axis in the central region, while they e orientation and
become more azimuthal beyond'®. The linear polarization fraction (not shown)
reflects the distribution of the polarized intensity. Avgray over the whole disk
area one findp = 0.41+ 0.17%.

2.2 CWTau

Figure 2, top panel, illustrates the total intensity of tH® &m continuum emission
in CW Tau. For CW Tau, the integrated flux is 145:11.4 mJy, with peak intensity
of 44.9+ 0.3 mJy beam’. The FWHM along the major and minor axis i$85 and
0./18 respectively. From these values, we estimate a disknatidinigigk with re-
spect to the line of sight of 59°. The disk PA is 60.7+ 1.9°, almost perpendicular
to the jet Phet =-29°.

The bottom panel of Figure 2 provides the map of the lineadkagzed inten-
sity P. This is centrally peaked and does not show any significamhasetry. The
polarization vectors are very well aligned along the minas af the disk. The po-
larization fraction p, turns out to be almost constant in the disk central regighef
disk, and it is on average 1.150.26 %.

3 Dust propertiesderived from polarization measurements

The observed polarization properties can be explained tin aurces in terms of
self-scattering of the thermal dust emission [15, 29]. This agreement with the
findings in other protoplanetary disks [17, 11, 13]. If ssthttering dominates the
polarization, no information can be gathered on the orteriaf the magnetic field.
This unfortunate occurence, however, is partly compedsat¢he fact that the com-
parison of the observed maps and the predictions of the mddiekelf-scattering
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give constraints on the size of th dust population of pasti@dnd on the geometry
the disk.

3.1 Grain Size

The analysis in [15] indicates that the maximum grain sizggiouting to polariza-
tion from self-scattering at a given wavelengih,is comparable ta /2m. This im-
plies a distribution peaked around 14 in our case. Further constraints can come
from the diagnostic diagrams that correlate grain size glemgth and polarization
fraction, as investigated, e.g. in [17]. Using our valueshef average polarization
fraction and the diagrams in this work we estimate that th&imam grain size
giving rise to the observed polarization is in the range 50 pim for DG Tau and
about 100um for CW Tau (see Fig. 3).
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Fig. 3 Diagnostics of grain size using a diagram adapted from [17].vEn&cal bars refer to past
observations for the disk around HL Tau with variuos intenfeeters. Our observations, performed
at 870 um in ALMA Band 7, are indicated by the the black and white @gcl Their position
correspond to the average polarization fraction we measuré&\ibTau and DG Tau, respectively.
The average grain size turns out to be larger for CW Tau (ab@@itrium) than for DG Tau (50 -
70 pm).
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3.2 Grain settling toward the disk midplane

In CW Tau, the distribution of the polarized intensity is syetric, and polarization
vectors are nearly parallel to the minor axis, with no cu@toward the outer disk.
Since the disk around CW tau is reported to be optically thigK19], the polar-
ization models indicate that the observed features arastenswith self-scattering
from a geometrically thin disk. Thus our observations iatkcthat the relatively
larger grains in CW tau (see Section above) are more settisd to the disk mid-
plane.

On the contrary, in DG Tau the polarization angle alignmsrgdcompanied by
an asymmetry in polarization intensity. This combinatisrconsistent with the ex-
pectations of models of self-scattering in disks of intediage or high optical depth,
and with a finite angular thickness [29]. The disk is modédyatetically thick ac-
cording to [14], and the polarization maps are in agreeméhttive model expecta-
tions of [29]. Thus the observed asymmetry indicates trestattering grains have
not yet settled to the midplane.

3.3 Hintsfor substructuresin DG Tau ?

We now consider the outer region of the DG Tau disk, i.e. bay@f3 from the
source. The bottom panel of Figure 1 shows structures in ¢feriped emission
which do not correspond to any feature in the total intersithe same resolution.
In addition, a change in the orientation of the polarizatiattern is observed. A
possible explanation may come from a drop in the opticalltap®” 3 from the star,
corresponding to about 45 au at the distance of the systeismidy imply that there
is a substructure in the disk density at this location, likmp or a ring, not revealed
in the total emission (see discussion in [4]). The natureiohsa structure has still to
be revealed, and will require higher angular resolutioreolzions. We anticipate,
however, that a recent study in the emission of moleculaslimas revealed a ring
in the emission of formaldheide (H2CO) whose inner bordat "3 from the star,
coincident with the change in the polarization propert®][ Thus it appears that
polarization maps nicely complement the investigatior®fal emission.

4 Conclusions

The ALMA observations of disks are providing new and presimformation for
the understanding of the formation of planets around yotag sin particular, the
window opened recently by polarimetric capabilities akbaws to set important con-
straints on the distribution and early evolution of the dt@mhponent of disks. As
other systems recently observed, DG Tau and CW Tau showizettian properties
at 870um dominated by self-scattering of the dust thermal emissierall, DG
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Tau appears to be in a less evolved state than CW Tau. In enld#iructural pe-
culiarities are revealed by the polarized emission. Oulyamsathus indicates that
polarimetry will be a powerful tool in the studies of the aviddn of protoplanetary
disks.
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