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ABSTRACT

Context. Jets are rarely associated with pre-main-sequence intermediate-mass stars. This contrasts with the frequent detection of jets in lower-mass
or younger stars. Optical and near-IR observations of jet-driving sources are often hindered by the presence of a natal envelope.
Aims. Jets around partly embedded sources are a useful diagnostic to constrain the geometry of the concealed protoplanetary disk. In fact, the
jet-driving mechanisms are affected by both spatial anisotropies and episodic variations at the (sub-)au scale from the star.
Methods. We obtained a rich set of high-contrast VLT/SPHERE observations from 0.6 µm to 2.2 µm of the young intermediate-mass star RY Tau.
Given the proximity to the Sun of this source, our images have the highest spatial resolution ever obtained for an atomic jet (down to ∼4 au).
Results. Optical observations in polarized light show no sign of the protoplanetary disk detected by ALMA. Instead, we observed a diffuse signal
resembling a remnant envelope with an outflow cavity. The jet is detected in the Hα, [S ii] at 1.03 µm, He i at 1.08 µm, and [Fe ii] lines in the 1.25
µm and 1.64 µm. The jet appears to be wiggling and its radial width increasing with the distance is complementary to the shape of the outflow
cavity suggesting a strong jet/envelope interaction. Through the estimated tangential velocity (≈ 100 km s−1), we revealed a possible connection
between the launching time of the jet sub-structures and the stellar activity of RY Tau.
Conclusions. RY Tau is at an intermediate stage toward the dispersal of the natal envelope. This source shows episodic increases of mass accre-
tion/ejection similarly to other known intermediate-mass stars. The amount of observed jet wiggle is consistent with the presence of a precessing
disk warp or misaligned inner disk that would be induced by an unseen planetary/sub-stellar companion at sub-/few-au scales. The high disk mass
of RY Tau and of two other jet-driving intermediate-mass stars, HD163296 and MWC480, suggests that massive, full disks are more efficient at
launching prominent jets.

Key words. stars: pre-main sequence – protoplanetary disks – ISM: individual object: RY Tau – ISM: jets and outflows

1. Introduction

The formation history of planets is tightly connected to the
global evolution of protoplanetary disks. Our knowledge of the
disk morphology has greatly advanced in the last few years
thanks to the high-contrast and high-resolution imaging in both
the visible/near-IR (NIR) and the (sub-)mm offered by new in-
struments like VLT/SPHERE, GPI, and ALMA. However, if on
one hand ALMA has also access to younger, embedded sources
(see e.g., Sheehan & Eisner 2017), the optical/NIR imaging has
important limitations in this regard because of their much higher
extinction. In fact, the protoplanetary disk of well studied pre-
main sequence (PMS) stars like e.g., HL Tau (Takami et al. 2007)
or DG Tau B (Podio et al. 2011) have not been imaged at short
wavelengths, and the whole sample of disks with available NIR
images is biased toward more evolved sources with no remnant
envelope (Garufi et al. 2018).

Among the various physical processes that affects the mor-
phology of protoplanetary disks, the removal of mass and angu-
lar momentum through jets and outflows may play a fundamental
role (see the review by Frank et al. 2014) since it can limit the in-
crease of stellar rotation and allows high accretion rate for a large

? Based on observations performed with VLT/SPHERE under
program ID 096.C-0241(C), 096.C-0241(F), 096.C-0248(A), 096.C-
0454(A), and 1100.C-0481(A).

fraction of the protoplanetary disk lifetime. Given the impor-
tance of this element for the star formation process, it is crucial
to establish if the ejection of jets is a general phenomenon for
forming stars of all masses and evolutionary stages. Jets are also
a useful diagnostic of the innermost disk regions being tightly
connected to the accretion processes and the star/disk interplay.

It is known that jets are almost ubiquitous in protostars (see
e.g., Nisini et al. 2015). However, jets are often observed in
more evolved PMS stars, and in particular around the low-mass
(. 1.5 M�) TTSs (e.g., Hartigan et al. 1995; Bacciotti et al.
2002). The observations of these stars are facilitated by their in-
trinsic abundance and by their long PMS timescale that allows
the direct imaging of their disk after their parent envelope is
dissipated. These low-mass stars preserve their outer convective
zones until and beyond the zero-age main sequence (ZAMS),
and are thus accompanied by strong magnetic field. On the other
hand, intermediate-mass stars (1.5 − 5 M�) develops a radiative
envelope throughout their PMS stage (Gregory et al. 2012). Ob-
servationally, these stars have initially late spectral type (K to
F) and are referred to as intermediate-mass TTSs (IMTTSs, see
e.g., Calvet et al. 2004) while at a later stage of their PMS evo-
lution they appear as Herbig AeBe stars and eventually turn into
A/B main-sequence stars. The magnetic field of Herbig stars is
weaker and less characterized (Hubrig et al. 2018). Unlike TTSs,
observations of jets around intermediate- and high-mass young
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Table 1. Summary of observations. Columns are: instrument, observing mode, date, waveband, exposure time, angular resolution, main target
emission, and relative figure in this work. DBI: dual band imaging, IFS: integral field spectroscopy, DPI: differential polarization imaging, RDI:
reference-star differential imaging, SDI: spectral differential imaging.

Instrument Mode Waveband Date texp (min) θ (mas) Main target emission Figure

IRDIS DBI

H23 2015-10-27 68 60 Continuum, [Fe ii] line 2 (top panels), 3, 4
K12 2015-12-26 51 80 Continuum, H2 line -
K12 2016-01-01 85 80 Continuum, H2 line -
H23 2017-11-29 102 60 Continuum, [Fe ii] line 2 (top panels), 3

IFS IFS

Y J 2015-10-27 68 40 [S ii], He i, [Fe ii] lines -
YH 2015-12-26 51 50 [S ii], He i, [Fe ii] lines -
YH 2016-01-01 85 50 [S ii], He i, [Fe ii] lines -
Y J 2017-11-29 102 40 [S ii], He i, [Fe ii] lines 2 (bottom left panels)

ZIMPOL
DPI I′ 2015-12-17 40+16 30 Polarized continuum 1, 4
RDI I′ 2015-12-27 11+11 30 Continuum 1
SDI Hα 2015-11-08 47 30 Hα 2 (bottom right panel), 4

stars are rare, although a few examples exist (e.g., Devine et al.
2000; Antoniucci et al. 2016).

RY Tau is an excellent laboratory for the study of jets around
intermediate-mass stars and of late stages of envelope dispersal.
This source is in fact associated to an extended nebulosity and
a remnant envelope close to the star (Nakajima & Golimowski
1995; Takami et al. 2013) as well as to an optically bright jet
(Cabrit et al. 1990; St-Onge & Bastien 2008; Agra-Amboage
et al. 2009; Coffey et al. 2015; Skinner et al. 2018). High-
amplitude photospheric variations (Petrov et al. 1999) and the
primordial spectral energy distribution (SED, Robitaille et al.
2007) also points to a relatively young source. Yet, its protoplan-
etary disk shows rings and an inner cavity in the sub-mm (Isella
et al. 2010; Long et al. 2018) that are typically observed in more
evolved sources.

In this work, we present new optical and NIR observations
of RY Tau obtained with VLT/SPHERE (Beuzit et al. 2019). Al-
though this instrument was designed and optimized for the planet
and disk characterization, it also allows us to image the inner re-
gions of jets in the atomic lines at an unprecedented resolution
of ≈ 30 mas, corresponding to 4−5 au at 130 pc. The paper is or-
ganized as follows. In Sect. 2, we describe the analyzed datasets.
Then, in Sect. 3 and Sect. 4 we present our results from spec-
troscopic, photometric, and imaging data. Finally, in Sect. 5 and
Sect. 6, we discuss our findings and conclude.

2. Observations and data reduction

2.1. VLT/SPHERE images

Multiple images of RY Tau were taken in the context of the guar-
anteed time observations of the high-contrast imager SPHERE
(Beuzit et al. 2019), operating at the Very Large Telescope (VLT)
in conjunction with the extreme adaptive optics (AO) system
SAXO (Fusco et al. 2006).

Differential polarization imaging (DPI). Polarimetric obser-
vations of RY Tau were taken with the sub-instrument ZIMPOL
(Zurich imaging polarimeter, Schmid et al. 2018) in the I′ band
(λc = 790 nm) on 2015 December 17. To minimize instrument
artifacts, the observations were performed in DPI field stabilized
mode by alternating the object orientation by 60◦ and dithering
its position by 14 pixels. We operated in both SlowPolarimetry
mode, which maximizes the signal-to-noise of the outer regions,
and FastPolarimetry mode, which provides the highest polari-
metric precision of the inner regions. In SlowPolarimetry mode
we adopted a 155 mas-diameter Lyot coronagraph and DIT=50

sec, while in FastPolarimetry a DIT=20 sec and no coronagraph
was employed. The DPI data reduction follows the standard
technique adopted in several works involving VLT/NACO and
SPHERE observations (see e.g., Avenhaus et al. 2014; Garufi
et al. 2016) and provides as a final product the Stokes parame-
ters Q and U, as well as the polarized intensity PI = (Q2 +U2)1/2

and the radial parameters Qφ and Uφ (Schmid et al. 2006).
Reference-star differential imaging (RDI). ZIMPOL obser-

vations of RY Tau in the I′ band were also taken in Classical
Imaging (CI) on 2015 December 17, along with those of a ref-
erence star, HD284071. Observations were taken in pupil stabi-
lized mode with DIT=10 sec. The reduction followed the basic
steps of the ZIMPOL/DPI reduction, leading to the extraction of
70 individual intensity frames for both RY Tau and reference star
that were scaled, subtracted, and averaged to generate a unique
residual image.

Spectral differential imaging (SDI). RY Tau was also ob-
served with ZIMPOL on 2015 November 8 in the Hα (λc =
655.6 nm, ∆λ = 5.5 nm) and in the adjacent continuum (λc =
644.9 nm, ∆λ = 4.1 nm) filters (Program ID 096.C-0454(A),
P.I. Dougados). Images were acquired in field-stabilized mode
with no coronagraph for a total integration time on source of 47
minutes. The data were processed using the ETH Zurich ZIM-
POL IDL pipeline (version 1.5), which applies standard bias,
dark, and flat-field corrections, and allows for re-centering, dero-
tation, and combination of the frames. The data reduction fol-
lowed the same procedure described by Antoniucci et al. (2016).
In particular, we first normalized each continuum frame to the
corresponding Hα frame to take into account the different fil-
ter band-passes, using the ratio of the total counts measured in
the star peak region in the two images as normalization factor.
Then, we performed a frame-by-frame subtraction of the Hα and
continuum exposures to remove the continuum emission. All the
continuum-subtracted frames thus obtained were eventually de-
rotated and averaged to generate the final Hα image.

Integral field spectroscopy (IFS) and dual band imaging
(DBI). Finally, RY Tau was observed as part of the SpHere IN-
frared survey for Exoplanets (SHINE, Chauvin et al. 2017) four
times between 2015 October 27 and 2017 November 29. Obser-
vations consist of simultaneous imaging with the infrared dual-
band imager and spectrograph (IRDIS, Dohlen et al. 2008) and
integral field spectroscopy instrument (IFS, Claudi et al. 2008).
They were done in both IRDIFS and IRDIFS_EXT modes,
that is with IFS operating between Y and J spectral bands
(λ = 0.95 − 1.35 µm) and IRDIS simultaneously performing
DBI (Vigan et al. 2010) in H23 band (λc = 1.58/1.67 µm,
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∆λ = 52/54 nm) and with IFS operating between Y and H
bands (λ = 0.95 − 1.65 µm) and IRDIS in DBI in K12 band
(λc = 2.10/2.25 µm, ∆λ = 102/109 nm), respectively. The spec-
tral resolution is ∼50 in the IRDIFS and ∼30 in the IRDIFS_EXT
modes. All observations were pupil stabilized to enable angu-
lar differential imaging (ADI) and the star was centered under
an apodized pupil Lyot coronagraph (Carbillet et al. 2011) of
radius r = 185 mas. All IFS and IRDIS data sets were reduced
with the SPHERE Data Reduction and Handling (DRH) pipeline
(Pavlov et al. 2008) in the SPHERE Data Center (DC1, De-
lorme et al. 2017). The fully reduced IFS images are combined to
four-dimensional data cubes (two spatial, one spectral, and one
time dimension) and further processed with the SHINE Specal
pipeline (Galicher et al. 2018). The latter performs angular and
spectral differential imaging (ADI+SDI) in the flavors of classi-
cal ADI (cADI, Marois et al. 2006), Template Locally Optimized
Combination of Images (TLOCI, Marois et al. 2014), and Prin-
cipal Component Analysis (PCA, Soummer et al. 2012; Amara
et al. 2015). SDI is performed on the IFS images by constructing
a median PSF from all available channels and by removing this
reference image to each individual channel, thus as to enhance
the contrast of line emission compared to continuum emission.

All SPHERE images have been corrected for the SPHERE
True North of −1.8◦ (Maire et al. 2016). The angular resolu-
tion achieved is approximately 30 mas for the ZIMPOL images,
40−50 mas for the IFS images, and 60−80 mas for the IRDIS
images. A summary of observations is shown in Table 1.

2.2. WHT/UES spectra

Constraints on the stellar effective temperature can be obtained
from optical high-resolution spectra. In this work, we made use
of four spectra of RY Tau that were obtained on 25 Oct 1998
and 28, 29, 31 Jan 1999 with the 4.2-m William Herschel Tele-
scope (WHT) on the Observatorio del Roque de los Muchachos
(La Palma, Spain) equipped with the Utrecht Echelle Spectro-
graph (UES). The observations belong to the International Time
program EXPORT (Eiroa et al. 2000). UES was set to provide
a wavelength coverage between 3800 and 5900 Å. The spectra
were dispersed into 59 echelle orders with a resolving power of
49 000. The slit width was set to 1.15′′ projected on the sky. De-
tails about the reduction of the spectra can be found in Mora
et al. (2001).

3. Stellar properties

The stellar properties of RY Tau from the literature are often
discrepant. In this section, we perform their new calculation and
discuss the critical estimate of the distance to the source. These
parameters are summarized in Table 2.

3.1. The distance

RY Tau belongs to the Taurus star-forming region (Kenyon et al.
1994) and it has been typically assumed to be at 133+55

−30 pc, based
on the Hipparcos data (ESA 1997). However, Gaia DR1-TGAS
(Gaia Collaboration 2016) revealed d = 176+32

−23 pc and Gaia DR2
(Gaia Collaboration et al. 2018) d = 442+53

−42 pc. The large incon-
sistency between the Hipparcos and Gaia estimates raised some
doubts about the latter. DR2 is in fact still a preliminary release,
where several data processing loops are not closed and various
systematic effects are still present (Lindegren et al. 2018).
1 http://sphere.osug.fr/spip.php?rubrique16&lang=en

Table 2. Stellar properties from this work.

Distance 133 pc
Effective temperature 5750 K
Extinction AV 1.5 ± 0.7 mag
Luminosity 6.3+9.1

−3.2 L�
Mass ≈1.9 M�
Age ≈ 4.5 Myr

To test the possibility that the Gaia measurement is erro-
neous, we look at 29 other members of its (visual) parent cloud,
L1495 (see Luhman 2018). All these sources have d between
119.5 and 139.1 pc (d=129.2 pc) and an average proper motion
of 8.97 mas (σ = 1.27) and −24.97 (σ = 1.26) mas in right as-
cension and declination. RY Tau shows a consistent proper mo-
tion of 9.08 and −23.05 from Hipparcos and of 9.10 and −25.86
from Gaia DR1, while the DR2 shows a slightly discrepant value
(4.98,−25.71).

Given these premises, we are inclined to consider the Gaia
DR2 measurement (442 pc) erroneous and the Gaia DR1 (176
pc) less likely than that from Hipparcos (133 pc) since this esti-
mate also matches the average (129 pc) for the other co-moving
members of the parent cloud of RY Tau. An investigation of the
miscalculation from Gaia is beyond the scope of this paper. We
nonetheless note that this may have a connection with the vari-
ability of the Hipparcos astrometric solution (Bertout et al. 1999;
Agra-Amboage et al. 2009) indicating motion of the photocen-
ter or with the presence of a bright envelope, as in R CrA (Mesa
et al. 2019).

3.2. Stellar temperature, mass, and age

Two different estimates of the effective temperature Teff are com-
monly adopted in the literature, i.e. Teff = 5080 K (Kenyon &
Hartmann 1995) and Teff = 5945 K (Calvet et al. 2004). This dis-
crepancy motivated a new analysis of the stellar temperature. We
obtained an independent estimate of Teff by comparing the opti-
cal spectrum of RY Tau obtained with WHT/UES (see Sect. 2.2)
to a set of synthetic models of the stellar photosphere computed
from the ATLAS and SYNTHE codes (Kurucz 1993; Sbordone
et al. 2004). We varied Teff and surface gravity log(g) and found
the best fit from the model with Teff = 5750 K and log(g)=3.58
(see Appendix B for details).

We re-calculated all stellar properties using the newly de-
rived Teff and d=133 pc (see Sect. 3.1). We collected the optical-
to-millimeter photometry of the source from the literature. RY
Tau is known to show a short (weeks) and a long (years) ir-
regular variability in the visible and NIR (see e.g., Herbst &
Shevchenko 1999), with variations up to 2.3 mag in the V band.
In particular, the brightness is anti-correlated with the linear po-
larization (Herbst et al. 1994; Oudmaijer et al. 2001), suggesting
that the short-term variability is due to transient occultations by
circumstellar material (e.g., the UX Ori phenomenon). In this
scenario, the maximum observed photometry at a given state of
the long-term variability is more representative of the stellar pho-
tosphere. We set the benchmark photometry to the upper tertile
V=10.0 mag since this represents the typical high state of the
short (weeks) variability during an intermediate state of the long
(years) variability. This choice is further motivated by the dis-
cussion of Sect. 5.2.1. The correctness of this approach is also
supported by the SED, where the adopted optical brightness is
in good agreement with the near- and mid-IR photometry which
is less subject to variability (see Appendix B).
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Fig. 1. Imagery of RY Tau in the I′ band from ZIMPOL. The polarized intensity PI is shown to the left in logarithmic scale with the main region
obtained with coronagraphic SlowPol exposures and the small, inner region with FastPol exposures (see text). The Q, U, Qφ, and Uφ parameters
are shown in the two central columns with the same linear scale (note the different scale from PI) where black regions indicate negative values.
The total intensity image obtained in RDI is shown in logarithmic scale to top right (the black pixels indicate negative values and the grey mask
unreliable results), along with a graphic comparison with PI to bottom right. The white ellipse outlines the protoplanetary disk seen by ALMA
(Long et al. 2018). North is up, East is left.

Then, we calculated the visual extinction AV through the ex-
tinction law by Cardelli et al. (1989) with RV = 3.1 and from the
comparison of synthetic and observed (V−R), (V−I), and (R−I)
colors. Given the high stellar variability, we performed this cal-
culation across the entire light curve by Herbst & Shevchenko
(1999) and found that the average AV calculated over few tens of
measurements decreases from 1.7 to 0.6 with increasing visual
brightness (see Fig. B.1). Here we adopted AV = 1.5± 0.7 based
on the photometry corresponding to the aforementioned V=10.0
mag. The uncertainty derives from the standard deviation of the
sub-sample with V = 10.0 ± 0.4 mag. We calculated the stellar
luminosity L∗ by integrating the flux of the model scaled to the
de-reddened photometry and obtained L∗ = 6.3+9.1

−3.2 L�2. This rel-
atively low luminosity is peculiar of a star slightly older than the
typically assumed Taurus age (1−2 Myr). In fact, different sets
of PMS tracks (Dartmouth, MIST, PARSEC, Dotter et al. 2008;
Dotter 2016; Bressan et al. 2012) agree in identifying a stellar
mass of 1.9 M� at an age of ≈ 4.5 Myr. These estimates should
be taken with caution given the large uncertainties highlighted
here and in Sect. 3.1.

4. Results from VLT/SPHERE

4.1. The envelope

The polarimetric images of RY Tau obtained with ZIMPOL
are shown in Fig. 1. The Q and U parameters do not show the
quadrilobe pattern typical of centro-symmetric scattering from
protoplanetary disks (see e.g., Quanz et al. 2011). Instead, two
regions with diffuse positive and negative values are found to
North and South. This evident deviation from centro-symmetric
scattering may in principle discourage the use of the Qφ and Uφ

parameters, which are typically adopted under the assumption

2 This uncertainty is obtained from the uncertainty on AV and on the
σ(d) of the L1495 cloud sample (5.4 pc, see Sect. 3.1). By adopt-
ing the Gaia DR1 measurement of d=176 pc, our calculation yielded
L∗ = 11.2 L�.

of this type of scattering. Nonetheless, we show these param-
eters in Fig. 1 where it can be seen that (i) Qφ consists of two
bright wedges to North and to West and three fainter regions
to the SE, two of which with negative values (on average ≈ 5
times lower in absolute value than the bright wedge) and (ii) the
Uφ image appears as a relatively symmetric alternation of pos-
itive and negative regions (with the negative regions being on
average ≈ 25% brighter in absolute value). They therefore sig-
nificantly diverge from the ideal morphology to be expected in
case of centro-symmetric scattering where (i) Qφ only contains
positive values and (ii) Uφ only contains noise.

The combination of the Stokes Q and U parameters into PI
(see the left panel of Fig. 1, shown in logarithmic scale) results
into a double-wedge structure resembling that seen in the Qφ

image. This morphology is to first order consistent with the frac-
tional polarization PI/I by Takami et al. (2013), even though a
closer inspection reveals that the two wedges from SPHERE are
more collimated and their azimuthal distance smaller. From the
inner region of the image (obtained from the FastPolarimetry ex-
posures described in Sect. 2), we found no sign of radial disconti-
nuity for the two wedges at least down to the angular resolution
of these observations (≈ 0.03′′). More importantly, we found
nowhere signs of any circumstellar disk features (like gaps, arms,
or rings) within the diffuse signal as it is recurrently seen in op-
tical and NIR imaging polarimetry of this type of stars. Finally,
the disk emission from ALMA by Long et al. (2018) does not
have any counterpart in our image (see the bottom right panel of
Fig. 1). These considerations and the strong deviation from cen-
trosymmetric scattering suggest to refer to this diffuse scattered
light as a residual envelope rather than a disk, in agreement with
what was concluded by Takami et al. (2013) (see Sect. 5.1).

The total intensity image obtained in RDI as described in
Sect. 2.1 is also shown in Fig. 1 (right column). The only signal
that we could retrieve from this procedure is visible as bright
double lobes in proximity of the star. It is clear that these lobes
match the innermost regions of the extended wedges visible in
polarized light. The poor quality of the RDI image with respect
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Fig. 2. Imagery of the jet of RY Tau from IRDIS (top), IFS (bottom left), and ZIMPOL (bottom right). The first two IRDIS panels are from 2015,
with the left one being in the H2 band and the middle one in the H3 band. The right panel is the H3 image taken in 2017. These images are shown
in logarithmic scale with the first two only having the same color stretch. IFS panels are specific channels corresponding to λ=1.08, 1.03, and 1.25
µm while the ZIMPOL image is in the Hα filter at 0.66 µm. These images have arbitrary linear color stretch. The inset box of the Hα image has a
different color stretch and a spatial scale corresponding to the IFS images. The violet box in the top left panel corresponds to the field of the IFS
images while the green box corresponds to the field of the main ZIMPOL image. The stellar position is indicated by the symbol. North is up, East
is left.

to the DPI images discourages the calculation of the polarized-
to-total light ratio. It can nonetheless be presumed that the DPI
images trace to large extent the total scattered light distribution
and that the observed double-wedge structure is not peculiar of
the polarizing properties.

4.2. The jet

4.2.1. Detection of spectral lines

We investigated four sets of images of RY Tau taken with IRDIS
in DBI, two taken in the H23 band and two in the K12 band (see
Sect. 2). All images show multiple arms which are spatially con-
sistent with the diffuse polarized emission from ZIMPOL (see
Sect. 4.1). This structure can be seen from Fig. 2 and, in particu-
lar, in the inset image of the top left panel which roughly corre-
sponds to the spatial field of Fig. 2. In addition to this structure,
the two available H3 images clearly show evidence of the jet (see
the top panels of Fig. 2). This is visible to NW discontinuously
from approximately 1′′ out to the detector edge at 6′′. There is
no sign of the jet from the H2 images nor from any of the K12
images, suggesting that this emission is the [Fe ii] line at 1.64
µm, which is in fact sitting within the H3 band wavelength cov-
erage (1.61−1.72 µm). The K1 wavelength interval includes the
H2 line at 2.12 µm but this line is not detected. The morphology

of both the inner structure and the jet looks very similar from the
different post-processing techniques (see Sect. 2 and Appendix
A). Thus, in this paper we only focus on the IRDIS images pro-
cessed with cADI. We nonetheless caution that the process of
ADI is known to affect the actual morphology of azimuthally
extended structures (see Sect. 4.2.2 for details).

The jet is also detected in 5 of the 39 IFS channels in the
YJ band (see the bottom panels of Fig. 2). These channels cor-
respond to λ=1.08 µm and 1.03 µm and to three consecutive
channels around λ=1.25 µm. Three lines are recurrently detected
from jets around these wavelengths: He i, [S ii], and [Fe ii], re-
spectively. The same lines are detected in the YH band but with a
lower intensity because the wavewidth of each channel is larger.
Thus, we only focus on the YJ dataset. The emission in He i
is relatively strong and appears as a continuous, narrow feature
from the coronagraph edge to ∼ 0.3′′, and putatively further
out. The [S ii] line is barely detected as a bright knot coinci-
dent with the western end of the He i main emission. The [Fe ii]
emission appears faint and more radially diffuse than the other
lines. Stacking all other channels yielded no further detectable
signal indicating that no other lines of comparable brightness
are present in our dataset. All lines are best detected in PCA
ADI+SDI (see Sect. 2) in the 2017 dataset and in this paper we
only focus on these sets of images.
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Fig. 3. Jet of RY Tau from the H3 images tracing the [Fe ii] emission
at 1.64 µm from the jet. Top panel: comparison of the jet radial extent
between 2015 and 2017. The 2015 features identified in both images
are replicated as dash contours in the 2017 image. The arrows repre-
sent their apparent motion. The jet axis (P.A.=293◦) is indicated by the
dashed line. The bright signal in the inner 1′′is primarily stellar flux
residual. Bottom panel: the stellar lightcurve in the last 50 years. The
red lines is the best fit to the 3100 blue datapoints. The calculated launch
date of the inner and outer jet spots are indicated by the black arrows,
while the red arrows highlight the local photospheric maxima from the
curve.

Finally, we recovered the jet emission from the ZIM-
POL/SDI image in the Hα filter at 0.66 µm (see Sect. 2). In the
inner region, this type of emission appears as a strong narrow
feature extending out to ∼ 0.3′′ (see bottom right panel of Fig. 2)
thus resembling the He i main emission. Further out, the signal
is much fainter and more azimuthally extended (see Sect. 4.2.3).
From this image, we recovered a faint emission from the counter-
jet at 180◦ from the main jet.

4.2.2. Jet proper motion

From the IRDIS images, the jet appears discontinuous and
marginally curved along its radial extent, as can be seen from
Fig. 3. Looking at the 2015 dataset, the brightest regions is the
inner one (out to 2′′, referred to as inner spot), almost no emis-
sion is detected from 3.5′′ to 5′′, but an additional, outer spot
is evident from 5′′ to 6′′. The jet looks rather collimated in the
inner region (width ≈ 0.3′′) while it appears more azimuthally
extended (up to ≈ 0.6′′) further out (see Sect. 4.2.3). A small
bend toward the North (left bend) is visible at 3.5′′. Similarly, the
outer spot appears slightly displaced from the jet axis (assumed
at 293◦ from the disk geometry, Pinilla et al. 2018). We caution
that in principle the process of ADI may bias the morphology of
any extended emissions (see e.g., Garufi et al. 2016; Pohl et al.
2017). This is particularly true for the azimuthal direction since
the net effect of the ADI on an azimuthal extended feature is the
self-subtraction. However, this caveat might not be particularly
impactful since the RDI image performed on this dataset looks
very similar to the ADI images (see Appendix A). Furthermore,
the very good angular resolution of these observations (≈0.06′′)
is such that all these features are well resolved.

The 2017 dataset shows the same inner spot and, marginally,
the left bend. Both structures seem to be offset from the 2015
image (see Fig. 3). To quantify this offset, we measured the ra-
dial location of the inner and outer edge of the inner spot as well
as the jet location which is most displaced by the jet axis in the
proximity of the left bend. This turned out to be 0.31′′± 0.03′′,
0.36′′± 0.03′′, and 0.37′′± 0.03′′, respectively (with uncertain-
ties adopted as half of the image resolution). It is thus possible
that this offset reflects the jet proper motion. Assuming d = 133
pc (see Sect. 3.1), these values correspond to a tangential veloc-
ity VT ≈ 90, 105, and 110 km s−1, which is a reasonable value
for a jet but considerably lower than that inferred by St-Onge &
Bastien (2008) from Gemini and Hubble observations further out
(165 km s−1 at 6′′). The jet radial velocity VR from [O i] emis-
sion is 70−75 km s−1 (Cabrit et al. 1990; Coffey et al. 2015),
while it is much larger inside 1′′ (110−150 km s−1, Skinner et al.
2018). The jet inclination deriving from our VT and VR=70 km
s−1 is ijet = 35◦ which is slightly larger than that expected (28◦)
from the disk geometry (see Pinilla et al. 2018). Interestingly, the
2017 image does not show the outer spot at the location expected
from the aforementioned VT. Instead, signal with a similar mor-
phology is revealed at the detector edge. Although only the tail
of this feature is visible, it is clear from a close inspection of dif-
ferent epochs and post-processing techniques (see Appendix A)
that it corresponds to the outer spot. If so, the VT of this jet fea-
ture is clearly higher than that of the others and we constrained
it as VT ≈ 300 km s−1.

Having estimated VT, we calculated the launch date of in-
ner and outer spots. Assuming that the VT inferred for the inner
spot has been constant with time, this feature turned out to be
launched between early 2004 and late 2007. To check for pos-
sible stellar activity level during this period, we retrieved the
lightcurve of RY Tau in the visual waveband over the last 50
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Fig. 4. Composite image of RY Tau comparing the datasets of this work superimposed to the disk seen in the mm by ALMA (Long et al. 2018).
Our data consists of the optical envelope of Fig. 1 and of the prominent jet traced by Hα and [Fe ii] lines of Fig. 2.

years from AAVSO3. Interestingly, the possible launch interval
of the inner spot includes the time of the highest photometric
state over this period, between December 2005 and March 2006
(see bottom panel of Fig. 3). On the other hand, the launch date
of the outer spot is more controversial since we cannot conclude
whether its very high VT (≈ 300 km s−1) has been constant or
whether it is due to a recent, and possibly temporary, accelera-
tion (see Sect. 5.2.3). Assuming that this feature has travelled at
the same velocity of the inner spot (≈ 100 km s−1) for most of
its lifetime, its launch date corresponds to the other main photo-
spheric maximum registered over the last half a century, in the
80’s (see Fig. 3). Instead, with the currently measured VT the fea-
ture would have a launch date approximately corresponding to
that of the inner spot.

In line with such reasoning, we could argue that the faint
[Fe ii] emission at 1.25 µm revealed by IFS in the inner 1′′ is
due to the very low stellar state registered over the last five years
(with visual magnitude spanning from 10.5 to 11, see Fig. 3 for
reference). It is thus possible that the 1′′−5′′ region of the jet will
look relatively faint over the next decade. The bright emission
revealed in Hα and He i in the inner region is not necessarily in
contrast with this scenario since these lines may be connected to
strong stationary shocks in proximity of the star and, as such, not
trace the actual volumes of expanding gas.

4.2.3. Jet width and wiggle

The Hα and the He i emission from ZIMPOL and IFS appears
bright and compact in the inner 40 au. In this region, the jet width
measured from these two lines is approximately 12 au and 8 au,
respectively. The former estimate is more reliable since the ZIM-
POL images have a higher angular resolution (∼4 au vs ∼6 au)
and were not post-processed with ADI. While we do not recover
significant He i emission at larger radii, the Hα emission is de-
tected up to 100−150 au where the jet looks much wider, i.e.≈
40 au. The inner spot detected in [Fe ii] at 200−250 au has a
comparable width, whereas the outer spot at 600 au appears as
wide as ≈ 80 au. These numbers point to a bottle-neck shape for
the jet with an appreciable flow widening occurring between 40
au and 100 au. Interestingly, these radii correspond to the region
of increasing azimuthal divergence between the two DPI wedges
(see Fig. 1). This complementarity can also be appreciated from
the diagram of Fig. 5 and the composite image of Fig. 4 and it
highlights the jet efficiency in sculpting the surrounding medium
with its passage.

As commented in Sect. 4.2.2, the jet orientation changes with
the distance from the star. By extracting the center of the az-
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continuity.

imuthal extension from different tracers and at different radii,
the jet position angle P.A. varies from 290◦ (from the innermost
region and the outer spot) to 295◦ (the left bend). Thus, the jet
seems to wiggle around the P.A. expected from the disk orien-
tation (293◦, Pinilla et al. 2018) and the projected half-opening
angle of this wiggle is 2◦ − 3◦. Since the entire opening angle is
found between the left bend and the outer knot (see Fig. 3), we
can infer that a wiggle half-cycle elapses ≈300 au correspond-
ing to 15 years (with VT = 100 km s−1). If the jet wiggle is also
present along the radial direction, this effect may partly reconcile
the discrepancy between VT and VR highlighted in Sect. 4.2.2.

5. Discussion

5.1. The disk and the envelope

Our observations in polarized light of Sect. 4.1 are indicative of
a partly embedded source. In fact, although the stellar photo-
sphere is visible and the SED is characteristic of Class II ob-
jects (Lada 1987), the disk revealed in the sub-mm at P.A. = 23◦
(see Fig. 4) remains undetected in scattered light. In the context
of optical and NIR imaging polarimetry of protoplanetary disks,
this morphology is uncommon (see Garufi et al. 2018). Similar
observations were described by Takami et al. (2013) who repro-
duced the polarized emission by means of an optically thin and
geometrically thick upper layer. This evident nebulosity is likely
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acting to scatter the NIR photons from the disk but it is not suf-
ficiently thick to mask the stellar photosphere. In other words, it
represents the last stage of a protostellar envelope.

The spatial analogy between the wedges in the PI image in
Fig. 1 and the jet of Fig. 2 is reminiscent of the outflow cavity
of earlier evolutionary stages (see e.g., Arce & Sargent 2006). In
particular, the opening angle measured from the azimuthal dis-
tance of our DPI wedges (≈ 80◦, considering the edge as the
angle where the flux drops below 3σ) is what is expected from
& 1 Myr-old sources (Seale & Looney 2008) where most of the
envelope has been swept away by the jet and a broader wind out-
flow. This effect can be seen from Fig. 5 and Fig. 4, where it is
clear that the jet appears less collimated from 50 au outward, that
is where the opening angle between the optical wedges apprecia-
bly increases.

It is intriguing that in this scenario of early evolution, the pro-
toplanetary disk already shows an inner dusty cavity (Isella et al.
2010). According to recent ALMA data (see Fig. 4), this cavity
is relatively large (∼18 au) but also rather shallow having only
a factor 2 depletion in dust (Long et al. 2018). The existence of
both a disk cavity and a jet is not necessarily odd provided that
gas is still flowing within the cavity. The source is in fact accret-
ing (≈ 2.2 ·10−8 M�/yr, Mendigutía et al. 2011). It is tempting to
speculate that the cavity has formed recently and that this has not
impacted yet on the jet launch mechanisms (see also Sect. 5.3).

5.2. The jet

As discussed in Sect. 4.2, we detected the jet in the Hα, [S ii]
1.03 µm, He i 1.08 µm, and [Fe ii] lines at 1.25 µm and 1.64 µm.
Previous work on RY Tau has revealed the emission of the Hα
and other optical lines (Cabrit et al. 1990; Hartigan et al. 1995;
St-Onge & Bastien 2008; Agra-Amboage et al. 2009) and of the
[Fe ii] in the NIR (Coffey et al. 2015), whereas the [S ii] and the
He i are detected for the first time in this jet.

Such a variety of detected emission lines corresponds to the
presence of gas in widely different conditions of ionization and
excitation level. This is consistent with the presence of multi-
ple shocks in the beam, as it is frequently observed in the ini-
tial section of stellar jets (see e.g., the sub-arcsecond maps from
DG Tau or HH 30 star Bacciotti et al. 2000; Hartigan & Morse
2007). Such shock fronts can produce widely different excita-
tion/ionization conditions because of a combination of effects.
In fact, each front can have a different propagation velocity be-
cause of different ejection velocity at the jet base, and subsequent
merging with the adjacent fronts.

Furthermore, the bow-like shape of most of these fronts pro-
duces variations of the shock velocity (which drives the excita-
tion level), as the latter is a function of the local inclination angle
of the front with respect to the jet direction (e.g., Hartigan et al.
1987). Finally, even for a plane-parallel shock, the cooling of the
gas behind the front produces strong gradients in the gas density,
temperature and ionization which give rise to lines of very differ-
ent excitation in a spatially unresolved layer (see e.g., Hartigan
et al. 1994; Nisini et al. 2005). We note however, that the He i
at 1.08 µm has a high excitation energy (∼ 20 eV), which means
that shock velocities larger than 100 km s−1 must be present in
the inner 0.5′′ of the jet if this line is collisionally excited (see
tables in Hartigan et al. 1987, and Sect. 5.2.2).

Our analysis on the jet of RY Tau revealed that:

1. The activity stage of RY Tau might have a temporal connec-
tion with the launch of the jet spots.
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Fig. 6. Mass and orbital distance of a putative companion responsible
for the jet wiggle in RY Tau. The yellow region indicates the analytical
error bars. The cyan region is between the inner edge of the outer disk
from ALMA data (18 au) and the inner edge of the inner disk from mid-
IR interferometric data (0.3 au). The green dashed line is the formal
threshold between giant planet and brown dwarf.

2. The jet is very collimated (∼12 au width) on spatial scales of
less than 40 au from the star.

3. The inner part (.500 au) of the jet is currently moving as a
rigid body with VT ≈ 100 km s−1. However, the outer spot at
∼650 au appears to travel three times faster.

4. The jet is wiggling in 30 years with an opening angle of ≈ 5◦.

5.2.1. Episodic accretion and ejection

Young stars are known to undergo stages of episodic accretion.
The physical origin of these episodes is highly debated but it
is likely related to the intrinsic inability for the inner disk to ac-
crete at a steady state, to density perturbations within the disk, or
to variability of the magnetic field (see the review by Armitage
2015). In magneto-centrifugal models, accretion and ejection ac-
tivities are predicted to be coupled (see the review by Konigl &
Pudritz 2000), and the jet bears record of these episodic accre-
tion.

In view of this, the likely temporal analogy between the jet
spot launching and the state of RY Tau points toward an in-
creased mass outflow rate that would in turn be connected to
an episodic accretion occurred in 1985 and 2006 (see Fig. 3). A
similar behavior was shown in another well known jet source,
HD163296. Unlike RY Tau, this Herbig star has been photomet-
rically stable over many decades. Yet, a few photometric dim-
ming events (Ellerbroek et al. 2014) have been ascribed to the
episodic obscuration from circumstellar dusty clouds while op-
tical/NIR brightening events (Sitko et al. 2008) to the periodic
lifting of dusty material into disk wind or halo (Vinković et al.
2006; Bans & Königl 2012).

Both these effects are more erratic in RY Tau (see Petrov
et al. 1999) but the physics responsible for this behavior is likely
the same. The younger age of RY Tau (≈5 vs 10 Myr), the
apparently earlier stage of the circumstellar material morphol-
ogy, and their similar stellar mass may suggest that RY Tau and
HD163296 represent different stages of a similar evolutionary
path.

5.2.2. Jet collimation and recollimation shock

The unprecedented resolution of these images (∼30 mas for
ZIMPOL and 40−60 mas for IRDIS/IFS) and the detection of
multiple jet tracers allow an accurate measurement of the jet
width from 40 au to 600 au. The jet opening angle derived from
the estimates of Sect. 4.2.3 is ≈ 3.5◦. This opening angle is con-
sistent with the widening due to a highly supersonic jet propagat-
ing with an average velocity of 150 km s−1 and with an internal
sound speed of about ∼10 km s−1 (assuming a typical gas tem-
perature of 104 K). This indicates that the jet collimation occurs
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on spatial scales smaller than 50 au as predicted by magneto-
centrifugal models (e.g., Pudritz et al. 2007) and observed in a
few other jets from TTSs imaged by HST with 0.1′′-resolution
(see e.g., Cabrit 2007). In all cases, including RY Tau, the mea-
sured widths are consistent with those imposed by the collima-
tion via magnetic hoop stresses in models of disk winds, as il-
lustrated for example in Fig. 2 of Ray et al. (2007). The mag-
netically collimated jet excavates the surrounding medium in its
passage, as it results from the complementary morphology of the
outflow cavity shown in Sect. 4.2.3.

Interestingly, the innermost 50 au from the star where the
jet is already collimated shows a clear emission in the He i line
at 1.08 µm. Given its high excitation energy (∼20 eV), the He
i emission can be produced either collisionally (if the gas is
heated up to 2.5 ·104 K) or by recombination (if the gas is highly
ionized). In turn, these scenarios require a high velocity shock
and/or a source of ionizing radiation. This is consistent with the
detection of faint X-ray emission extending a few arcseconds
along the jet since this probes hot plasma (T ∼ 106 K, Skinner
et al. 2011), and of other high-excitation lines detected at UV
wavelengths close to the driving source, like the C iv doublet at
1548/1550 Å (T ∼ 105 K, Skinner et al. 2018), and the C iii
1908 Å and S iii 1892 Å lines (T ∼ 3 · 104 K, Gómez de Castro
& Verdugo 2001).

The detection of the He i line at 1.08 µm and of other high-
excitation lines might also be the signature of the so-called rec-
ollimation shock that forms when an initially wide wind is colli-
mated into a jet, likely by magnetic fields (see e.g., Bonito et al.
2011; Frank et al. 2014). Previous detections of the He i line at
1.08 µm have been reported around a large sample of TTSs (Ed-
wards et al. 2006) but the emission was unresolved. However,
for DG Tau it was shown through a spectro-astrometric analysis
that the He i emission was elongated along the P.A. of the blue-
shifted outflow lobe, and it was kinematically associated with
the resolved region bright in [Fe ii], which traces the collimated
jet (Takami et al. 2002). In the case of our AO observations of
RY Tau, He i emission is spatially resolved, it is clearly elon-
gated and is likely spatially coincident with the first ∼50 au of
the collimated jet seen in Hα and in the other forbidden lines.
This confirms that the energetic shocks giving rise to the He i
emission are related to the outflow activity.

5.2.3. Jet velocity

The velocity inferred in Sect. 4.2.2 (a de-projected ≈ 105 − 125
km s−1) is quite moderate for a jet (see Frank et al. 2014). Skin-
ner et al. (2018) noticed that the jet velocity of RY Tau rapidly
decreases from 300 km s−1 at 40 au to 240 km s−1 at 100 au.
Interpolating their trend yields the velocity that we inferred for
the region outside 150 au (see Fig. 5). Furthermore, the inner
spot and the left bend of Fig. 3 can be presumably recognized
in the GEMINI-NIFS image taken by Coffey et al. (2015) from
the same tracer in 2009. The observed radial offset results in an
intrinsic velocity of ≈ 125 km s−1 which is consistent with our
measurement. Interestingly, the spatial interval of the rapid jet
braking (from 40 to 150 au) corresponds to the abrupt increase
of jet width (see Sect. 5.2.2 and Fig. 5), suggesting that the jet
velocity and width are connected.

The very different velocity of the outer spot (≈340 km s−1)
with respect to the inner jet is controversial. It could be possibly
associated to a bright knot at 1.3′′ detected in the [O i] by Agra-
Amboage et al. (2009) in 2002. Its average velocity from 2002
to 2015 would be ≈215 km s−1, that is an intermediate value be-

tween the estimated velocities of inner and outer jet. In principle,
an abrupt decrease of the ambient density acts to accelerate the
jet. It can be calculated from Eq. (5) of Raga et al. (1998) that a 3
times faster jet requires a ∼ 15− 50 times less dense medium (in
∼150 au). The jet velocity obtained slightly outside of our outer
spot by St-Onge & Bastien (2008, 190 km s−1) instead only re-
quires a factor 5−10 of density decrease (in & 300 au).

5.2.4. Disk warp

The jet wiggle inferred in Sect. 4.2.3 can have two major origins,
namely (i) the presence of a stellar companion massive enough
to induce an orbital motion for the primary star (Anglada et al.
2007) and (ii) the precession of an inner disk portion with respect
to the outer disk (Zhu 2019).

In the former case, the launching area of the jet moves as
the primary star orbits the center of mass. The secondary star
must therefore be rather massive. We employed Eq. (7) and (9) of
Anglada et al. (2007) to infer the mass of a putative companion
necessary to induce the observed jet wiggle. Using our observed
period of the wiggle, half-opening angle (see Sect. 4.2.3), and
jet velocity (see Sect. 4.2.2), the calculation yielded an object
of mass Mc = 1.1 M� at a separation of 14 au from RY Tau
(corresponding to & 0.1′′). However, such an object would be
easily recovered from our intensity images. In general, although
the presence of a stellar companion has been claimed by several
authors (e.g., Bertout et al. 1999; Nguyen et al. 2012) this has
not been firmly demonstrated, and RY Tau is still considered as
a single star by recent mid-IR interferometric campaigns (e.g.,
Varga et al. 2018).

All this said, the precession of a disk warp or broken inner
disk (e.g., Min et al. 2017; Facchini et al. 2018) seems a more
likely explanation for the jet wiggle. This scenario may also re-
quire the presence of a companion, although it does not need to
be so massive to alter the orbital motion of RY Tau. As an alter-
native to a companion, a disk warp may also be induced by the
disk misalignment with the stellar magnetic axis (see e.g., Bou-
vier et al. 1999) but in this scenario the precessing timescale is
related to the stellar rotation and is thus too rapid to explain our
jet wiggle. Instead, we focused on the companion scenario and
constrained the mass Mc and orbital radius Rc of this putative
companion. We assumed that the jet wiggle is a direct conse-
quence of a precessing disk warp and employed the analytical
Eq. (27) by Zhu (2019), that can be re-written as:

Tpre =
8

3q cos(i)
(1 + q)1/2

(
GM∗

R3
c

)−1/2 (
Rc

Rd

)3/2

(1)

where Tpre is the precession timescale, M∗ is the mass of RY Tau,
q is Mc/M∗, i is the companion orbital/disk angular momentum
vector misalignment, and Rd the location of the gap induced by
the companion. Based on the properties of the jet wiggle, we im-
posed i = 5◦, Tpre = 30 years and assumed that Rc & Rd. This
left us with the family of solution shown in Fig. 6. It turned out
that a giant planet inside the disk inner hole (0.3 au, Schegerer
et al. 2008) or a sub-stellar companion further out could account
for the observed jet wiggle. In the latter case, the inferred com-
panion would be massive enough to tidally break the inner and
outer disk (e.g., Pinilla et al. 2012) but may be small enough to
remain undetected in high-contrast imaging and interferometric
campaigns. This is particularly true in the inner 2−3 au where
our calculation yielded Mc < 0.1 M�.
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5.3. Jets of other intermediate-mass stars

The occurrence of a known jet around Class II intermediate-mass
stars is relatively low (see e.g., Corcoran & Ray 1997; Eisloffel
et al. 2000). In this regard, RY Tau is a fairly exceptional object.
In fact, the only other such objects within 200 pc with a direct
detection of jet-tracing optical/NIR forbidden lines are, to our
knowledge, HD163296 (Devine et al. 2000), MWC480 (Grady
et al. 2010), and HD104237 (Grady et al. 2004). Although these
four stars are fairly similar in mass (∼2 M�), their structure is not
necessarily identical. Unlike the others, RY Tau is in fact a TTS
and as such still possesses a convective envelope that sustains
an axisymmetric magnetic field with strong dipole components
(Gregory et al. 2012).

In Fig. 7, we compare RY Tau with the sample of nearby
intermediate-mass stars with resolved NIR observations of the
disk (selected from Garufi et al. 2018, with the addition of
HD104237). In this sample, albeit not complete in any physical
sense, only 12% of the source is known to host a jet. We must
nonetheless caution that the detection of a jet in intermediate-
mass stars is intrinsically hampered by the bright central contin-
uum emission. Yet, some considerations on the diagram can be
made. First of all, those of HD163296 and MWC480 are by far
the most massive full disks (i.e., hosting no central cavity) in the
sample4. Formally speaking, the disk of RY Tau is not a full disk
(Long et al. 2018) but it clearly differs from the other transition
disks of this sample. In fact, the SED does not show evidence of
a large cavity and the source is still clearly embedded in the natal
cloud (see Sect. 5.1). On the other hand, the possible connection
between the disk mass and the presence of a jet is not supported
by HD104237, being its disk in the low tail of dust mass dis-

4 Contrary to the literature, HD142666 is treated as a disk with a cavity,
based on Rubinstein et al. (2018).

tribution. Figure 7 also shows that there is no clear connection
between the presence of the jet and the accretion rate nor the stel-
lar mass. In particular, the accretion rate of the four jet-sources
is in fact relatively high, spanning from 3 ·10−8 M�/yr to 2 ·10−7

M�/yr in a sample with an average of 4 · 10−8 M�/yr (that does
not include 3 out of 32 non-detections). However, other stronger
accretors are not known to possess a jet.

RY Tau is the only IMTTS (over 14) showing a jet while
3 (out of 18) Herbig AeBe are known to host a jet. Bearing
in mind the very low statistics, this trend does not support a
scenario where jets originate from the stellar surface (Sauty &
Tsinganos 1994), unless the magnetic fields of Herbig stars are
much stronger than what is currently believed (e.g., Hubrig et al.
2018). On the other hand, a disk-wind scenario where the jet is
launched by the magnetic field threading the disk (e.g., Bland-
ford & Payne 1982; Konigl & Pudritz 2000) does not require a
highly magnetized star. Instead, the presence of a full disk is a
condition that intuitively favors this mechanism since the launch-
ing region of an atomic jet is the inner 4−5 au (Bacciotti et al.
2002; Coffey et al. 2004). Furthermore, the presence of promi-
nent jets in RY Tau, MWC480, and HD163296 could indicate
that more massive disks are more efficient at launching powerful
jets whereas less massive disks (that can be as small as 10 au, see
Garufi et al. 2017) may only launch a micro-jet (like HD104237,
Grady et al. 2004) or not launch any jet at all.

The absence of other known nearby IMTTS with a jet could
also be a selection bias. In fact, Garufi et al. (2018) noticed a
desert in the distribution of imaged IMTTS younger than 4−5
Myr and argued that this could be due to the embedded nature of
these sources making them a challenging target for AO-driven
observations. The intermediate nature of RY Tau discussed in
Sect. 5.1 is consistent with this scenario. Stars with M ∼ 2−3 M�
may be concealed for several Myr and then rapidly disperse the
envelope and lose the jet thus as to appear like the recurrently
imaged intermediate-mass stars older than ∼5 Myr.

Finally, RY Tau lies in a rather dense environment, being one
of the few intermediate-mass stars in the Taurus cloud. This is in
contrast with the majority of the evolved intermediate-mass stars
observed thus far and could speculatively mean that the ISM ac-
cretes onto the protoplanetary disk for a longer timescale than
what occurs in the isolated Herbig stars. This scenario would
reconcile the apparent discrepancy between the early stage of the
circumstellar environment and the relatively old age of RY Tau,
and thus explain how is the jet sustained for a long timescale.

6. Summary and conclusions

The intermediate-mass (M ∼ 1.9 M�) star RY Tau has been stud-
ied with VLT/SPHERE optical and NIR images. In contrast to
the vast majority of the PMS stars available from the literature,
our scattered-light images do not reveal the protoplanetary disk
that is visible at millimeter wavelengths. Instead, we only re-
solved the inner region of the remnant envelope, as for previ-
ous NIR observations. This nebulosity shows a characteristic dip
along the jet axis that is consistent with the late stages of evolu-
tion of outflow cavities.

We detected the atomic jet (and marginally the counter-jet)
with an unprecedented intrinsic spatial resolution (down to 4 au)
in the Hα, [S ii] at 1.03 µm, He i at 1.08 µm, and [Fe ii] lines
in the 1.25 and 1.64 µm. Having two observing epochs, we con-
strained from the proper motion a jet tangential velocity of ap-
proximately 100 km s−1. From this, we inferred a launching date
for the main jet spot occurred around 2006, when the star ex-
perienced a main photometric maximum. The other main stellar
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brightening of RY Tau occurred in 1985 and can be associated to
the launch of an outer spot. This finding is a possible evidence of
the episodic nature of the accretion process and of the intimate
connection between accretion and ejection events.

The jet shows a wiggling, bottle-neck shape with a flow
widening of a few degrees between 40 and 100 au. The jet
morphology in the inner 200 au is consistent with early strong
collimation in a magnetic disk wind, supporting once again the
magneto-centrifugal scenario as the origin of jets. We also con-
strained the mass and orbital distance of a putative companion
responsible for the observed jet wiggle. A giant planet at sub-au
scales or a sub-stellar companion further out may in fact induce
a disk warp or a misalignment of the inner disk. Such an object
may have escaped all planet-search campaigns carried out thus
far.

Finally, we put RY Tau in the context of the most stud-
ied intermediate-mass stars and noticed that three of the four
known jet-sources, including RY Tau, host a very massive disk.
In particular, HD163296 and MWC480 host the most massive
full disks of the analyzed sample while the disk of RY Tau only
shows a very shallow (possibly recent) cavity that does not leave
any imprint on the SED. While it is still possible that the paucity
of other IMTTSs with a jet is an observational bias, our small
sample of intermediate-mass stars suggests a marginal role for
the stellar magnetic field and that more massive disks are more
efficient at launching powerful jets. In any case, a deep charac-
terization and a more in-depth statistical analysis of jet-driving
sources will be necessary to better constrain the connection be-
tween the natal envelope, the protoplanetary disk, and the jet.

This work also serves as a showcase of the SPHERE capa-
bilities in the search and characterization of the optical jets, fol-
lowing previous work on more distant objects (Antoniucci et al.
2016; Schmid et al. 2017). SPHERE allows us to directly image
the inner few hundreds au of the jet with a few-au-resolution, in
a framework where only spectral observations or coronagraphic
imaging at larger distance have been conducted thus far.
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Appendix A: Observing setting and
post-processing techniques

Figure A.1 is a comparison of different post-processing tech-
niques on the IRDIS H3 images from 2017. It is clear that all im-
ages look reasonably similar, motivating our choice of Sect. 4.2.1
to focus on one image only. In particular, in the RDI image all
features have lower contrast than in the ADI images. Their mor-
phology is however more reliable since this technique does not
suffer from azimuthal self-subtraction as the ADI. The similar-
ity with the ADI images suggests that the ADI bias on the jet
morphology is limited even in the azimuthal direction.

Appendix B: Stellar properties of RY Tau

In Fig. B.1, we show the optical EXPORT spectrum used to con-
strain the effective temperature of RY Tau (see Sect. 3.2), as well
as the different values of visual extinction AV, of stellar lumi-
nosities, and the SED obtained with different scaling V magni-
tude (see Sect. 3.2).
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Fig. A.1. Comparison of different post-processing techniques on the IRDIS H3 images from 2017. The first three figures are obtained in ADI, the
fourth in RDI (see Sect. 2). The strong quasi-centrosymmetric signal is the stellar continuum residual. The jet morphology discussed in Sect. 4.2.1
looks reasonably similar (see the white line encircling the inner spot) and all the features that we discussed in the text are always present (with the
possible exception of the left bend in the PCA image). Images are rotated by 65◦counterclockwise. The color scale is logarithmic and relatively
arbitrary.
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Fig. B.1. Study of the stellar properties of RY Tau. The top panels are the optical EXPORT spectrum (black) compared to a synthetic model
(red) with Teff = 5750 K, log(g)=3.58, and v · sin(i) = 52 km/s. The third panel shows the different values of optical extinctions AV and stellar
luminosities obtained by adopting different brightnesses in the V band as photospheric level. The fourth panel is the de-reddened SED of the source
with different values of V mag, and thus AV. A reasonable fit to the optical photometry and agreement with the NIR photometry is obtained only
with V = 10.0 and V = 10.4. The stellar model is obtained for V = 10.0 and AV = 1.5 and corresponds to a stellar luminosity L∗ = 6.3 L�.

Article number, page 15 of 15


