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ABSTRACT

Context. Protoplanetary disks around young stars often contain substructures like rings, gaps, and spirals that could be caused by interactions
between the disk and forming planets.
Aims. We aim to study the young (1-3 Myr) star DR Tau in the near-infrared and characterize its disk, which was previously resolved through
sub-millimeter interferometry with ALMA, and to search for possible sub-stellar companions embedded into it.
Methods. We observed DR Tau with VLT/SPHERE both in polarized light (H broad band) and total intensity (in Y, J, H, and K spectral bands). We
also performed L’ band observations with LBTI/LMIRCam on the Large Binocular Telescope (LBT). We applied differential imaging techniques
to analyze the polarized data, using dual beam polarization imaging (DPI), and total intensity data, using both angular and spectral differential
imaging (ADI, SDI).
Results. We found two previously undetected spirals extending north-east and south of the star, respectively. We further detected an arc-like
structure north of the star. Finally a bright, compact and elongated structure was detected at separation of 303 ± 10 mas and position angle
21.2 ± 3.7 degrees, just at the root of the north-east spiral arm. Since this feature is visible both in polarized light and in total intensity and has a
flat spectrum it is likely caused by stellar light scattered by dust.
Conclusions. The two spiral arms are at different separation from the star, have very different pitch angles, and are separated by an apparent
discontinuity, suggesting they might have a different origin. The very open southern spiral arm might be caused by infalling material from late
encounters with cloudlets into the formation environment of the star itself. The compact feature could be caused by interaction with a planet in
formation still embedded in its dust envelope and it could be responsible for launching the north-east spiral. We estimate a mass of the putative
embedded object of the order of few MJup.

Key words. Instrumentation: adaptive optics - Methods: data analysis - Techniques: imaging spectroscopy - Stars: planetary systems, Stars:
individual: DR Tau

1. Introduction

Protoplanetary disks surrounding young stars are considered the
formation environment for planets (see e.g., Chen et al. 2012;
Marshall et al. 2014). Observing planets in formation has, how-
ever, so far been possible only for one confirmed case. This is
that of PDS 70 where two giant, forming planets have been im-
aged (e.g., Keppler et al. 2018; Müller et al. 2018; Wagner et al.
2018b; Haffert et al. 2019; Mesa et al. 2019). Other possible
cases like e.g., that of HD 169142 (e.g., Pohl et al. 2017; Ligi
et al. 2018; Gratton et al. 2019) still need confirmation. Observa-
tions in the near-infrared (NIR) with instruments like SPHERE
at VLT (Beuzit et al. 2019), GPI at the Gemini Telescope (Mac-
intosh et al. 2014) and CHARIS at the Subaru Telescope (Groff
et al. 2015) and at millimeter wavelengths with the Atacama
Large Millimeter Array (ALMA) enabled resolution of a wealth
of substructures in protoplanetary disks. Such substructures can
be gaps and rings (e.g., Perrot et al. 2016; Feldt et al. 2017;
Andrews et al. 2018; Fedele et al. 2018; Isella et al. 2018), cavi-
? Based on observation made with European Southern Observatory

(ESO) telescopes at Paranal Observatory in Chile, under programs
ID 0102.C-0453(A) and 1104.C-0416(A). It also make partial use of
LBT/LMIRCam observations under program ID 74.

ties (e.g., Avenhaus et al. 2017; van der Plas et al. 2017; Norfolk
et al. 2021) and spirals (e.g., Muto et al. 2012; Maire et al. 2017;
Boccaletti et al. 2020; Ginski et al. 2021; Brown-Sevilla et al.
2021). One of the most common explanations for these struc-
tures is the interaction between the disk and an unseen compan-
ion embedded in the disk itself (see e.g., Jin et al. 2016; Facchini
et al. 2018a,b). However, alternative models have been proposed
to explain these structures such as possible accumulation of dust
at the snow lines (e.g., Zhang et al. 2015), zonal flows (Béthune
et al. 2017), secular gravitational instability (Takahashi & Inut-
suka 2014), magneto-rotational instability in the outer region of
the disk (Flock et al. 2015) or late infall of material on the disk
(Dullemond et al. 2019; Kuffmeier et al. 2020).

For what concerns the spiral patterns in protoplanetary disks,
hydrodynamical simulations (see e.g., Pohl et al. 2015) give
strong indications that disk-planet interactions, in the early
phases of the planetary formation, can produce both an inner
and an outer spiral pattern through the presence of Lindblad res-
onances (e.g., Gressel et al. 2013). Yet we still lack clear obser-
vational evidence to confirm these theories even if recent obser-
vations hint in that direction. Indeed Muro-Arena et al. (2020)
were able to precisely define the position and the mass of a pos-
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sible planet responsible for launching the spiral pattern in the
disk of SR 21. Moreover, Boccaletti et al. (2020) proposed that
the spirals in the AB Aur disk could be due to the presence of
two low mass companions still in formation and identified two
features that could correspond to those companions. Finally, the
formation of a spiral pattern driven by a stellar companion was
proposed for the binary star HD 100453 AB (Dong et al. 2016;
Wagner et al. 2018a)

In this work we present new observations both in polarized
light and total intensity of the system of DR Tau obtained with
VLT/SPHERE and thermal infrared observations obtained with
LBTI/LMIRCam. We found that DR Tau is a very interesting
system in this context because of its young age, the properties
of its disk, and of its favourable almost pole-on orientation. The
paper is organized as follows: in Section 2 we summarise the
results of previous studies regarding the system of DR Tau while
in Section 3 we present our new observations of the system and
the data reduction methods adopted. In Section 4 we present our
results that are then discussed in Section 5. Finally, in Section 6
we give our conclusions.

2. The target

DR Tau is a very active classical T Tauri star (CTTS) situated in
the Taurus-Auriga star forming region but its estimated distance
of 192.97±1.23 pc (Gaia Collaboration et al. 2021) is larger than
that of the main region (∼140 pc). It has shown a slow increase
of its brightness between 1960 and 1980 (Chavarria-K. 1979;
Gotz 1980) passing from being a faint star with a V band mag-
nitude of 14 mag to one of the brightest stars of the association
(V∼11 mag). This was probably caused by a strong accretion
process (Bertout et al. 1988). Due to this, DR Tau has also been
classified as an EXOr variable (see e.g., Herbig 1989; Loren-
zetti et al. 2009). Since then it has maintained its augmented flux
but displaying large photometric and spectral variability (Alen-
car et al. 2001; Grankin et al. 2007).

Its spectral classification is quite uncertain due to the high
and variable veiling produced by the accretion process. It varies
between K5V and M0V with a larger number of earlier spectral
classification (Petrov et al. 2011; Banzatti et al. 2014; Long et al.
2019) with respect to the later ones (e.g. McClure 2019). Also
its mass suffers from similar uncertainties ranging from 0.4 (e.g.
Salyk et al. 2019) to more than 1 M� (e.g. Andrews et al. 2013).
Recently, exploiting the measurement of the Keplerian rotation
of the disk Braun et al. (2021) found a mass of 1.18+0.59

−0.44 M�
for DR Tau. In the same work, however, they also found slightly
subsolar masses for the star using various sets of evolutionary
models. The age estimates of the system vary between 0.9 Myr
obtained by McClure (2019) using the Siess et al. (2000) evolu-
tionary tracks and 3.2 Myr obtained by Long et al. (2019) adopt-
ing the pre-main-sequence evolutionary models by Baraffe et al.
(2015) and Feiden (2016).

The emission from its disk has been widely studied resulting
in the first discovery of H2O spectro-astrometric signatures in a
protoplanetary disk (Brown et al. 2013). At the same time, other
important molecular lines were detected in emission, such as CO
lines (Long et al. 2019). For these molecules single peaked lines
were found in contrast with what is expected for a Keplerian
disk. A possible explanation could be a low disk inclination cou-
pled with the presence of a slow disk wind (Bast et al. 2011;
Pontoppidan et al. 2011; Salyk et al. 2019). The dust disk was re-
cently resolved at a wavelength of 1.3 mm using ALMA by Long
et al. (2019) finding a total disk flux density of 127.18+0.20

−0.22 mJy, a

0. 75′′ Qφ 0.000

0.002

0.004

0.006

0.008
0.010
0.012
0.014
0.016

su
rf

ac
e

b
ri

gh
tn

es
s

(J
y
/
ar

cs
ec

2
)

Fig. 1. SPHERE H-band Qφ final image obtained from the DPI data.
The red dashed circle represents the radius found from ALMA data.
The magenta cross indicates the position of the point source candidate
described in this paper (see Section 4.1). The grey hashed circle in the
image centre marks the size of the coronagraph. No deprojection to the
disk plane was applied to this image.

radius of 0.267′′ (∼51 au), an inclination of 5.4◦+2.1
−2.6, and a posi-

tion angle of 3.4◦+8.2
−8.0. In contrast, a much larger radius of 246 au

was found for the gas by Braun et al. (2021).

3. Observations and data reduction

DR Tau was observed with SPHERE (Beuzit et al. 2019) at the
ESO Very Large Telescope (VLT) in two epochs and with the L-
and M-band Infrared Camera (LMIRCam; Skrutskie et al. 2010;
Hinz et al. 2016) of the Large Binocular Telescope Interferome-
ter (LBTI) in one epoch. These observations are described below
and detailed in Table 1.

3.1. SPHERE/VLT polarized imaging

In the first epoch, during the night of 2018-11-26, SPHERE was
operating in dual beam polarization imaging (DPI; de Boer et al.
2020; van Holstein et al. 2020) using the IRDIS (Dohlen et al.
2008) infrared camera in the broad-band H filter (λ=1.625 µm,
∆λ=0.29 µm). The observation was performed in field stabilized
mode. We obtained five polarimetric cycles to measure the lin-
ear polarimetric parameters Q+, Q−, U+ and U−. The weather
conditions were excellent during all the observation as detailed
in Table 1.

The data were reduced using the IRDAP (IRDIS data reduc-
tion for accurate polarimetry; van Holstein et al. 2017, 2020)
pipeline. As a first step the pipeline pre-processes raw data ap-
plying dark subtraction, flat fielding, bad pixel correction and
registering each image. In a second step we derive the linear
Stokes parameters Q and U and the relative total intensities that
are then corrected for instrumental polarization effects and for
cross talk. Finally, the pipeline computes the linearly polarized
intensity, angle, and degree of polarization for the source. From
these values it provides the azimuthal Stokes parameters Qφ and
Uφ (see de Boer et al. 2020, for a definition of Qφ and Uφ) that
in this context represent the polarimetric signal and the relative
noise, respectively.
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Table 1. List and main characteristics of the observations of DR Tau used for this work.

Date Obs. mode Coronograph DIMM seeing τ0 wind speed Field rotation DIT Total exp
2018-11-26 IRDIS DPI N_ALC_YJH_S 0.28′′ 8.0 ms 2.98 m/s 0 32 s 640 s
2019-11-28 IRDIFS_EXT N_ALC_Ks 0.51′′ 5.3 ms 2.75 m/s 26.16◦ 96 s 4608 s
2020-02-02 LBT/LMIRCAM AGPM 1.10′′ /// 9.70 m/s 75.50◦ 1.01589s 2660 s

The final Qφ image is displayed in Figure 1 where we also
plot the dust radius found from ALMA data (red dashed circle)
and the position of the compact feature identified in this work
which will be described in Section 4.1 (magenta cross). The lo-
cation of the SPHERE coronagraph is also shown with a grey
disk.

3.2. SPHERE/VLT total intensity imaging

The second epoch observation of DR Tau with SPHERE was per-
formed on the night of 2019-11-28 in the context of the SHINE
(SpHere INfrared survey for Exoplanets; Chauvin et al. 2017;
Desidera et al. 2021; Langlois et al. 2021; Vigan et al. 2021)
survey. The observation was performed using the IRDIFS_EXT
observing mode with the integral field spectrograph (IFS; Claudi
et al. 2008) operating in Y, J and H spectral bands (between 0.95
and 1.65 µm) and with IRDIS using the K band with the K12 fil-
ter pair (wavelength K1=2.110 µm; wavelength K2=2.251 µm;
Vigan et al. 2010).

We also obtained frames with satellite spots symmetric with
respect to the central star before and after the coronagraphic se-
quences. This enabled us to determine the position of the star
behind the coronagraphic focal plane mask and accurately re-
centre the data (Langlois et al. 2013). Furthermore, to be able
to correctly calibrate the flux of companions, we acquired im-
ages with the star off-axis. In these cases, an appropriate neutral
density filter was used to avoid saturation of the detector.

The data were reduced through the SPHERE data centre (De-
lorme et al. 2017) applying the appropriate calibrations follow-
ing the data reduction and handling (DRH; Pavlov et al. 2008)
pipeline. In the IRDIS case, the calibrations included the dark
and flat-field correction and the definition of the star centre. In
addition to the dark and flat-field corrections, IFS calibrations
included the definition of the position of each spectra on the
detector, the wavelength calibration, and the application of the
instrumental flat field. On the pre-reduced data we then applied
speckle-subtraction algorithms like TLOCI (Marois et al. 2014)
and principal components analysis (PCA; Soummer et al. 2012)
as implemented in the consortium pipeline application SpeCal
(Spectral Calibration; Galicher et al. 2018). For IFS data, we
used the Angular-Spectral Differential Imaging (ASDI) PCA ap-
proach that uses the 4-d datacube (spatial dimension, time, and
wavelength) as described in Zurlo et al. (2014) and in Mesa et al.
(2015).

The final signal-to-noise ratio (SNR) maps obtained from
this procedure are shown in Figure 2 both for IFS (left panel)
and IRDIS (right panel). Like for the polarimetric data case, we
overplot on both images a red circle indicating the radius of the
inner dust disk as found by ALMA data. The white dashed circle
indicates in both images the extension of the SPHERE corona-
graph for this observation.

3.3. LMIRCam/LBT data

We also observed DR Tau in the L’ band with LBTI/LMIRCam
using the instrument’s non-interferometric, individual-aperture,

adaptive-optics imaging mode (Ertel et al. 2020). These obser-
vations were executed on the night of 2020-02-03 using only
the left side of the LBTI and the Annular Groove Phase Mask
(AGPM) coronagraph (Defrère et al. 2014). The observations
were performed in pupil stabilized mode to allow to implement
the angular differential imaging (ADI; Marois et al. 2006). The
observations were designed to last ∼5 hours but high winds com-
plicated the data acquisition and required terminating the obser-
vation after two hours. The quality of the obtained data was af-
fected by wind shake of the secondary mirror which rendered the
adaptive optics loop unstable and prevented the use of the au-
tomated coronagraph centring loop (QACITS approach, Huby
et al. 2015) so that this step was performed manually at reduced
effectiveness.

Basic LBTI calibrations include correlated double sam-
pling, bad pixel correction, and sky/background subtraction. The
frames were aligned with cross-correlation and centred using
a rotational-based centring approach (Morzinski et al. 2015)
that utilizes the rotational symmetry of the PSF to determine
the star’s location behind the coronagraph. Poor-quality frames
(those with less than an 80% maximum cross-correlation with
the median pupil of the sequence) were then removed, result-
ing in ∼30% frame rejection. The final dataset that was used for
analysis includes 4525 frames covering 75.5◦ of field rotation.
At this stage, synthetic planets were injected (when relevant)
using the unsaturated and unocculted PSF of the star to assess
the final image sensitivity. The spatial background was further
mitigated by subtracting the mode of each column and applying
a 15x15 pixel high-pass filter. The PSF was then modelled and
subtracted using the KLIP algorithm (Soummer et al. 2012) with
10 KL-modes over annular segments of 60◦ azimuthal range and
a radial range of 10-100 pixels from the image centre (∼0.1′′-
1.1′′). Finally, the frames were derotated and combined using a
noise-weighting approach (Bottom et al. 2017). The combined
image obtained from this procedure is displayed in Figure 3,
in which we also show the location of the dust disk radius ob-
served by ALMA with a red dashed circle and the position of
the compact feature detected using SPHERE and described in
Section 4.1 with a red cross. The white dashed circle indicate the
location of the AGPM coronagraph used for this observation. No
source is detected with SNR≥3.

4. Results

4.1. Disk morphology

The DR Tau circumstellar environment shown in Figure 1 and 2
is quite complex and can be subdivided in three most evident
substructures: the inner disk, the spiral arms and a bright com-
pact structure.

4.1.1. Inner disk

The polarized data (see Figure 1) show that the inner region
just around the star is populated by material (probably both dust
grain and gas) at least at separation larger than the coronagraph
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Fig. 2. Left: Final signal-to-noise map obtained from IFS data obtained using the ASDI-PCA subtracting 10 principal components. Right: Final
signal-to-noise map obtained from IRDIS data obtained using the PCA subtracting 2 principal components. In both images the red circle represents
the disk radius of the inner disk as found with ALMA data and the red arrow indicates the position of the compact structure described in Section 4.1.
Moreover, the white dashed circle represents the inner working angle (∼0.09′′) of the coronagraph used for these observations. The colour bars
below the two images indicates the S/N values obtained from our data reduction procedure. As for the case of Figure 1, no deprojection to the real
orientation of the disk plane was applied to both images.

Fig. 3. Central part of the signal-to-noise map obtained from the
LBTI/LMIRCam data using the KLIP algorithm and subtracting 10
modes. The dashed red circle indicates the radius of the dust disk de-
tected with ALMA while the dashed white circle represents the inner
working angle of the AGPM coronagraph (0.09′′). The position of the
feature found with the SPHERE data and described in Section 4 is
marked with a red cross. Like for the case of the SPHERE images this
image has not been deprojected to the disk plane.

inner working angle (that is 92.5 mas corresponding to ∼18 au
at the distance of the system). To the west and to the south of the
star the disk detected in scattered light has a radius comparable
to that obtained from sub-mm emission with no or faint signal
outside this separation.

4.1.2. Spiral arms

We observe a strong emission north- and eastward of the star in-
dicating the presence of a clump of material outside the radius of
the disk detected by ALMA. As ALMA is sensitive to mm dust
grains this emission could then be dominated by the presence of
smaller grains. We note however that the ALMA observations
presented by Long et al. (2019) are probably not deep enough
to reveal extended dust emission at low surface brightness. New
deeper ALMA observations will then be needed for a definitive
conclusion on this point.

A spiral pattern starts from the clump described above and at
first look it seems to be composed by a single arm wrapped all
around the star (see Figure 1). However, a more careful analysis
reveals that the system is likely composed of at least two differ-
ent arms. In the left panel of Figure 4 we display the high-pass
filtered version of Figure 1 to highlight the presence of these two
arms. Their traces are shown for more clarity by two red dashed
lines in the right panel of the same Figure. The first one of these
arms starts from north-east of the star at a position angle (PA) of
around 20◦ and moves towards the south to end at the south-east
of the star at a separation of ∼0.8′′ (corresponding to a separa-
tion of 154 au at the distance of the system) and a PA of ∼150◦.
The second spiral arm departs at a larger separation from the star
than the first one (∼0.35′′) and it is more wrapped. It starts just
south from the star at a PA of ∼150◦ where it is very bright and
it wraps around the star towards the west and then to the north
fading away while it departs from the star. We are however able
to trace it up to a separation of 1.14′′ from the star and a position
angle of ∼300◦, north-west of the star. This separation is ∼220 au
at the distance of the system and it is consistent with the size of
the gas disk observed by Braun et al. (2021).

Additionally, an arc-like structure is visible north to the star
at separations ranging between ∼0.63′′ and ∼0.73′′ and at PA
ranging between around −40◦ and ∼33◦. Its position is high-
lighted by a red solid line in the right panel of Figure 4.

The pitch angle of the two spirals can be determined trans-
forming the polarized data image in polar coordinates. In this
case the two spiral arms are seen as diagonal lines and their in-
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Fig. 4. Left: High pass filter of Figure 1 to highlight the presence of two spirals in the outer part of the disk. Right: Same as in the left panel of
this Figure but with overplotted two red dashed lines to indicate the positions of the two spirals (labelled with NES for the north-eastern spiral and
with SS for the southern spiral) and one red solid line to indicate the position of the arc-like structure (labelled with ALS).

Fig. 5. Same Qφ final image obtained from the DPI data as in Figure 1
but with different contrast settings and zoomed to make more evident
the presence of the same feature visible in the high-contrast imaging
data. The position of the feature is indicated by a red arrow.

clination with respect to the vertical gives their pitch angle. For a
nearly face-on disk such as that of DR Tau, this is expected to be
rather constant along a spiral arm except in the close vicinity of
an object possibly launching it, though spirals may well be gen-
erated by mechanisms other than the presence of a companion.
We found for the north-eastern spiral a moderate pitch angle of
∼11◦ while the southern spiral has a much larger starting pitch
angle of ∼26◦ that makes it a very open spiral arm. Addition-
ally, the pitch angle of the second spiral is strongly variable with
values increasing at larger separation and a clear bending toward
the north at a separation of ∼1.15′′ and at a PA of ∼260◦.

The two spirals are also visible both in IFS and IRDIS total
intensity images from the second epoch even if with a very low
SNR as evidenced in Figure 2. In this case however the inner

Fig. 6. Extracted spectrum of the elongated compact structure from the
IFS and IRDIS data. The orange squares are the IFS data points, the
blue circles are the IRDIS data points. The green upside-down triangles
are the upper limits obtained for some wavelengths.

region is completely depleted of any signal. This might indicate
that the material in the inner region around the star is strongly
polarized.

4.1.3. Elongated compact feature

The most striking structure in the total intensity images in Fig-
ure 2 is the elongated compact feature that is clearly visible both
in IFS and in IRDIS images north to the star (indicate by a red
arrow in both images of Figure 2). This feature is elongated es-
pecially in the case of the IFS image so that it is difficult to de-
fine its position with the usual methods considered for the direct
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Fig. 7. Azimuthal surface brightness profiles obtained around DR Tau using the IRDIS polarized data at separations of 0.3′′ (upper left panel), 0.5′′
(upper right panel), 0.7′′ (bottom left panel) and 0.9′′ (bottom right panel). The black arrow in the top-left panel indicates the position of the peak
due to the compact feature. The error bars in the 0.3′′ plot are barely visible due to the higher flux scale in that plot with respect to those obtained
at larger separations.

imaging data. We however applied the negative planet method
(Bonnefoy et al. 2011; Zurlo et al. 2014) as implemented in the
SpeCal tool limiting its application only to the IRDIS case where
the feature is less elongated. We note that the negative planet
method assumes that the source is point-like. This is likely not
true in this case but the method can anyhow give a good estima-
tion of the position of the compact structure. From this procedure
we obtained a separation of 303±10 mas, corresponding to a pro-
jected separation of ∼58 au at the distance of the system, and a
PA of 21.2◦±3.7◦. The unusually high error bars on the SPHERE
astrometry reflect the difficulties linked to the elongation of this
feature described above.

The compact feature is not visible in Figure 1 due to the par-
ticular contrast settings chosen with the aim to fully display the
extension of the spiral arms. Figure 5 shows the Qφ final image
adopting different contrast settings. Here, while the spiral arms
are barely visible, the feature detected in the total intensity im-
ages is obvious and its position is highlighted by a red arrow.
This feature is clearly associated with the region from which the
north-eastern spiral is launched as highlighted by one of the red
dashed lines in Figure 4.

The facts that this feature is quite elongated and is detected
both in polarized and non-polarized light indicate that we are not
probably directly observing the photosphere of a planet. This is

further reinforced by the IFS and IRDIS spectrum extracted us-
ing the SpeCal tool and applying the negative planet method.
The same limits of this method described above when defining
the astrometry of this structure are valid also in this case but it is
however useful to give indications about the shape of the spec-
trum. The results of this procedure is shown in Figure 6. The
signal-to-noise of this spectrum is very low and for a number of
wavelengths it was only possible to obtain upper limits. How-
ever, the resulting spectrum appears blue and this is a further
indication that we are looking at stellar light reflected by dust.

In principle, having two different epochs separated by nearly
one year from each other we could determine the motion of this
compact feature. In any case the astrometric measures are very
complicated due to the elongated shape of the structure as ex-
plained above. As a consequence the error bars are very large
so that different measures are within error bars each other. Also,
the extraction of the astrometric measure from the polarimet-
ric data is further hampered by the noisy environment because
of the presence of polarized material around the structure itself.
Moreover, we have to consider that the two observations were
not done with the same instrumental configuration. In particular
the two IRDIS observations were done at two different spectral
bands (H broad-band and K1K2 dual imaging for the polarized
and non-polarized observations). The fact that we are observing
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Fig. 8. Plot of the mass limits around DR Tau as obtained from the
LMIRCam L’ data (orange solid line) using the AMES-DUSTY models
and assuming a system age of 3 Myr. The dashed orange line represents
the limits obtained using the total intensity IRDIS data assuming the
same model and the same system age. The two black dashed lines give
the estimated separation of the compact feature.

emission from a dusty environment implies that we are proba-
bly observing at a different optical thickness when using differ-
ent wavelengths. All these considerations make the astrometric
comparison of measurements taken at different wavelengths very
challenging. We then decided to limit ourselves to the detection
of the rotation of this feature comparing the polarimetric data
with those from the IFS data, using only the data from the H
band part of the spectrum. To this aim we transformed the two
images in polar coordinates and on these images we performed
a cross-correlation to find the relative rotation of one image with
respect to the other, masking all but the region around the com-
pact feature. We find a rotation of 1.31◦ ± 0.08◦ in the clockwise
direction that is in good agreement with the Keplerian rotation of
around 1◦ expected for an object at the separation of this feature,
adopting the stellar mass from Braun et al. (2021).

To further characterize the environment around DR Tau we
obtained the azimuthal brightness profiles at separations 0.3′′,
0.5′′ 0.7′′ and 0.9′′ from the star with step of 2◦ in PA. The results
of this procedure are displayed in Figure 7. The plot obtained at a
separation of 0.3′′ is dominated by the peak due to the compact
feature described above at a PA of ∼20◦ (indicated by a black
arrow) while the enhanced flux due to the north-eastern spiral
arm is also visible. At larger separations the azimuthal profiles
are dominated by the peaks caused by the southern spiral arm.
These peaks of emission are moving west at increasing separa-
tion from the star. The feature at a PA of ∼110◦ visible in the plot
corresponding to a separation of 0.5′′ might be an extension of
the north-eastern spiral arm.

4.2. Mass limits

We calculated the contrast both for the IRDIS total intensity
data and for the LMIRCam data applying the procedure de-
vised in Mesa et al. (2015). The self-subtraction related to the
high-contrast method was estimated injecting simulated planets
at different separation in the original dataset and the contrast was
then corrected accordingly. Finally, we corrected the results for
the small sample statistics following the method described by
Mawet et al. (2014). We then transformed these contrast values

in mass limits adopting the AMES-DUSTY models (Allard et al.
2001) and an age of 3 Myr. The results are shown in Figure 8
where we also show with two vertical dashed lines the estimated
separation from the star of the compact feature as obtained in
Section 4.1. In both cases the mass limits are of the order of
few MJup at large separations from the star while as expected
the limits are much lower for the SPHERE data at small separa-
tions from the star. We note in any case that, especially for the
SPHERE case, the presence of the disk can influence the results
that should be regarded as rough estimates of the limits.

5. Discussion

5.1. Origin of the southern spiral arm

A possible explanation for the shape of the spiral arms is that
they are due to a companion embedded in the disk. We will dis-
cuss this possibility for what concerns the north-eastern spiral
arm in Section 5.2. For what concerns the southern spiral arm,
we note that the pitch angle of this arm is large (∼26◦) and in-
creases with separation for any possible geometry. A prediction
of the models from Bae & Zhu (2018) is that the pitch angle of
planet-driven spiral arms decreases with increasing separation
from the planet. This would indicate that if the southern spiral
arm is generated by a perturbing object, this should be located
further than the spiral arm itself. This would imply a separation
of the order of more than 200 au for this putative companion.
From the mass limit displayed in Figure 8 we can exclude the
presence of objects with mass larger than few MJup. Companions
with lower masses could however be responsible for launching
this spiral. In any case we note that for such low masses the the-
ory of density wave caused by a gravitational perturber in the
disk (Rafikov 2002) should be valid and we should be able to
apply the formula defined by Muto et al. (2012) to fit the spiral.
However, to be able to fit a spiral with such high pitch angle we
need to use a very high and unreliable value for the disk aspect
ratio. Furthermore, the clear bending toward north of this spiral
described in Section 4.1.2 makes very improbable that it can be
caused by a single bound object in the disk but it would require
the presence of multiple perturbing objects. These results make
improbable that the southern spiral arm is generated by the per-
turbation of a planet.

The large value of the pitch angle also does not agree with
predictions for spiral arms caused by shadows (Montesinos et al.
2016).

As an alternative scenario, spiral arms can be caused by grav-
itational instability (GI - see e.g., Dong et al. 2015). Through
detailed simulations, this study concluded that this mechanism
requires that the spirals are relatively compact, on scales less
than 100 au, that the disk is massive with a mass ratio with the
star q larger than 0.1 and that the accretion rate is of the or-
der of 10−6 M� yr−1. These properties do not match the case
of the southern arm of DR Tau as it extends out to ∼220 au
from the star, the stellar mass accretion rate is lower than re-
quired (see discussion in Antoniucci et al. 2017), and moreover
the disk mass is much less than needed. Indeed, Ballering & Eis-
ner (2019) estimated a mass of the dust in the disk of log Mdust =
−3.53 in solar units. If we adopt the usual dust to gas conversion
of Mgas/Mdust=100, the disk mass is MDisk = 0.03 M�, that is
q ∼ 0.03. The same value is given by Akeson et al. (2019). This
is an order of magnitude lower than required for the GI scenario.
Furthermore, we could consider the value of the Toomre param-
eter (Q) that is commonly used to quantify the gravitational disk
stability (Toomre 1964). Values of Q above 1.7 are indicative of
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a stable disk both for linear and second-order perturbations (see
e.g., Helled et al. 2014; Sierra et al. 2021). A detailed calculation
of this parameter is outside the scope of the present work but we
can estimate its value by dividing the disk aspect ratio (H/R) by
the value of q that we have defined above. A common value of
0.1 for the aspect ratio would imply a value larger than 3 for Q.
This put the DR Tau disk into the stability regime. Even if this
cannot be considered as a definitive result because of the large
uncertainties in this analysis, it is a further indication favouring
a stable disk. Finally, simulations show that the number of spi-
ral arms generated in the context of the GI depends from ∼ 1/q
(Cossins et al. 2009; Dong et al. 2015; Hall et al. 2019). Consid-
ering the value of q∼0.03 determined above, we should expect
for DR Tau around 30 spiral arms. This is a disk morphology
completely different from what our data are showing. For these
reasons we then consider this scenario improbable.

Spirals in a disk may be generated by perturbation by a mas-
sive object that had a near encounter (<1000 au) in the recent
past (see e.g., Rosotti et al. 2014). An analysis of the Gaia eDR3
proper motion of the other components of the small group in
which DR Tau is located allowed us to find the stars that had the
nearest approaches in the recent past. We found that there was a
passage of DQ Tau at a projected separation of 26 ± 2′′ (corre-
sponding to 5.1±0.3 kau) about 0.231±0.007 Myrs ago. While
we can provide only an estimate due to the uncertainties on its
proper motion, the close binary V 1001 Tau might have had an
even closer encounter with DR Tau though longer ago, passing
at a projected separation of only 6′′ (that is, ∼1.1 kau) about
0.850 Myrs ago. No other members of the group with entries in
Gaia eDR3 passed at smaller distance from DR Tau. In this anal-
ysis we did not consider the component along the line of sight
of the velocities as the error bars on the parallax are of the or-
der of 30 µas that, at the distance of the system, corresponds to
∼1.2 pc. This is much larger than the minimum separations we
calculated. This makes the use of the velocity along the line of
sight unreliable in this context. While the two passages described
above were possibly close enough to trigger a spiral pattern in
the DR Tau disk, it is unlikely that this pattern could be visible
for such a long time after the passage because of disk viscosity in
the inner region, and because the material extracted by the pas-
sage would have spread over more than 10 kau after 105 yr (see
Rosotti et al. 2014). These results, in association with the lack
of any possible close passing object in IRDIS FoV even much
fainter than detectable by Gaia eDR3 (itself as deep as 20 MJup
at separation > 3 arcsec), make this explanation for the shape of
the spiral pattern unlikely.

A last scenario that we considered requires the presence of
infalling material from late encounters of the star with low mass
cloudlets as it moves through the molecular cloud in which it
formed as recently proposed by models by e.g. Dullemond et al.
(2019) and Kuffmeier et al. (2020). According to what was found
by the models cited above, the infalling material might have a
very different angular momentum with respect to the star and to
the material surrounding it. For this reason this material would
not fall directly onto the star but would orbit around it leading
to the formation of a new disk or to the replenishment of the ex-
isting one with a clear misalignment of the new structure with
respect to the structures formed during the star formation. The
formation of spirals by the infalling material is a natural conse-
quence of this process. The clear changes in surface brightness
for the spirals of DR Tau could be due to the fact that the spiral
itself is distributed on different planes and with different inclina-
tion with respect to the star. This configuration favours visibility
in scattered light and helps explaining why the corresponding

Fig. 9. Map of thermal dust emission in the direction of DR Tau ob-
tained by Planck including the Lynds 1558 cloud. The colour code rep-
resents intensity. Red crosses are position of stars projected close to
DR Tau, that is marked with a red circle; however only those stars closer
to DR Tau are likely members of the small association around DR Tau

emission is not detected in the ALMA continuum data (Long
et al. 2019), though we notice that material as far from the star
as the southern spiral was detected by ALMA in molecular lines
(Braun et al. 2021). We note moreover that according to the re-
sults of the simulations cited previously, not all the material of
the cloudlets is captured by the star. This remaining material per-
forms a flyby with curved trajectory around the star that results
in an arc-like structure resembling the structure that we actu-
ally identified in the polarized data of DR Tau and indicated by
a solid red line in Figure 4.

The native environment of DR Tau makes this hypothesis fur-
ther possible. Indeed, the star is located in the close vicinity of
Lynds 1558 (Lynds 1962) that likely is the parent cloud of the
small association including the star (Lee & Chen 2009). Unfor-
tunately this region is slightly out of the high resolution maps
obtained with Herschel and described by Roccatagliata et al.
(2020). These maps however show a filamentary structure in
the direction from north-east to south-west in an adjacent re-
gion. At lower resolution, Figure 9 shows the environment of
DR Tau in the thermal dust emission map from the 2018 version
of the Planck Legacy Archive (http://pla.esac.esa.int/
pla/#maps). From this map, it appears that DR Tau is located
at the south-eastern edge of Lynds 1558, in agreement with the
idea that the formation of the cloud and of the stars could be
triggered by the expansion of the Orion super-bubble (Lee &
Chen 2009). Within this environment, late accretion of material
to DR Tau looks well possible. More likely, this material should
come from north-west where the densest region of Lynds 1558
is located, but this could be properly assessed only if the relative
motions were known. At the moment this is not possible as the
spatial velocities UVW for Lynds 1558 are unknown (e.g., Galli
et al. 2019).

All these characteristics of the DR Tau disk tend to favour
an interpretation of infalling material responsible for creating
at least the southern spiral. The number of spiral disks for
which the late infalling of material has been proposed to explain
their shape is at the moment small. We can cite e.g. AB Aur,
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Fig. 10. Plot of the polar coordinates of the eastern spiral arm around the
position of the compact feature. The full circles represents the positions
obtained with IFS data while the empty diamonds represent the posi-
tions obtained with the IRDIS polarized data. Error bars are too small
with respect to the scale of the plot and are not visible.

HD 100546 (Dullemond et al. 2019), HL Tau (Yen et al. 2019),
and SU Aur (Ginski et al. 2021). All these stars have a spiral pat-
tern comparable to that of DR Tau but, on the other hand, they
also have a mass larger than 2 M�. According to Dullemond et al.
(2019) the presence of such structures around stars with lower
masses should be less probable. DR Tau should then be one of
the lower mass stars around which these structures are actually
present.

5.2. Nature of the compact feature and of the north-eastern
spiral arm

As seen above, a compact structure is visible north of the star
at both the SPHERE epochs and both in polarized light and in
total intensity. This fact makes it very probable that we are look-
ing at a real feature of the disk and not simply at a structure
created by the differential imaging data reduction methods. In
the polarimetric data, this feature seems connected to the north-
eastern spiral arm. While all the results hint toward stellar light
reflected by dust, the nature of this bright compact structure is
not clear. One intriguing possibility, that is reinforced by the Ke-
plerian motion tentatively detected for this feature by the analy-
sis described in Section 4.1, is that it is caused by the presence
of a planet in formation and still embedded in its dust envelope.

The characteristics of the feature described in Section 4.1 re-
semble those of one of the two features detected by Boccaletti
et al. (2020) in the AB Aur system whose disk is also charac-
terized by the presence of spiral arms. Indeed, in both cases the
feature appears to be elongated and, due to their detection both
in polarized and total intensity light, it is improbable that we are
looking at the emission from the photosphere of a planet, at least
at the wavelengths imaged by SPHERE. Furthermore, like for
the case of AB Aur, this feature is within one of the two spiral
arms detected in the disk itself. The most probable explanation
for the nature of the feature in AB Aur was that it was caused by
a forming planet. However, we note that in that case the authors
were able to fit the spirals shape with the formula from Muto
et al. (2012) while we found that this was not possible for the
case of DR Tau. For this reason the similarity between the two
cases should be taken with caution.

In any case to strengthen the hypothesis of the presence of
a companion we can consider the shape of the spiral around the
position of the proposed companion. To this aim we have depro-
jected the image to the plane of the disk using the ALMA values,
we have transformed it into polar coordinates and for each po-
sition angle (with a step of 0.01 radians) we have calculated the
position of the spiral considering the peak of a Gaussian fit in the
radial direction and assuming as error the FWHM of the gaus-
sian fit. The same procedure has been applied both to the IFS
Y-H data and to the IRDIS polarized data. In this way it was pos-
sible to compare the shape of the spiral in the two epochs after
shifting the IFS data by 1.31◦ to account for the shift between the
two epochs measured in Section 4.1. Results at different epochs
that are displayed in Figure 10 are very similar each other and,
more importantly, they both exhibit the S shape that is character-
istic of the presence of a companion according to the results of
hydrodynamic simulations (see e.g. Zhu et al. 2015; Bae & Zhu
2018).

If the presence of a companion is the correct explanation for
this structure it would be important to estimate its mass. This is
however a very difficult task given that, as explained before, we
are not directly seeing the planetary photosphere. Since radiation
at longer wavelengths is less absorbed or scattered and a small
mass planet is likely very cool, a constraint could be obtained
from the mass limit obtained from the observation in L’ spectral
band with LMIRCam described in Section 3.3 and shown in Fig-
ure 8 with a solid lines. While these results should be taken with
some care due to the bad weather conditions in which the data
were taken, they can however be useful to give some indication
on the mass of the putative object. From the plot it is apparent
that the mass of the companion should be less than a few MJup
otherwise it should be visible also in the LMIRCam data.

A further indication that the mass of the companion should
be small is that we are not able to detect any gap in the disk in our
images of the DR Tau system. The presence of such gap would
be requested for a companion with a mass larger than few MJup
embedded in the disk according e.g., to the formula provided in
Kanagawa et al. (2016). However, we note that the ALMA mm
emission outer radius is inside of the current companion posi-
tion. Then, the companion may rather reside on the outside of
the dust disk, truncating it. In this case we would not expect to
see any gap-like structures. From the ALMA continuum data it
is however not clear if the gas disk extends further out than the
bulk of the mm-sized grains.

We can also use the shape of the north-eastern spiral to con-
firm this results. Indeed, the radius of the Hill sphere of the pro-
posed companion should be roughly half of the offset in radial
position of the leading and trailing part of the spiral arm at its po-
sition (Schulik et al. 2020). To take into account the pitch angle,
we computed linear fits of the leading and trailing portion of the
spiral arm and measured the shift between the two fitting lines
at the proposed companion position. We applied this procedure
both to IFS H-band data and IRDIS polarized data, as illustrated
in Figure 11 where we represent with blue filled circles the spiral
points and with red dashed lines the results of the linear fit pro-
cedure. The black arrows represent the measured offset between
the inner and the outer part of the spiral. From this procedure we
obtain for the Hill radius a value of 22 mas in the case of the IFS
data and of 32 mas in the case of the IRDIS polarized data. We
can then assume for the Hill radius of the proposed companion a
value of 27 ± 5 mas that corresponds to a mass of the embedded
companion of 2.5+1.7

−1.1 MJup if we assume for the stellar mass the
value obtained by Braun et al. (2021). In any case the previous
discussion cannot be considered as a precise measure of the Hill
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Fig. 11. Linear fit (dashed red lines) of the inner and of the outer part of the westward spiral (blues filled circles). The black arrow indicates the
offset between the two linear fits. The procedure is illustrated both for the IFS H spectral band data (left panel) and for the IRDIS polarized data
(right panel).

radius and, as a consequence, of the mass of the companion. In-
deed, in the case of a small companion not opening a gap, the
launching position for a spiral density wave could not be at the
separation of the Hill radius but at a separation corresponding to
2/3 of the disk scale height (Fung & Dong 2015) which is larger
than the Hill radius of low mass planets. For this reason the value
obtained using the previous considerations has to be considered
as a rough estimation of the mass. In any case it can give impor-
tant indications about the order of magnitude of the companion
mass and it is important to confirm that it should be of the order
of few MJup.

Finally, we note that if the embedded companion were more
massive than a few Jupiter mass, we should expect to have a
symmetric twofold spiral pattern (Bae & Zhu 2018) that we ac-
tually do not see. We conclude that the properties of the com-
pact feature north of the star are compatible with the presence of
an embedded planetary mass companion, with a mass of a few
Jupiter masses and that this planet could be responsible for the
shape of the nort-eastern spiral.

While the evidences presented above seem to point toward a
spiral caused by the presence of a planet, we cannot in any case
exclude any other possible cause for the formation of the north-
eastern spiral. In particular if, as we discussed in Section 5.1, the
southern spiral is probably caused by late infall of material in
the system, we cannot exclude that also the north-eastern spiral
has been affected at least partially by this process. We could also
consider a scenario in which both planetary formation and late
infall of material are involved in the definition of the shape of this
spiral. In this context we could explore a scenario that considers
the formation and growth of planets in disks with late accretion
of material, e.g. in the context of planetesimals (Pollack et al.
1996), pebbles (see e.g., Johansen & Lacerda 2010; Bitsch et al.
2019), or hybrid (see e.g., Alibert et al. 2018) accretion models .
While seeds for planet formation are likely needed anyway, they
may be much smaller than the final planet and may form closer to
the star where timescales for seed core formation is fast enough.
During the late infall episodes, the gas and pebble flux may grow
considerably, though temporarily, in the outer regions favouring
core growth and then gas runaway accretion. Of course these
scenario are complicated by further migration due to interaction
between the planet and the disk and by planet-planet scattering,

but in favourable circumstances they might possibly lead to the
formation of giant planets at large separation. Due to the large
uncertainties, such scenarios can only be supported by snapshot
observation of the process while in progress.

6. Conclusions

We presented new observations of the DR Tau system with both
SPHERE at VLT and with LBTI/LMIRCam at LBT. The main
results obtained from the analysis of these data are summarized
here:

• The SPHERE polarized data in the H band allowed us to
detect a previously undetected system of two spirals around
this star, north-east and south of the star, respectively. The
same spirals are also visible in the total intensity SPHERE
data even if with much lower signal-to-noise.

• According to our analysis, the most probable origin of the
southern spiral is late infalling of material from cloudlets
present in the formation environment of the star. The pres-
ence of a clear arc-like structure just north to the star is a
further confirmation of this possibility as also this structure
is foreseen in this scenario. We moreover excluded with a
good degree of certainty other possible scenarios to explain
this spiral arm.

• On the other hand, the possibility that the north-eastern spiral
is caused by the presence of an embedded companion can-
not be excluded. Indeed, a candidate for this explanation is
present just north to the star at separation of ∼0.3′′ where
a compact bright structure is clearly visible in the SPHERE
data both in polarized and non-polarized light. This result
and the blue SPHERE spectrum of this feature make it prob-
able that we are not seeing the photosphere of a planet but
dust illuminated by the light from the central star.

• The nature of this compact structure is unclear but it strongly
resembles a feature identified around AB Aur, which also
hosts an extended spiral system. In that case this structure
was interpreted as a planet in formation still embedded in its
dust envelope.

• The planetary nature of this structure is further supported by
the S shape of the north-eastern spiral itself in the region just
around its position. This shape is in good agreement with
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that expected around an embedded companion resulting from
hydrodynamic simulations.

• The possibility that the structure of the north-eastern spiral
and the compact feature is influenced by late infall as hap-
pens for the southern spiral cannot be excluded and we also
considered the possibility the both processes are involved in
this case.

• The mass of this putative companion may be up to the or-
der of few MJup considering the upper limits provided by the
L’ observations with LBTI/LMIRCam according to which a
companion with a larger mass should be detected. This re-
sult is strengthened by the absence of a clear gap in the disk
that would be opened by a larger mass companion and by the
asymmetry of the spiral pattern that should be symmetric in
case of a larger mass companion. Finally, an estimation of
the Hill radius based on the offset of the spiral around the
companion position confirms that the order of magnitude of
the companion mass is in the range of few MJup or less.

While the high spatial resolution offered by SPHERE is cru-
cial in deriving the geometry of the compact feature, observa-
tions at longer wavelengths are needed to disentangle light of a
possible companion from the dust in which it is embedded. A
first attempt in this direction was done with our observations of
DR Tau in the L’ band. Unfortunately, mainly due to bad weather
conditions, these observations were not conclusive resulting in
non-detection of both companion and disk. Future similar obser-
vations both with LMIRCam or with similar instruments will be
very useful to give a conclusive solution to this problem. Finally,
we might expect that if really present, the planet should be ac-
creting and possibly detectable through H emission lines (e.g.,
Wagner et al. 2018b; Haffert et al. 2019). While they can be pos-
sibly strongly absorbed by the circumplanetary material in the
visible, they might be detectable in the near IR.

We note that if the results of this work were confirmed,
DR Tau would be of paramount importance. This system is much
younger than PDS 70, currently the benchmark for very young
planets caught at very early phases of formation. Indeed in the
case of PDS 70, the mass of the disk of ∼ 0.003 M� (Keppler
et al. 2018) is an order of magnitude smaller than the total mass
of the two planets (Keppler et al. 2018; Mesa et al. 2019), while
in the case of DR Tau the mass of the disk of ∼ 0.03 M� (Ake-
son et al. 2019) is an order of magnitude larger than the mass of
the possible planet. DR Tau is then observed in a much earlier
phase, consistent with the age estimates for the stars of 6 Myr
for PDS 70 (Müller et al. 2018) and < 3 Myr for DR Tau (see
Section 2). Furthermore, together with AB Aur (Boccaletti et al.
2020) and perhaps HD 100546 (Quanz et al. 2013; Sissa et al.
2018; Dullemond et al. 2019), DR Tau would be one of the few
known objects for which ongoing planetary formation and infall
of material on the disk might be present at the same time. This
may be relevant to understand how massive planets can form at
very large distances from the star. This is notoriously difficult
to explain in scenarios where planets form within a given disk,
where the total system mass is constant (see e.g. the discussion
in Nielsen et al. 2019). Given its very young age and distance
from its star, which has a mass comparable to that of the Sun,
the proposed companion of DR Tau would then be an important
challenge for the current scenarios of planet formation.
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