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ABSTRACT

Aims. The immediate vicinity of T Tauri was observed with the new high-contrast imaging instrument SPHERE at the VLT to resolve
remaining mysteries of the system, such as the putative small edge-on disk around T Tauri Sa and the assignment of the complex
outflow patterns to the individual stars.

Methods. We used SPHERE IRDIS narrow-band classical imaging in Pag, Bry, and the v = 1-0 S(1) line of H,, as well as in
the nearby continua to obtain high spatial resolution and high-contrast images over the near-infrared spectral range. Line maps were
created by subtracting the nearby continuum. We also reanalyzed coronagraphic data taken with SPHERE's integral field spectrograph
in J- and H-band with the goal of obtaining a precise extinction estimate to T Tauri Sb, and of verifying the recently reported claim
of another stellar or substellar object in the system.

Results. A previously unknown coiling structure is observed southwest of the stars in reflected light, which points to the vicinity of
T Tauri N. We map the circumbinary emission from T Tauri S in J- and H-band scattered light for the first time, showing a morphology
that differs significantly from that observed in K-band. Molecular Hydrogen emission is found southwest of the stars, near the coiling
structure. We also detect the H, emitting region T Tauri NW. The motion of T Tauri NW with respect to T Tauri N and S between
previous images and our 2014 data provides strong evidence that the southeast—northwest outflow triggering T Tauri NW is likely to
be associated with T Tauri S. We also present accurate relative photometry of the stars, which confirms that T Tauri Sa is brightening

again. Our analysis rules out the presence of the recently proposed companion to T Tauri N with high confidence.

Key words. techniques: high angular resolution — stars: formation — stars: individual: T Tauri — stars: winds, outflows

1. Introduction

T Tauri is the prototype of an entire class of young stellar ob-
jects and a complex system of at least three stellar components
with multiple jets and outflows. It is located in the Taurus-Auriga
star-forming region at a distance of 146.7 0.6 pc (Loinard et al.
2007) with an age of 1-2 Myr (Kenyon & Hartmann 1995).
The optically visible primary, T Tauri N, is an early K star
(Cohen & Kuhi 1979), which has a companion at 0”/7 separa-
tion to the south found by speckle interferometry (Dyck et al.
1982). This infrared companion, T Tauri S, is very red, and its
brightness fluctuates at all near-infrared (NIR) and mid-infrared
(MIR) wavelengths (Ghez et al. 1991). Using speckle hologra-
phy, Koresko (2000) found that T Tauri S is itself a close (=07/1)
binary, composed of the IR luminous T Tauri Sa and the early M-
star companion T Tauri Sb. The masses of T Tauri Sa and Sb are
2.12+0.1 Mg and 0.53 + 0.06 My, respectively, which indicates
that T Tauri Sa is at least as massive as T Tauri N, despite the
large contrast in visible light (Kohler et al. 2016; Schaefer et al.
2014). The orbital period for the Sa—Sb binary is 27 + 2 yr with a
semi-major axis of 12.5f8:g AU, and the inclination of the system
is 20jé0 degrees (Kohler et al. 2016). The orbit of the T Tauri S—
N binary is not yet well constrained, with a minimum semi-major
axis of 300 AU and a period of at least 800 yr. The true values

Article published by EDP Sciences

may very well be considerably larger than this, based on the large
range of orbital solutions still compatible with the data.

All three components are actively accreting and are as yet
spatially unresolved, i.e., point-like, hydrogen recombination
line emitters (e.g., Kasper et al. 2002; Duchéne et al. 2005). The
near-infrared brightness of T Tauri Sa is quite variable owing to
changes in the accretion rate on timescales of days. Likely, the
long-term variability is caused by a combination of accretion and
extinction (van Boekel et al. 2010) with a “redder when faint”
character (Beck et al. 2004). After a bright phase following the
periastron of T Tauri Sb in 1995 with an apparent magnitude of
up to K ~ 6.5 in 2000, T Tauri Sa faded in the last decade down
to K ~ 10 in 2005. Recently, T Tauri Sa has become brighter
again showing K = 7.9 in our data from December 2014 (this
paper).

The extinction toward T Tauri N was estimated by
Kenyon & Hartmann (1995) to be Ay = 1.39 mag. The extinc-
tion toward T Tauri Sb is much higher and changes only mod-
erately around an average value Ay = 15 mag (Duchéne et al.
2005). In order to estimate extinction from NIR colors, we must
consider the excess luminosity from accretion and warm circum-
stellar material. In H-band, excess luminosity or spectral veiling
of 0.8 has been measured for T Tauri N by Kasper et al. (2002).
For T Tauri Sb, an H-band veiling of 0.7 and a K-band veiling
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of 2 were measured by Duchéne et al. (2005). Photospheric fea-
tures in NIR spectra of T Tauri Sa have not yet been detected,
preventing us from estimating the excess emission. We can, how-
ever, already say that it must be very high.

It is widely believed that T Tauri Sa is extincted by an al-
most edge-on, small (3—5 AU radius), circumstellar disk hiding
the stellar photosphere (e.g., Koresko 2000; Kasper et al. 2002;
Beck et al. 2004). There is also an apparent lack of cold dust
emission from T Tauri S, implying a rather small mass of its
circumstellar material (Hogerheijde et al. 1997). The circumstel-
lar disk around T Tauri Sa seems to be oriented north—south,
while the circumstellar disk around T Tauri Sb and the Sa-Sb
circumbinary disk are not far from face-on, approximately co-
planar with the binary’s orbit (Ratzka et al. 2009).

The near environment of T Tauri is also a source of surpris-
ingly strong emission of molecular hydrogen. The spatial dis-
tribution of the H, emission displays a very complex pattern of
multiple outflows on all observed angular scales (Herbst et al.
1997, 2007; Saucedo et al. 2003; Gustafsson et al. 2010). Some
of the H, emission is most likely generated by shock heating
(Herbst et al. 1997), but Saucedo et al. (2003) have also found
fluorescent H, pumped by Lya, suggesting the action of low-
density, wide opening-angle outflows driving cavities into the
molecular medium. No significant H, emission is associated
with the stars themselves (Kasper et al. 2002; Duchéne et al.
2005; Herbst et al. 2007).

The observed structures can be identified with several out-
flow systems. Originally, it was suggested that T Tauri N
fuels the jet pointing west and ending in the Herbig-Haro
object HH 155 (Buehrke et al. 1986), leaving the southeast—
northwest outflow to the hitherto unresolved T Tauri S. Us-
ing ground-based adaptive optics Fabry-Perot H, imaging,
Herbst et al. (2007) found evidence that the east—west outflow is
instead triggered by either T Tauri Sa or Sb. This in turn would
mean that the southeast—northwest outflow would have to be at-
tributed either to T Tauri N or to the southern component not trig-
gering the east—west outflow. The presumably north—south orien-
tation of T Tauri Sa’s edge-on disk (Ratzka et al. 2009) suggests
that the east—west outflow indeed originates from T Tauri Sa.

Additional stellar components have repeatedly been reported
in the literature. While Nisenson et al. (1985) detected a previ-
ously unknown source 0”727 north of T Tauri N, Ray et al. (1997)
reported the presence of a source roughly 0”3 south of T Tauri N.
Finally, Csépdny et al. (2015) have detected a feature indicative
of a new companion 144 mas south of T Tauri N. So far, none of
these claims has been confirmed by follow-up observations.

2. Observations and data reduction

We observed T Tauri with SPHERE (Beuzitetal. 2008;
Kasperetal. 2012) on 9 December 2014 within the ESO
Science Verification Program 60.A-9363 (PI M. Kasper) us-
ing the InfraRed Dual-band Imager and Spectrograph (IRDIS,
Dohlen et al. 2008) in classical imaging mode, and on
23 January 2015 in Program 60.A-9364 (PI G. Csépany) us-
ing the IRDIFS extended (IRDIFS-EXT) mode. In the latter
case, SPHERE observes simultaneously with the Integral Field
Spectrograph (IFS, Claudi et al. 2008) in J- and H-band (R ~
30), and with IRDIS in two K-band filters optimized for the
spectral differential detection of extra-solar planets (IRDIS DBI,
Vigan et al. 2010). Both observations were carried out in field-
stabilized mode with (for IRDIFS-EXT) and without (for IRDIS
classical imaging) the apodized Lyot coronagraph (ALC). The
ALC is optimized for observations from Y- to H-band providing
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an inner working angle defined by the mask diameter of 185 mas.
The extreme adaptive optics system SAXO (Fusco et al. 2014)
corrected for atmospheric turbulence.

The classical imaging data were acquired in different narrow-
band filters: ContJ (1211 nm), Pag (1282 nm), H, (2122 nm),
Bry (2167 nm), and ContK2 (2267 nm). For the astrometry
and photometry, 160 two-second exposures were recorded in
each filter using a neutral density filter with factor ten attenua-
tion (ND1) to avoid point spread function (PSF) saturation. The
SPHERE webpage! provides the filter transmission curves. For
deep imaging in the v = 1-0 S(1) line of H, and the adjacent con-
tinuum, 80 eight-second exposures were recorded in each filter
without a neutral density filter. This led to saturation of the PSF
core of T Tauri N in all filters and of T Tauri Sa in the K-band
filters. Two hundred sixteen-second exposures were recorded
with the IFS. These data are not saturated because T Tauri N
was masked by the coronagraph, and T Tauri Sa is considerably
fainter in J- and H-band than in the K-band.

Calibration data (sky, flat field, etc.) were recorded as part
of the standard daily calibration. SPHERE frequently observes
astrometric calibration fields to monitor plate scale and field ori-
entation. For the coronagraphic observations, we recorded im-
ages with T Tauri N shifted away from behind the Lyot mask
for flux calibration. In this case, the ND1 filter was inserted to
avoid PSF saturation. For the IRDIS classical imaging, we also
recorded the instrumental PSF in all narrow-band filters using
a SPHERE-internal calibration point source. This is required to
calibrate the ghosts and filter defects which are unfortunately
present in many of the SPHERE narrow-band filters. The IRDIS
pixel size 12.251 + 0.005 mas and the IFS image plate scale
7.46 £ 0.02 mas per pixel are those provided in the SPHERE
user manual.

We used the SPHERE data reduction pipeline (Pavlov et al.
2008) to create backgrounds, bad pixel maps and flat fields. We
reduced the raw data by subtracting the background, replacing
bad pixels by the median of the nearest valid pixels, and fi-
nally dividing by the flat field. We also used the pipeline to cre-
ate the IFS x-y-A data cube. Parts of this cube were collapsed
along the wavelength axis to create broad-band images in J-band
(1140—-1350 nm) and the short end of H-band (1490—1640 nm.
We note that a filter in SPHERE cuts off the long end of the H-
band in front of the IFS, in order to limit sky background). We
also created images in the wavelength bin 1400—1450 nm, the
shortest wavelength range in which T Tauri Sa could be seen.

The IRDIS images were centered with respect to each other
using T Tauri Sb as a reference because it is never saturated and
is readily visible in all filters. For precise photometry and as-
trometry, we used the non-saturated PSF of T Tauri N to create
a synthetic triple star system. The relative positions and magni-
tudes of the stars were determined by a downhill simplex non-
linear minimization of the quadratic residuals left after subtrac-
tion of the synthetic system from the T Tauri data. This data
reduction strategy is vastly superior to simple aperture photom-
etry in crowded areas with PSF overlap such as T Tauri. The
accuracy is limited by systematic errors such as flat field uncer-
tainties, which we assume to be on the order of one percent. We
created images of spatially extended emission from circumstellar
material by subtracting the synthetic image of the T Tauri triple
from the saturated-star frames; otherwise the difference images
would be dominated by PSF residuals close to the stars.

! http://www.eso.org/sci/facilities/paranal/
instruments/sphere.html
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Classical photometry, using small apertures with the diame-
ter of the Airy disk, was applied to the IFS data for T Tauri Sa
and Sb because T Tauri N’s PSF is strongly altered by the coro-
nagraph and can no longer be used for the simultaneous PSF
fitting described above. At 1.425 um, the background at the po-
sition of the fainter Sa was estimated from shorter wavelength
data (1.375 um), where Sa is no longer seen. In H-band, we esti-
mated the background from an equivalent patch on the opposite
side of Sb. The errors for the classical aperture photometry are
significantly higher than for the PSF fitting, up to ~0.5 mag for
T Tauri Sa at 1.425 um.

3. Results
3.1. Continuum imaging

Figure 1 shows an IRDIS J-band image composed of the sum of
the Pag and CntJ narrow band images, and Fig. 2 zooms in on
the area southwest of T Tauri N, which is centered on the upper
left pixel.

Figures 3 (IFS J-band image, 1140-1350 nm), 4 (IFS
H-band image, 1490—1640 nm), and 5 (IRDIS K1-band image)
have been created from the IRDIFS-EXT observations. Here, a
large fraction of the light from T Tauri N, the optically bright
guide star for the adaptive optics system, is blocked by the
ALC. The field of view of the reconstructed IFS cubes is 1”77
across. In IRDIFS-EXT, the reconstructed x-y-A data cube con-
sists of 39 A-slices between 0.95 ym and 1.68 um spaced by
AA = 19.1 nm. Slices of this data cube can be combined to cre-
ate images at the desired wavelength and spectral bandwidth.

Some of the image structure in these figures are produced by
the adaptive optics (AO) point-spread function (PSF). The large,
diffuse ring-like structure centered on T Tauri N with approxi-
mate radii between 0”76 (J-band) and 1” (K-band), for example,
corresponds to the so-called control radius of the deformable
mirror (DM). Beyond this radius, the DM with its finite num-
ber of actuators can no longer reproduce and correct for optical
aberrations. The correction radius scales with wavelength, so it
is almost two times larger in K-band than in J-band. The cross-
like structure centered on T Tauri N are light diffracted by the
telescope’s secondary mirror support spiders.

In the large field of view in Fig. 1, we detect an arc of re-
flection nebulosity with an approximate symmetry axis toward
the west-northwest. The northern arm of this arc is traced by
the dotted line. This arc was first imaged with the HST in the
F555W, F675W, and F814W filters by Stapelfeldt et al. (1998),
who interpreted it as scattered light within an illuminated, ax-
isymmetric outflow cavity in a circumbinary envelope, viewed
~45° from the outflow axis. It is readily seen in the J-band im-
age, but we can no longer detect it in K-band (Fig. 5).

Also very prominent is a new structure stretching to the
southwest of T Tauri N and resembling a coil. We trace it out-
wards to about 2’5 or 370 AU projected on the sky at the dis-
tance of T Tauri. The coil is most easily seen in J-band, but is
also detected in K-band. The dashed line in Fig. 2 connects the
inflection points of the coil, and points back to the vicinity of
T Tauri N at a position angle of ~230°.

The images also show several previously undetected features
in NIR continuum emission, strongly suggesting that we are see-
ing reflection nebulosity. In Fig. 2, we label these reflected light
features R1-4 to differentiate them from the H, emission features
reported by Herbst et al. (2007) and Gustafsson et al. (2010).
The inner ~0765 shows a feature, labeled R4, that resembles a
short, rather straight line ending in a bow. It is most easily seen

ADE [

ARAT

Fig. 1. T Tauri in J-band extended emission. The image is displayed
with a logarithmic color scale showing the flux level in magnitudes per
arsecond®. The dotted arc indicates the northern arm of the reflection
nebulosity discussed by Stapelfeldt et al. (1998). The image also con-
tains several artifacts created by the narrow-band filters (above the ver-
tical line segments) and by the AO correction (see text).

at longer wavelengths in the H- and K-bands (see Figs. 4 and 5),
and appears near the location of the H, features 4, 5, and 6 of
Gustafsson et al. (2010) and C2 of Herbst et al. (2007).

In J- and H-band, the structure R2 resembles a line
~250 mas long pointing to the south from the current position
of T Tauri Sb. The morphology of R2 changes significantly in
K-band where we can no longer detect the south-pointing line,
but see a small structure of extended emission already reported
by Csépany et al. (2015). After a small gap of ~150 mas without
a detection of significant emission, R2 appears to pass into the
more prominent structure R3 roughly half an arcsecond south of
T Tauri S, which curves away toward the west, and R3 appears
near the location of the H, feature 3 reported by Gustafsson et al.
(2010).

In J-band, we also detect a small knot of spatially unresolved
emission (R1) about 80 mas east of R2. This faint feature is seen
with both instruments, IRDIS (Fig. 2) and IFS (Fig. 3). In H-
band (Fig. 4), R1 appears as a flux enhancement within the first
Airy ring of the PSF of T Tauri Sa. We note that the similar
region of the PSF of T Tauri Sb does not show this enhancement.

While point-like emission from T Tauri Sa is readily detected
in H-band, the star is no longer seen in the J-band at the position
where it appears at longer wavelengths (indicated by the white
circle in Fig. 3). The shortest wavelength at which we can still
see emission from T Tauri Sa itself is at 1.425 ym.

Csépany et al. (2015) have reported a tentative companion
candidate (CC) to T Tauri N at separation 144 mas and posi-
tion angle 198° at a magnitude contrast of AJ ~ 4.4. Given that
T Tauri Sb would be ~1.5 mag fainter than the tentative CC, our
J-band reduction of the same data set excludes its presence as il-
lustrated in Fig. 6. In addition, the K-band imaging data (Fig. 5)
does not show the CC, despite the achieved contrast of about
7 mag (see Fig. 7, southern half circle). As (J — K) ~ 1.4 for
T Tauri N (Herbst et al. 2007), and even the bluest brown dwarfs
have colors (J - K) > —1, the CC should appear at AK < 6.8 and
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Fig. 2. Zoom on the area southwest of T Tauri N of Fig. 1 showing the
coiling structure and the new reflection nebulosity features R1-R4 in
the vicinity of T Tauri S. The dashed line connects the inflection points
of the coil and points back to the vicinity of T Tauri N. The image tile
in the upper right corner shows the same area after subtracting a radial
fitted exponential in the outer part of the image to visually enhance the
contrast of R3 and the coil.

104

10.2

9.8

9.6

ADE [

9.4

9.2

Fig. 3. Coronagraphic J-band (1140—-1350 nm) image obtained with
the IFS displayed in a logarithmic color scale showing the flux level
in magnitude per arsecond?. The small circle indicates the position of
T Tauri Sa as seen at longer wavelengths.

would also have readily been detected in our K-band imagery.
We conclude that the tentative CC is not real and probably was a
data reduction artifact.

3.2. Molecular hydrogen line emission

Figure 8 shows H; line emission from the close vicinity around
T Tauri. The image was created by subtracting the Bry image
from the H, image. The Bry emission originates from the im-
mediate vicinity of the stars and is not spatially resolved in pub-
lished imagery or in our data, so it is a good proxy for a con-
tinuum filter image next to Hy. As the Airy pattern scales with
wavelength, even the small difference of 45 nm between both
narrow-band filters leaves significant Airy ring residuals after
the subtraction. Also, the spectral width of the filters of 31 nm
full width at half maximum is much broader than the intrinsic
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Fig. 4. Coronagraphic H-band (1490—1640 nm) image obtained with
the IFS displayed in a logarithmic color scale showing the flux level in
magnitude per arsecond?.

2 1 0 -1 E
ARA [

Fig. 5. Coronagraphic K1-band image of T Tauri displayed in a loga-
rithmic color scale showing the flux level in magnitude per arsecond?.
T Tauri N is masked by the ALC coronagraph.

line widths of less than one nm (Duchéne et al. 2005), thereby
transmitting continuum flux and reducing the sensitivity. Finally,
the observations in the two filters are separated in time by about
ten minutes, during which time the telescope pupil is rotated
with respect to the sky. Therefore, the cross-like structure with
T Tauri N in the center, produced by telescope M2 support struc-
ture diffraction residuals, is rotated as well and does not sub-
tract out. These shortcomings lead to higher image residuals than
achievable with a high spectral resolution IFS or Fabry-Perot in-
terferometer, and do not allow us to obtain a high S/N H, im-
age in the immediate vicinity of the stars similar to those pre-
sented by Gustafsson et al. (2010). Nevertheless, the SPHERE
narrow filter imaging data clearly show spatially resolved H, in
the vicinity of T Tauri.
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Fig. 6. Same as Fig. 3, but with a linear grayscale stretch normalized
to the intensity of T Tauri Sb adjusted for visualization of the tenta-
tive companion candidate (CC, position indicated by the circle). The
tentative CC was reported to be ~4 times brighter than T Tauri Sb by
Csépdny et al. (2015) using the same data set.

-3

South half-circle
-4+ — — = -North half-circle

-5
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K-band contrast [3o]

10+

144 mas ~

—_

1500

-1

0 500 1000
Separation [mas]

Fig. 7. Magnitude contrast (307) obtained from the raw coronagraphic
K1-band image (Fig. 5) with respect to T Tauri N. The contrast is de-
rived as the flux standard deviation calculated over 4-pixel wide annuli
at a given separation. We distinguish between the north and south half-
circles because T Tauri S and its PSF residuals limit the contrast to
the south. The thin vertical line indicates the separation of the tentative
companion candidate at 144 mas (Csépany et al. 2015).

We readily identify the well-known H; region T Tauri NW
discussed by Herbst et al. (e.g., 1996, 2007) in our data, which
has moved farther to the northwest with respect to the stars when
compared to its position of 2002 (Herbst et al. 2007). The apex
of T Tauri NW is now located at ~2’’8 and position angle ~328°
from T Tauri N.

Figure 8 also shows a knot of H, emission about 1”74 west
and 1”/5 south of T Tauri N. Its position is similar to that of fea-
ture U reported by Herbst et al. (2007). At a position angle of
223 + 1°, this SW knot is also near to the coiling structure seen
in reflected light (Fig. 1), but the features do not overlap. The

‘ ST Tauri NW
&

ADE [

3 2 1 o 1 2 3
ARAT

Fig. 8. H, line emission of T Tauri. The stars are indicated by the red
circles. The arc/ring-like artifacts are due to the mismatch in wave-
length between the two narrow band images and are made prominent
by the grayscale stretch adjusted to show the low surface brightness
H, features.

H; flux density of the SW knot is similar to that of T Tauri NW,
and it extends somewhat farther to the SW at lower intensity.
There may be another similarly extended feature pointing from
T Tauri S to the southeast at a PA of 119 + 1°, but the signal-to-
noise ratio is too low to say this with certainty.

4. Analysis and discussion
4.1. Southwestern coiling structure and feature R4

Our data reveal a coiling structure to the southwest of T Tauri N,
which can be traced from ~1” out to ~2”5, or from 150 to
370 AU projected on the sky. It is apparently reflected light seen
at NIR wavelengths and should correspond to areas of enhanced
density of ambient matter illuminated by the stars. A line drawn
through the inflection points of the coil points to the vicinity of
T Tauri N. The spatial length of one period of the coil is ~073
or ~108 AU projected on-sky.

The coiling structure is reminiscent of that produced by the
precessing jet of the pre-planetary nebula IRAS 16342-3814
(Sahai et al. 2005). In their paper, the authors argue that the jet
beam is not seen directly, but via its interaction with the ambient
circumstellar medium, i.e., imprinting on the expanding shell,
which produces a compressed structure of enhanced density in
the shape of a corkscrew. Generally, a precessing outflow could
be the consequence of a binary system, caused either by orbital
motion of the outflow’s source or by outflow precession due to
tidal effects. In the first case, the precession period would be the
binary’s orbital period, while it would be much longer in the lat-
ter case.

Interferometic obervations of T Tauri N with a spatial reso-
lution of a couple of millarseconds (Akeson et al. 2002) exclude
the presence of a stellar companion to T Tauri N with an orbital
separation greater than a few tenths of an AU. The orbital period
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of a binary tighter than this would be measured in tens of days.
Interestingly, Ismailov et al. (2010) found periodic variation in
spectral features of T Tauri N on a timescale of 33 days that are
not yet understood. In order to move by one cycle of the coil, or
~108 AU, in some tens of days, the interstellar medium would
have to expand at a velocity of several thousand km s~!, which is
an order of magnitude higher than typical outflow velocities. So
we can exclude that orbital motion of a tight binary T Tauri N is
the origin of the coiling structure.

The actual oscillation period can be crudely constrained from
the time interval required by the compressed material to tra-
verse one period of the coiling structure, i.e., ~108 AU, pro-
jected on-sky. Assuming that we see the structure moving in the
same direction as the spatially nearest H, features 5 and 6 of
Gustafsson et al. (2010) at an inclination ~20°, only about one
third of the motion is in the plane of the sky. Making the further
assumption that the compressed material expands at a velocity
~50—100 kms~!, a typical value for outflows from T Tauri stars,
the coils would be seen moving by ~3.5-7 AU or ~25-50 mas
per year. The resulting precession period would be of the order
of 15-30 yr. At larger inclination angles, if the outflow would be
close to the plane of the sky, the projected motion could be up
to three times larger and the precession period up to three times
shorter.

A period of 15-30 years could still be consistent with axial
precession within a tight binary T Tauri N. Young stars are rapid
rotators and expected to show significant flattening. T Tauri N it-
self has a rotation period of 2.8 days (Herbst et al. 1986), which
is one order of magnitude shorter than that of the Sun. As the pre-
cession period is inversely proportional to orbital distance cubed,
and scales linearly with the flattening (e.g., Williams 1994), ax-
ial precession rates of the order of a few tens of years can occur
in a young and tight binary system.

Another explanation for the coiling structure could be a jet-
like outflow launched from within the T Tauri S system and im-
printing on the cavity carved by another outflow, e.g., the cavity
of the northwest outflow from T Tauri N, which has been pro-
posed by Stapelfeldt et al. (1998). In this case, the orbital period
for the T Tauri Sa—Sb binary of 27 + 2 yr (Kohler et al. 2016)
would be in a nice agreement with the predicted period of the
coils.

Closer in toward T Tauri N, the coiling structure appears
to connect to the reflection nebulosity feature R4 (most promi-
nent in the H- and K-band Figs. 4 and 5). Feature R4 is
a rather straight line pointing from T Tauri N to the south-
west where it merges at ~630 mas from T Tauri N (or west-
northwest of the current position of T Tauri Sb) into a bow.
The straight part is too short to exclude that it actually has a
curvature similar to that observed in the coiling structure. Fea-
ture R4 is seen near the location where Duchéne et al. (2005)
and Gustafsson et al. (2010, features 5 and 6) detected blue-
shifted H, emission, and where Herbst et al. (2007) placed the
feature C2. Gustafsson et al. (2010) found no proper motion of
these features during a time-span of two years and suggested that
the flow is hence moving mostly towards the observer and is seen
at the low inclination (~20°) of T Tauri N. The bow morphol-
ogy of R4 pointing toward T Tauri N provides further evidence
that the features observed in the area are indeed produced by the
T Tauri N outflow.

4.2. Extended emission in the vicinity of T Tauri S

Using NACO imaging data from 2001 to 2009, van Boekel et al.
(2010) discovered a ring of K-band continuum emission around
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T Tauri Sa with intensity of ~5% relative to the peak of
T Tauri Sb. The authors suggest that this emission traces an out-
flow cavity with an inner area devoid of material. In our images,
we identify continuum emission in the vicinity of T Tauri S in
the J-, H-, and K-bands. The SPHERE K-band data (Fig. 5) do
not show the ring structure, but a hook-like feature of extended
emission ~230 mas south of the current position of T Tauri Sb
(Csépany et al. 2015). This difference in appearance could be
caused by the dynamical evolution of the close-in environment
of the 27-yr orbit binary system T Tauri Sa/Sb. In the shorter
wavelength J- and H-bands, the emission resembles an almost
straight line extending to the south of T Tauri Sb (feature R2
in Figs. 2 and 4). We measure intensities along R2 of ~1.5%,
~2%, and ~3% at J-, H-, and K-band, respectively, relative to
T Tauri Sb.

Our images also reveal an arc-like feature R3 at about
550 mas to the south-southwest of T Tauri Sb (most promi-
nent in Fig. 2). In contrast to R2, feature R3 appears bluer than
T Tauri Sb with maximum pixel intensities of ~1.5% in J-band
and ~0.15% in K-band relative to T Tauri Sb; we do not have
an H-band image because R3 is outside the IFS field of view.
Feature R3 appears to be a continuation of R2 and could be
part of the same outflow system consistent with blue-shifted
H, emission found by Gustafsson et al. (2010, feature 3) and
Herbst et al. (2007, C3). Proper motion and radial velocity data
let Gustafsson et al. (2010) measure an inclination ~60° for this
outflow, which they assigned to the T Tauri S binary with a
preference for T Tauri Sb. The appearance of the R2/R3 reflec-
tion nebulosity features are consistent with this model, in which
R2/R3 could trace the cavity walls of the T Tauri Sb outflow.
The rather short length of R2 of around 200 mas or 30 AU could
also explain why we do not see coiling or curvature due to or-
bital motion in the T Tauri Sa/Sb binary. The flow is traveling at
~32 kms~! (Gustafsson et al. 2010) on the sky, so it would need
just 4-5 yr to cover 30 AU, while T Tauri Sb has been on its
orbit west of T Tauri Sa for more than 15 yr.

Finally, Figs. 2 and 3 show a faint spatially unresolved
continuum emission clump, labeled R1, about 70 mas east of
T Tauri Sa. Feature R1 is best seen in J-band where T Tauri Sa
is no longer visible. At a projected distance of about 10 AU,
it cannot be part of the T Tauri Sa circumstellar disk, which
must be considerably smaller, given the semi-major axis of the
T Tauri S binary of just 12.5 AU (Koéhler et al. 2016). It could,
however, be part of the T Tauri Sa outflow cavity suggested by
van Boekel et al. (2010).

4.3. Molecular hydrogen emission, T Tauri Northwest
and the Southwest outflow

H; line emission arises in a number of physical processes, the
most common of which are shock excitation and UV fluores-
cence. T Tauri is an interesting case in which both mecha-
nisms occur (van Langevelde et al. 1994). The flux ratios be-
tween the 1-0 S(1) and 2—1 S(1) lines can help to discriminate
between the two, with higher ratios favoring shock excitation
(Black & Dalgarno 1976). Herbst et al. (1996) determined a ra-
tio of >15 for T Tauri NW, which argues strongly for shock
excitation as the dominant mechanism. In addition, its classical
Herbig-Haro bow shock morphology unambiguously suggests a
terminal shock arising from a stellar outflow (Herbst et al. 2007).

Comparing our new 2014 data to the 2002 NACO image of
T Tauri NW (Herbst et al. 2007), we can attempt to determine
which star triggered the corresponding outflow. For this, we first
matched the plate scales of the NACO and SPHERE images.
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Fig. 9. Overlay of the relative positions of T Tauri NW, N, and Sa in
2002 (Herbst et al. 2007) and 2014 (our data). The left panel shows the
result when using T Tauri Sa as the centering reference, while the right
panel uses T Tauri N.

Then, we created two sketches (one for 2002 and one for 2014)
by drawing circles centered on T Tauri N and Sa and by draw-
ing the outline of T Tauri NW by eye. From these, we finally
created two overlays shown in Fig. 9. In the overlay shown on
the left, the 2002 and 2014 sketches are centered with respect to
T Tauri Sa, while the overlay on the right shows the situation in
the rest frame of T Tauri N.

In the launching star’s rest frame, the motion of T Tauri NW
would point straight away from the star, if accelerated orbital
motion can be neglected. This is a reasonable approximation as
long as the time since the ejection of the T Tauri NW outflow is
small compared to the orbital period of the T Tauri N/S binary
of 4200’:2288 yr (Kohler et al. 2016). Figure 9 then strongly sug-
gests that the T Tauri NW outflow is launched from within the
T Tauri S system, because the motion of T Tauri NW points to
T Tauri Sa in its rest frame (left panel). Instead, in the rest frame
of T Tauri N (right panel), the motion of T Tauri NW points to
a position well east of the stars. The accuracy of this qualita-
tive analysis is, however, not sufficiently high to differentiate be-
tween T Tauri Sa and Sb as a possible origin of the T Tauri NW
outflow.

T Tauri NW has moved by about 200 mas at a position angle
of ~345° from T Tauri Sa between 2002 and 2014. This cor-
responds to an average velocity of ~17 mas/yr or ~12 kms™!
perpendicular to the line of sight over the past 12 yr. As the ra-
dial velocity of H, emission from T Tauri NW is quite small with
values between ~—3 kms~! (Herbst et al. 1997) and ~—7 km s™!
(Gustafsson et al. 2010) with respect to the stars, T Tauri NW
moves at ~12—14 kms~! with an inclination angle of ~60—75°.
This is in good agreement with the SE-NW outflow inclination
of ~70° derived by Gustafsson et al. (2010) in the area southeast
of T Tauri S. The inclination is, however, not consistent with
the nearly face-on orientation of T Tauri N (Herbst et al. 1986,
1997), providing further evidence that the T Tauri S system is
the source of the SE-NW outflow.

Figure 8 also shows an area of enhanced H, emission resem-
bling a knot merging into a straight line pointing to the southwest
of T Tauri N at a position angle of 223 + 1°, similar to the direc-
tion of the coiling structure seen in reflected light (PA ~ 230°).
This H, emission could represent shocked material along a fast
flow periphery where projected velocities are low enough to gen-
erate H, line emission efficiently as discussed by Herbst et al.
(1997). Our SW H; emission is an extension to the line formed

with the clumps of H, emission observed in the area northwest
and west of T Tauri S by Duchéne et al. (e.g., 2005), Herbst et al.
(e.g., 2007), which were rather stationary over several years and
blue-shifted, i.e., moving towards the observer (Beck et al. 2008;
Gustafsson et al. 2010). These features could therefore all be-
long to the same outflow launched by T Tauri N. In addition,
the close spatial match of our detected H, emission to the south-
west of T Tauri N with the coiling structure, suggests that it is
associated with the same outflow as well.

4.4. Photometry and extinction to T Tauri Sb

Table 1 summarizes the relative photometry of the stars in the
T Tauri system in December 2014 and January 2015. We assume
that T Tauri N (Spectral type early K) is not variable and has
NIR magnitudes of J = 7.1, H = 6.2, and K = 5.7 (Herbst et al.
2007). At the time of our observations, the apparent magnitudes
of T Tauri Sa were then J > 17.5, H ~ 11.8, and K ~ 7.9. Here,
we use our SPHERE narrow-band and IFS data to interpolate to
standard central wavelengths in the NIR bands of 1.25 ym (J),
1.65 um (H), and 2.2 ym (K). T Tauri Sa is hence entering an-
other phase of elevated brightness, rising from K ~ 10 in 2005
and K ~ 8.5 during the period 2007-2010 (van Boekel et al.
2010). The shortest wavelength at which we can unambiguously
detect emission of T Tauri Sa in the IFS data is 1.425 um. This is
approximately half-way between the J- and H-bands. We adopt
an apparent magnitude of M 45 ym = 6.6 for T Tauri N and de-
rive M1 425 ym = 14.6 for T Tauri Sa.

Similarly, we measure apparent magnitudes of T Tauri Sb
of K ~ 89, H ~ 10.8, and J ~ 13.3. T Tauri Sb is an
MO.5 star, which typically have intrinsic (J — K) colors of ~0.85
(Newton et al. 2014). T Tauri Sb shows a spectral veiling of
about two in the K-band (Duchéne et al. 2005), i.e., the excess
flux from warm circumstellar material is twice as bright as the
photospheric emission. Hence, in the K-band, T Tauri Sb ap-
pears to be three times brighter (i.e., 1.19 mag) than the star re-
ally is. The J-band is generally considered to suffer the least
from spectral veiling because it maximizes the ratio between
photospheric emission and the combined excess from hot ac-
cretion shock emission (bright at short wavelengths, UV) and
circumstellar dust (bright at long wavelengths, K-band to MIR)
(Hartmann & Kenyon 1990). We use the empirical relation of
K- to J-band veiling by Cieza et al. (2005) to estimate a J-band
veiling of 0.5 for T Tauri Sb, increasing the apparent magni-
tude of the star by 0.44 mag. Subtracting i) the veiling contri-
bution of 1.19 — 0.44 = 0.75 mag and ii) the star’s intrinsic
(J = K) ~ 0.85 from the measured (J — K) ~ 4.4, we esti-
mate the reddening of T Tauri Sb E(J — K) = 2.8. With extinc-
tion ratios A; /Ay = 0.26 and Ax/Ay = 0.09 (e.g., Cieza et al.
2005), we then derive the extinction in the direction of T Tauri Sb
Ag = 1.48 mag or Ay = 16.5 mag, very similar to the previously
measured Ay = 15 mag (Duchéne et al. 2005). This result pro-
vides further evidence that T Tauri Sb is subject to a roughly
constant extinction along its orbit.

5. Summary and conclusions

T Tauri has always provided new surprises and new insights
when an enhanced observational capability comes along. With
our SPHERE narrow-band imaging and integral field spec-
troscopy data, we have taken another step toward understanding
this enigmatic and archetypical young stellar object.

The newly detected coiling structure to the southwest is a re-
flection nebulosity seen at NIR wavelengths, suggesting that it is
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Table 1. Relative photometry of the T Tauri stars.

Filter N-Sa N-Sb Sb-Sa
ContJ (1211 nm) >10.7 6.45 + 0.01 >4.25
PaB (1282 nm) >10.1 5.89 £ 0.01 >4.2
1425 nm 8+0.5 535+0.1 2.65+0.5
Higs (1490-1640 nm)  6.15+0.2 4.8 £0.05 1.35+0.2
Bry (2167 nm) 237+0.01 3.32+0.01 -0.95=+0.01
ContK?2 (2267 nm) 2.05+0.01 3.13+£0.01 -1.08+0.01

Notes. T Tauri Sa is not detected shortwards of 1.425 um, so we provide
magnitude limits only. Values at 1425 nm and in Higs (1490-1640 nm)
are derived from the IFS data, the others from IRDIS classical imaging.

ambient circumstellar medium compressed by a precessing jet in
the shape of a corkscrew. The spatial period of the coils suggests
a precession period on the order of 15 to 30 yr, provided that
the outflow is seen at a relatively high inclination. We identify
two mechanisms which could produce such a precession period:
i) axial precession in a very tight (semi-major axis smaller than
a few tenths of an AU) T Tauri N binary system; or ii) orbital
motion of the T Tauri Sa/Sb binary whose period of 27 yr is in
good agreement with the expected time span. The present data,
however, does not allow us to unambiguously identify the star
launching the coil-producing jet.

Towards T Tauri N, the coiling structure appears to connect
to the reflection nebulosity R4, which resembles a straight line
merging into a bow. The orientation of the bow provides evi-
dence that we see the effect of the T Tauri N outflow. This con-
clusion is supported by the location of R4 near previously de-
tected H, emission features, which are seen at relatively low
inclination to the line of sight consistent with an outflow from
T Tauri N. Near the coiling structure in the southwest, we detect
a knot of H, emission merging into a straight line, which could
represent shocked material along a fast flow periphery where
projected velocities are low enough to generate H; line emission
efficiently.

We also detect new reflection nebulosity just south of
T Tauri S. The two features, a relatively straight line pointing
south from T Tauri Sb (R2) and an arc-like structure farther
south (R3), could both trace the cavity of the moderately inclined
SW outflow from T Tauri Sb suggested by Gustafsson et al.
(2010).

The well-known H, emitting region T Tauri NW is read-
ily detected in our narrow-band data. The comparison of the
positions of T Tauri NW with respect to T Tauri N and S be-
tween 2002 (Herbst et al. 2007) and our 2014 data provides fur-
ther evidence that the southeast—northwest outflow triggering
T Tauri NW is likely to be associated with T Tauri S. Over the
past decade, it has moved with average velocity ~12 kms™! per-
pendicular to the line of sight at a position angle of 345° with
respect to T Tauri S.

We measure an extinction Ay = 16.5 mag towards
T Tauri Sb, consistent with previous estimates, and providing
further evidence for a nearly constant extinction along its
orbit. Our analysis also rejects the recently proposed tentative
companion candidate to T Tauri N and sets tight constraints for
additional stellar companions in the vicinity of T Tauri N at
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separations larger than about 0”71 (15 AU). If, however, the coil-
ing structure is indeed produced by axial precession due to tidal
effects in a close binary T Tauri N, there could remain at least
one more star to be discovered in the T Tauri system.
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