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Abstract

We report here on a series of adaptive optics observations of T Tauri made from Dec. 1993 to Nov.
1997. Observations show an arc-like structure extending toward north and north-west. On the south
side a bright tail-like structure extends radially in the south-west direction. Both structures seem to
be produced by dust scattering. Close to T Tauri, the south structure forms bright clumps near a
radio source called T Tau R. From one year to another, the clumps appear to be moving toward T
Tauri. The infrared companion is detected for the first time in the J band. Its brightness peaked
again in 1996, although the maximum was less pronounced than in 1990. It is found to be resolved
with a radius of 54 milliarcsec (7.6 AU at 140 pc). Surprisingly, its orbital speed is found to exceed
the escape velocity. This leads to the conjecture that T Tauri is the result of a collision between a
young star and a protostar, possibly explaining the peculiar molecular hydrogen emission found in
this object. The protostar envelope would have been torn apart forming Burnham’s nebula and
leaving the protostar naked, that is visible in the near IR .

1. Introduction

Although considered as a prototype for low-mass pre-main-sequence stars, T Tauri has unique
characteristics. It is surrounded with a reflection nebula (Burnham’s nebula) extending several
arcseconds south (Herbig 1950). At 2448, it shows an unusual extended molecular hydrogen
emission discovered by Beckwihal.1978 and mapped by van Langevedtal. 1994 (see also
Quirrenbach, A. and Zinnecker, H 1997). Spectral line ratios indicate shock heating is the main
excitation mechanism (Herbstal 1996). It has an infrared companion T Tau South discovered by
Dick et al (1982), the nature of which is still debated. The companion has many properties gener-
ally attributed to protostars (Hansenal 1983, Bertout 1983, Maihara and Kataza 1991), but its
spectral energy distribution shows a lack of cold dust normally expected around these objects (Ghez
et al.1991). At visible wavelength, coronagraphic images (Nakajima and Golimowski 1995) of the
close environment of T Tauri show a reflection nebulosity in the form of an arc north of T Tauri and
extending toward the north-west. A similar arc is also seen in images taken in the visible with the
Hubble Space Telescope (HST), together with a bright tail pointing toward the south-west (Fig. 1a).
This structure has been interpreted as produced by a limb brightened outflow cavity (Stapelfeldt
et al 1998). However, the model implies that the cavity is viewed about 45° from the outflow axis,
which contradicts observations by Herbsal (1986) that T Tauri is seen nearly pole-on. Also the
position angle the axis (PA = 300°) does not coincide with that of known outflows (Béhm and Solf
1994).



Dec Offset (Arcsec)

0 -1 -2 3 24
RA Offset (Arcsec)

Fig. 1 High angular resolution images of T Tauri: (a) HST Qub% brightness map (Stapelfeldt al. 1998);

(b) Deconvolved J-band AO image. Both images were obtained in 1994 and are displayed here at the same scale. North
is up and east is left. On the HST image, the location of the unseen IR companion is marked with a cross. On the AO
J-band image, it is detected here for the first time. Both images are affected by artifacts due to the telescopes spider
arms ( bright 45° streak on the HST image; bright nearly horizontal streak on the AO image).

2. Morphology

We present here the results of a series of observations of T Tauri made in the near infrared with
adaptive optics (AO). Observations were made at the Canada-France-Hawaii Telescope (CFHT) in
Dec. 1993, Dec. 1994, and October 1996 with the University of Hawaii (UH) 13-actuator AO
system, and in Nov. 1997 with the new UH 36-actuator AO system called Hokupa’a. Figure 1
shows a comparison between a visible (uEH HST image taken in March 1994 (Stapelfeldt

et al.1998) and a J-band (un) AO image taken in Dec. 1994. North of T Tauri, the arc structure

is clearly seen on both images. The tail extending toward the south west, which is very bright on the
HST image, appears less bright on the J-band image. AO images also taken in Dec. 1994 in the |
band (0.85um) and in the H band (1.¢Bn) show a continuous decrease of the tail brightness from

the visible to the infrared, indicative of light scattered by small particles. Fig. 1b shows that close to
the main star called hereafter T Tau North the tail starts as a bright point source, possibly a clump of
material. Observations described in Section 3 show the clump evolution with time. The point source
seen almost exactly south of T Tau North, becomes much brighter at longer wavelengths and has
been identified with T Tau South. This is the first detection of T Tau South in the J band (Roddier

al. 1995). It should be noted that the AO image is deeper than the HST image. At low light levels,
it shows a nearly circular distribution of scattered light around T Tau North which is consistent
with the coronagraphic observations of Nakajima and Golimowski (1995) and may come from a
disk seen nearly pole-on. We also reproduce here an H-band image of T Tauri obtained in Novem-
ber 1997 with the new 36-actuator Hokupa’a system (Fig. 2). It reveals faint annular structures also
seen on other images but with less resolution. Similar but larger structures appear further away and
were interpreted as “wind inflated bubbles” by Herbst et al. (1997).
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Fig. 2. Data recorded in the H band in Nov. 19B&ft Deconvolved T Tauri image (same orientation as in Fig. 1).

Apart from the remnants of diffraction rings around T Tauri, most of the structures seen here are real. Note the two
annular structures in the southwest tail. Similar rings appear on the north side of T Tau North and on the south east side
of T Tau South. Larger but much fainter rings or cavities can also be seen in the lower left side of the image. They are
also seen in the images of Herbsal.(1997) and were interpreted as wind-inflated bublitéght Enlarged X 2) P-

Lucy deconvolved image. The contribution of the two stars has been removed leaving only the close stellar environ-
ment. The location of the stars is marked with black dots. Note the accumulation of material around T Tau North.
Superimposed to this image, are reproduced the contour lines of the 3-mm continuum emission mapped by Akeson et
al. (1998). Both observations appear to be in close agreement.

3. Time evolution

Figure 3 shows a mosaic of images deconvolved with the P-Lucy algorithm. In these images, the
contribution of the stars has been removed leaving only the circumstellar environment. The loca-
tion of the two stars is marked with black dots. There are certainly many artifacts in these images
due to errors in the estimation of the point spread function (PSF). However, bright clumps system-
atically appear on the south-west side of T Tau North and must be real. No such clumps appear on
images of other stars which have been processed in the same way. These clumps could be related to
the 2-cm radio emission observed in the same region with the VLA by Sclewaltt2986. They

are also close to the 6-cm radio source T Tau R identified beRay(1997) with MERLIN. On

Fig. 3 they appear to be moving toward T Tau North. The direction of motion coincides with that of
the Hx emission detected by Devanelyal (1995) using speckle interferometry. Perhaps we see
here material falling onto the star and being accreted by it. The motion speed is surprisingly high
and seems to exceed the free fall velocity. The middle image on the bottom of Fig. 3 is shown
expanded on the right side of Fig. 2, together with the contour lines of the 3-mm emission observed
in March 1997 by Akesoat al (1998). There is a clear agreement between these two observations.
The millimetric observations were interpreted as arising from a circumstellar disk around T Tau
North. If our interpretation is correct, we see here mostly material rapidly falling onto the star.
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Fig. 3. The P-Lucy algorithm has been used to deconvolve these images. Contributions of both
T Tau North and T Tau South have been removed leaving only the contribution of the close circumstellar environment.
The location of the stars is marked with a black dots. Note the systematic presence of material on the south west side of

T Tau North, apparently moving toward it.
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Fig. 4. Top Spectral energy distribution of T Tau South estimated from two different sets of observations (open and full
circles with error bars), showing evidence for time variations. A least-square fit with blackbody curves (full and dashed
lines) gives the source color temperatBeitom Fluctuations of the H and K magnitudes of T Tau South as a function

of time. Data before 1993 are from Kobayasthal (1991).

4. Photometry

We have compared the brightness of T Tau South to that of T Tau North and estimated their flux
ratios. Photometric measurements made since 1989 on resolved images have shown no significant
variations of the brightness of T Tau North (Gle¢zal 1991, Kobayashet al. 1994). We have
therefore entirely attributed the observed time variations to fluctuations in the brightness of T Tau
South. The following results depend on this assumption. For the magnitude of T Tau North, we
used standard values taken in the literatuye 2, m = 6.3, and m=5.6. The H and K magni-

tudes are the most recent values from Kobayetsal (1994). Using these values, we have esti-
mated the spectral energy distribution of T Tau South for two different data sets. The results are
plotted in Fig. 4 together with a least square fit with black body curves. It shows that the color
temperature of the companion has varied from 835° in Dec. 1994 to 961° in Nov. 1997. Fig. 5
shows the variation of the companion H and K magnitudes as a function of time. Data before 1993
are from the compilation of Kobayastt al (1994). Clearly, the companion brightness peaked
again in 1996, although the maximum was less pronounced than in 1990.
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Fig. 5. Comparison between the intensity profiles of T Tau North (open circles) and T Tau South (full circles). The
profiles are circular averages obtained from deconvolved H-band images. For both dafa $894;Bottom 1997)
the profile of T Tau South can be fitted by convolving that of T Tau North with a uniform 54-mas disk.

5. Astrometry

A comparison between the intensity profile of T Tau North and that of T Tau South (see Fig. 5)
shows that T Tau South is angularly resolved, as suggested by the observations of Maihara and
Kataza (1991). To estimate the radius of T Tau South we have convolved the image of T Tau North
with a uniformly illuminated disk and compared the result to the image of T Tau South. The radius
of the disk was adjusted until a good fit was obtained. This was done on both H band and K band
data taken in 1994, 1996 and 1997. In all cases we found the best fit was obtained with a disk radius
of 54+ 2 milliarcsecond. Figure 5 shows the result of the fit for two sets of data (1994 and 1997)
obtained in the H band.

We have also measured the offset position of T Tau South compared to T Tau North. On two occa-
sions (Dec. 1994 and Nov. 1997) the plate scale and orientation was calibrated using GG Tau A and
B as a reference. These two objects are about 10” apart and are known to be physically bound. Their
relative positions can be found in Leinetal (1993). Since the mass of GG Tau is known from the
motion of the close companion GG Tau a (Roddier et al. 1996), one can set an upper limit to the
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Fig. 6. Offset position of T Tau South compared to T Tau North. The absolute uncertainty on the offset walues is
0.025” in RA and+ 0.015” in & . However, the relative uncertainty on the two offset positions is much smaller as
indicated by the error bars.

apparent motion of GG Tau B with respect to GG Tau A by stating that the observed velocity
should not exceed the escape velocity. This gives an upper limit for the apparent motion of GG Tau
B relative to GG Tau A,
2GM
VSJG , ®

a
whereM is the mass of the system amtthe apparent distance of the two components. Mithl.4
M, anda = 1440 AU, one hag< 0.28 AU/yearj.e. 2 milliarcsecond/year or 6 milliarcsecond over
3 years. For a separation angle of 0.73” the error reduces to 0.4 milliarcsecond that is 10 times
smaller than the estimated error on our position measurements (error bars on Fig. 6). Figure 6
shows the resulting offset positions for the indicated dates. The absolute error on these offset values
(indicated in the figure caption), is much larger than the error bars, and is set by the accuracy of the
measurements made by Leinettal(1993) and indicated in their paper. The difference between
the two offset positions gives an apparent orbital velocity of £2.6 milliarcsecond/year or, at a
distance of 140 pc, 1.840.36 AU/year (8.7& 1.71 km/s). This result differs somewhat from that
of Ghezet al (1995) who find 1.1* 0.11 AU/year (5.3 0.52 km/s). However, we believe adap-
tive optics measurements are less prone to systematic errors than speckle measurements.

6. Interpretation

Assuming that T Tau North and T Tau South are gravitationally bound, our above derived velocity
gives a minimum mass for the T Tauri system,

2
M=r2, 2
2G
wherev is the observed apparent orbital velocity, amslthe observed projected distance between
the two components. Taking= 1.84 AU/year and = 103 AU givesM = 4.42 M. This is signifi-
cantly higher than the current estimite: 3 M_ for the total mass of the T Tauri system (Weintraub
etal.1989). If we take our lower bound- 1.48 AU/year, we obtain a minimum mass- 2.86 M
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Fig. 7. Map of the H2 emission from van Langeveddal.(1994). Added to the map are dashed lines showing C shape
features possibly produced by bow shocks, and arrows showing the direction of the companion motion.

which becomes acceptable but implies that the companion has a highly eccentric orbit. In the fol-
lowing, we discuss the possibility that T Tau North and T Tau South may not be gravitationally
bound.

There is evidence that both stars are physically associated. On some radio maps, they are seen
linked with a bridge of material (Schwart al. 1986). However, if they are not gravitationally
bound, they may not be coeval. An interesting possibility is that we are seeing here a collision
between a protostar and a young star. Although a possibly rare event, it may —as we shall see—
explain many of the T Tauri unusual characteristics:

1) Protostars are usually hidden inside a large highly opaque envelope of material still in a con-
densing stage and often referred to as a “cocoon”. If such a cocoon happens to hit an already
condensed object, it will break apart. That would explain Burnham’s nebula. It should be noted
that the companion is passing south of the main star. That is also where Burnham’s nebula
extends the most.

2) A collision between two molecular clouds with a speed of the order of 10 km/s would undoubt-
edly produce a strong emission of shocked molecular hydrogen, another unusual characteristics
of T Tauri. Evidence for bow shocks should be visible. We believe there is indeed such evidence
on the H emission images published in the literature (Van Langeetlde1994, Quirrenbach
and Zinnecker 1997). Dashed lines in Fig. 7 show C shaped features that could be produced by
bow shocks. They are superposed to the map of Van Langexeldelhe arrows indicate the
direction of the companion motion. At a smaller scale, there is also evidence for a similar
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Fig. 8. Structure of T Tau South derived from the adaptive optics observations.

C-shape feature in the map of the HG@Mlimetric emission published by Hogerheijdeal
(2997).

The arc seen in Fig. 1 could well be due to an accumulation of dust along a shock front surface
east of T Tau North. Symmetrically, one should also expect an accumulation of dust in front of
T Tau South but on the west side. This could explain the very bright tail. Heavy material might
be pushed away and fall onto T Tauri North as observed, whereas lighter material might be
blown away by the wind from T Tauri North and form the tail. Bubbles of heated gas expand as
they slowly move away (Fig. 2).

Maps of the gas radial velocities around T Tauri have been obtained both in 0@y
Weintraubet d. (1989) and i*CO by Momoseet al (1996). The CO maps show a blue shifted
emission on the east side and a red shifted emission on the west side, which has been interpreted
by Weintrauket al (1989) as due to gas Keplerian motion from east to west in front of T Tauri.
However, looking deeper i#CO, one sees both blue and red shifted motion on both sides. This
has been interpreted by Momadal (1996) as produced by outflows along opposite parabolic
cavities. Neither interpretation is fully satisfactory. On the other hand, these observations ap-
pear to be fully consistent with an east to west flow of gas both in front and behind T Tauri as
one would expect from a collision with material coming from east.

The loss of the cocoon explains the companion lack of thermal emission longwauchof 3

an emission normally expected from cold dust around a normal protostar€Gdiet991).

Having lost its surrounding cocoon, the protostar becomes visible in the near infrared giving us
a unique opportunity to observe its structure. Assuming blackbody radiatiof0&tK, the

flux shown on top of Fig. 4 gives a stellar radius of 0.5 AU, smaller than the observed radius of
7.6 AU. We are therefore seeing light scattered by an envelope as described in Fig. 8. The radius
of the envelope may correspond to the so-called centrifugal radius which describes the charac-
teristic dimension of the collapsed configuration (Terebey et al. 1984).



6) Owing to conservation of the angular momentum, the core of a protostar is expected to rotate
rapidly and produce a strong magnetic field. In addition, shocked gas probably accumulates
west of T Tau South, close to T Tau North where it is subject to intense ionizing radiation from
T Tau North. This may explain the enigmatic T Tauri radio source (Skinner and Brown 1994,
Schwartzet al. 1986, Rayet al 1997) and the unusually strong jet recently discovered by
Reipurth et al. (1997).

Additional observations are needed to confirm that T Tau North and T Tau South are not gravita-
tionally bound. If this is the case a more quantitative study of the above proposed scenario could be
extremely fruitful.
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