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Abstract. We report observations of the T Tauri system at 8.4 GHz with a VLBI array comprising the VLBA, VLA and
Effelsberg 100 m telescopes. We detected a compact sofiiset¢ approximately 40 mas from the best infrared position of the

T Tau Sb component. This source was unresolved, and constrained to be less than 0.5 mas in size, corresponding to 0.07 AU
or 15R; at a distance of 140 pc. The other system components (T Tau Sa, T Tau N) were not detected in the VLBI data.
The separate VLA map contains extended flux not accounted for by the compact VLBI source, indicating the presence of
extended emission on arcsecond scales. The compact source shows rapid variability, which together with circular polarization
and its compact nature indicate that the observed flux arises from a magnetically-dominated region. Brightness temperatures
in the MK range point to gyrosynchrotron as the emission mechanism for the steady component. The rapid variations are
accompanied by dramatic changes in polarization, and we record an at times 100% polarized component during outbursts. This
strongly suggests a coherent emission process, most probably an electron cyclotron maser. With this assumption it is possible
to estimate the strength of the local magnetic field to be 3 lGlogauss.
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1. Introduction X-rays. In the solar interior, free magnetic energy is built up by
subsurface convection. The fields envisaged for T Tauri stars
rPobably also arise due to convection, but are thought to have
Fcally a larger length scale than those of the Sun, and prob-
y more resemble the large-scale fields thought to exist in
CVn systems (see e.g. White 2000 and references therein).
. i . é‘vertheless, the solar analogy is instructive in phenomena
field lines onto.the stellar surface. The. accretlo_n ProCesSqlsen as flares, where the same physical processes lie behind the
thought tp be Imked to the launch of hlghly-colhmateq Jetﬁbserved behaviour. Disks may be important for magnetic en-
from the inner disk or magnetosphere. Evidence for this sc gy release in very young stars since, if the inner disk and the

nario comes primarily from observations _Of infalling materi tellar surface are not rotating in phase, then magnetic fields
close to the star, and measurements of kilogauss strength chored at both sites will be wound up and transfer angular

tospheric fields for a few objects (Basri et al. 1992; Guenthﬁ{oment m between star and disk (Montmerle et al. 2000). Thi
et al. 1999; Johns-Krull et al. 1999a,b). . S isk ( ' ' ). This

in th | i« fields lead h IwiII also lead to magnetic reconnection and energy release after
n the solar corona, magnetic fields lead to non-thermal i, ; ient amount of rotation (Hayashi et al. 1996). Such pro-

dio emission by varlous processes caused_ by accelerat_ed eSses may also play a role in driving jets and bipolar outflows.
trons (see e.g. review by Benz 2002). Particle acceleration is a

basic process in flares, probably initiated by reconnection of | 1auri itself is a highly complex multiple system. The
field lines in active regions. Some of these accelerated paPrthern optical source (hereafter T Tau N) was f(?und to have
ticles (those with energies typically 2000 keV), can ablate @1 infrared companion, T Tau S, approximately"0t@ the

material from the solar surface, leading to the emission of sgRUtN (Dyck et al. 1982; Ghez et al. 1991). T Tau S has been
found also to be binary, with a separation of approximately

Send gfprint requests toK. Smith, 100 mas (Koresko 2000;adiler et al. 2000). Subsequent obser-
e-mail:kester@mpifr-bonn.mpg.de vations of the two southern sources (hereafter referred to as Sa

Classical T Tauri stars are still in the process of contracti
towards the zero age main sequence, and continue to acc
material through circumstellar disks. The inner part of the di
is believed to be truncated by strong magnetic fields anchor&
on the star, and the disk material may then be channeled d
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for the eastern object and Sb for the western) revealed redauthern binary system. We also fail to detect T Tau N at high
tive motion, which could be a segment of an orbit (Decl” resolution, despite detecting it clearly with the VLA. In the fur-
et al. 2002)K-band spectroscopy by these authors reveals thla¢r discussions, we will refer to the entire T Tau S system
T Tau Sb has spectral type M, whereas T Tau Sa is a cavhen the single components are not explicitly named.
tinuum source, having an SED probably peaking at IR wave-
lengths. The IR observations show that T Tau Sa remains nearl
stationary, indicating that it is the most massive object in tl*?e
southern system. Johnston et al. (2003) observed the T Tau Sitfe observations were conducted on December 15th, 1999.
tem at 2 cm with the VLA in “A” configuration between 19834|| times referred to are measured froiUOT on this date.
and 2001. They detected both the northern and southern coran VLBA stations were used, together with th&efsberg
ponents. By assuming that the southern radio component coutih m telescope and the phased VLA in “B” configuration. The
be identified with the M star, they were able to determine &bserving frequency was 8.4 GHz (3.6 chand). The bright
orbit for the Sa-Sb pair and hence estimate the total mass of figisars J04341731 and J03572319, lying at 3 and 7 from
southern system to be 5\, T Tau respectively, were used as phase calibrators. Since as-
Other radio observations at high resolution have revealggmetry was not the primary goal of the experiment, phase cal-
important polarization and variability features at all observegrators with positions determined from geodectic observations
wavelengths (e.g. Philips et al. 1993, at 18cm using VLEere not required. The two phase calibrators used had positions
and VLA; Skinner & Brown 1994, at 2, 3.6 and 6 cm usingietermined from VLBA survey observations and were disposed
the VLA in A configuration; Ray et al. 1997, at 6 cm usinglong a line with T Tau between them. The phase solutions on
MERLIN). T Tau S dominates the emission at radio frequeBoth of them should have allowed us to get precise phase solu-
cies. Skinner & Brown found T Tau S to have a falling spectrufibns at the target location. Unfortunately the observing sched-
and circular polarization, suggestive of a magnetic origin f@fle contained too few scans on the secondary calibrator making
the emission. They also observed a 50% flux increase, accqm@-signm to noise ratio on J0357Z319 too bad to get reliable
panied by a reversal in polarization, from left- to right-handeghase solutions. J0352319 was therefore used to check the
Ray et al. (1997) claim to have detected polarized emission ggality of the phase referencing. Hybrid maps of JO85319
sociated with T Tau S, with regions of left and rlght handQﬂere produced Showing arffeet from the phase center of ap-
circular polarization on either side of the stdfset from one proximately 20 mas. Since T Tau S lies between the two cal-
another by some 0.1%along a northwest-southeast axis. Thifrators, we can be sure that the astrometric accuracy at the
was interpreted as emission from a magnetically-threaded optfay S position is at least 20 mas, and probably better in pro-
flow, with oppositely-directed field lines leading to oppositgortion to the relative proximity of T Tau S to the primary phase
observed circular polarization. On a slightly larger scale, Whitglibrator. This will be discussed further in Sect. 3.1.
(2000) reported hlgh resolution VLA observations showing €X- The T Tau S observations were scheduled in 9 blocks
tended structure to the northeast of the southern Componenbonsisting of three alternations between T Tau S (3 m|n)
It has been suggested that T Tau N is seen roughly polegy 04311731 (2 min), with one scan on J0357319
to the line of sight, based on a comparison of the photomet(it min) at the beginning and the end of each block. The total
period, the stellar radius and the rotational broadening of pfghservation time on T Tau S was about 1.5 h. The blocks were
tospheric lines. This suggestion has been used to explain §8garated by gaps of approximately one hour, during which we

discrepant extinction between T Tau N and S, with the nortpserved another two targets which are not discussed in the
ern component viewed through a cavity in the envelope cleaig@sent paper.

by the outflow (Momose et al. 1996). The jet from the T Tau S

system, however, appears to lie nearly in the plane of the sky

(van Langevelde et al. 1994), a view reinforced by modellingy Results
of the scattered optical and NIR light surrounding the sta o
(Wood et al. 2001). If this is so, the T Tau components mugl' Source positions
have strongly misaligned rotation axes. The VLBI map of the T Tau S field is plotted in Fig. 1.

In this paper, we present VLBI observations of the T TauS single pointlike source can be seen at positien =
system. Our main intention was to probe the inner regions4¥21M5954263,6 = 19° 32 5” 730 (equinox 2000). This po-
the system in order to study the collimating mechanism of tiséion is epoch 1999.958, and has been corrected for parallax
jet at higher resolution than achieved by Ray et al. We serendising the Hipparcos value of 5.66 mas. The astrometric accu-
itously observed the T Tau S system undergo two strong flux irecy was estimated from the position of the secondary calibra-
creases, accompained by changes in circular polarization. TheJ035%2319 in the hybrid map compared to its expected po-
extra flux in the second of these brightenings appears to ditton from the VLBA survey. The detected source was found
100% circularly polarized, something which to our knowledge be dfset 23 mas to the east and 17 mas to the south of the
has never been seen previously in an accreting pre-main catalogue position. Assuming that thiset arises from a com-
quence system. The spatial resolutidgfeced by the VLBI in- bination of position errors for the primary and secondary cali-
terferometry network should enable us to separate the two cdmmation sources, we adopt an uncertainty at the T Tau S position
ponents of T Tau S, but the maps reveal only one source. W20/ V2 mas, or 14 mas. This uncertainty is indicated with a
identify our detection as being T Tau Sb, the M star of tharcle around the source in Fig. 1.

yl’he observations
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Table 1. Source positions. All positions have been proper motion corrected to the observation epoch, as described in the text, but no attempt
has been made to correct for orbital motion. The uncertainty in the last digit is given in parentheses. Ref@)afigsrcos position proper

motion corrected to observation epoch with Hipparcos proper mdt®ffset from T Tau N given by Dudhrie et al. (2002)c) Offset from

T Tau Sa given by Kfiler et al. (2000)(d) Johnston et al. (2003).

Source a é Ref.

T Tau N (opt) 421M 595434 (1) 19 32 06 429 (14) a

T Tau Sa (IR) A21M 595435 (1) 19 32 057 727 (14) b

T Tau Sb (IR) 421595427 (1) 19 32 057 722 (14) b

T Tau Sb (IR) 421m 595429 (1) 19 32 057 704 (14) c

TTau'S (2 cm) R21m 5954242 (1) 19 32 057 732 (3) d

T Tau S (VLBI) 4215954263 (14) 1932 057 730 (20)

o9 o = o thenAa = 16.4 mas,As = 14.1 mas, and is dominated by the
I x x “ error arising from the proper motion correction.
193205.80 - % The IR observations of Dueme et al. (2002) give posi-

tions for Sa and Sb adlsets from the IR position of T Tau N
at epoch 2000.2. We have used thefisais to calculate the
positions for Sa and Sb which are given in Table 1. The orbital

05.78

|
1

g 05.76 [~ Y = motion of T Tau S about T Tau N was estimated by Roddier
8 et al. (2000) who found that the position angle of T Tau S rela-
z 05.74 = - tiveto T Tau N changed by:66 yr*. This translates into 8 mas
g JT oem per year in a westward direction. Since Sa is the brightest com-
3 0572 [~ Sa, Duch®ne + * ponent in the IR (by about 2.5 mag i), we assume that this
i + Sb, Duchéne represents motion of T Tau Sa around T Tau N, although the
05.70 - - motion of the photocentre could be influenced by the motion of
Sb, Kdhler T Tau Sb around T Tau Sa. Since any motion between the epoch

05.68

I
1

of our observation and that of Duehé et al. (2002) would be
small, we have not attempted to account for it in the position

05.66 [ - of Sa. This assumption is also made by Johnston et al, and their
| | | L | 1 . . . : .
042150434 50432 59430  59.428  59.426  59.424 observations are consistent with orbital motion of T Tau Sb
RIGHT ASCENSION (32000) around a stationary (with respectto T Tau N) T Tau Sa. The

Fig. 1. The VLBI T Tau S field. All positions have been proper motioPbservation of the T Tau S system bylér et al. (2000) is
corrected to the epoch of the VLBI observation but no attempt h@sest in time to our observation (epoch 2000.17 as opposed
been made to correct for possible orbital motion of components.t& 1999.96), and so this is the position for T Tau Sb with which
compact radio source is clearly seen. The circle plotted around ttfie VLBI source position should be principally compared.

shows the estimgt_ed position uncertainty of the VLBI observation at Finally, in Table 1 we list the position of the southern 2 cm
3.6 cm. The positions of T Tau Sa and two positions for T Tau SBqrce observed by Johnston et al. (2003) at epoch 2001.0531,
one from Kohler et al. (2000) and one from Duahe et al. (2002), \\hich has been proper motion corrected to epoch 1999.958 us-

are marked with crosses. The size of the crosses show the posiltir%)n the proper motion reported for T Tau S by these authors
uncertainties. The 2 cm radio position measured by Johnston et 4 prop P y ;

(2003) at epoch 2001.0531 is shown as a small cross. Also marked All thg positions are listed in Table 1 anq are sh_own in
(small circle) is the position expected for Sa if the radio source id9. 1, with the exception of T Tau N which lies outside the
taken to be Sh. The size of this small circle corresponds to the relatfi@ld. The T Tau Sa and Sb positions are marked with crosses,
position uncertainty reported bydkler et al. (2000). the sizes of which indicate the uncertainty in the positions
which are dominated by the proper motion correction to the
T Tau N position as previously noted. This component of the
We can compare the position of the VLBI source to the exncertainty is the same for Sa and Sb, and so the uncertainties
pected positions of T Tau Sa and Sh in the infrared from the town for these sources are correlated.
cent literature. These positions are availablefésets from the The VLBI source in our map is closest to the position of
IR position of T Tau N. We take as the fundamental referen@eTau Sbh, and we make this identification, although there is
position the Hipparcos position of T Tau N, which is detela significant &fset from the Khler position. One way this
mined in theV-band. The epoch of the Hipparcos observatianight arise is because the T Tau N position is from\Hegand
was 1991.25. The Hipparcos proper motiorof 15.45+1.88, Hipparcos observations, whereas the position of T Tau Sa rel-
§ = -1248+ 1.62 mas yr! was applied to correct the T Tau Native to T Tau N by Duchfe et al. (2002) was determined in
position to the epoch of our observation. The standard ertbe near infrared. The presence of scattered light in the NIR
in the T Tau N position at the epoch of the observations isay cause a discrepancy between the optical and NIR
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Table 2. Comparison of fluxes (in mJy) between VLA and VLBI maps. The peak and integrated flux values for each object in each time segn
(0-6 h, 6-10 h, 16-11 h) are listed for the VLA maps. The VLBI fluxes are measured from the visibility plots shown in Fig. 4. All values are
in mJy, with uncertainties in parentheses. Theetlénce between the VLA integrated flux density and the VLA peak flux indicates the resolved
flux in the VLA map (5th column). The ffierence between VLA peak and VLBI fluxes indicates the amount of flux which is compact at the
VLA but resolved out by the VLBI (6th column).

TTau S
Time VLA peak flux VLA Integrated flux VLBIflux VLA(integrated)-VLA(peak) VLA(integrated)-VLBI
Oto6h 4.46 (0.04) 5.97 (0.44) 14(0.1) 1.51 (0.44) 4.57 (0.5)
6to10h 6.13 (0.04) 7.46 (0.44) 3.3(0.2) 1.33(0.44) 4.16 (0.5)
10to12h 7.06 (0.1) 8.81(1.1) 3.8(0.4) 1.75(1.1) 5.01(1.2)
T Tau N
0to6h 1.75 (0.04) 1.67 (0.3) - —-0.08 (0.3) -
6t010h 1.77 (0.04) 1.80 (0.3) - 0.03 (0.3) -
10to 12 h 1.79 (0.1) 2.11(0.7) - 0.32 (0.7) -

positions which then leads to a discrepancy between tex occurred, one at around U¥ 7.15 h and one at around
T Tau S positions and the radio position. Possible orbital moT = 10.75 h. Flaring behaviour can be seen at the beginning
tion of the T Tau SaSb system in the interval between ouof the scan commencing at LH 7.14 h. The upper right-hand
observations at epoch 1999.958 and the determination of ganel of Fig. 3 shows RCP and LCP behaviour separately. The
T Tau Sa position relative to T Tau N at epoch 2000.9 can pelarization of the overall flux changes from about 5% LCP
ruled out as an explanation, since the motion is both too smiallabout 6% RCP. The flare from U¥ 7.15to 7.16 h is al-
and in the wrong sense to account for the discrepancy. most totally right-hand polarized. This is shown at higher time
We also show in Fig. 1 the position expected for a radi@solution in the lower left-hand panel of Fig. 3.
source which could be identified as T Tau Sa, based on the hy-After UT = 6 h there is a long period of increased emis-
pothesis that the detected radio source is in fact T Tau Sb. Tsiisn, with a slow decay, lasting until the second flux increase
position is again determined from theHKlér et al. (2000) sep- which is seen in the lightcurve beginning at U3 10.74 h.
aration and position angle relative to the Sb position, andHere, we did not see any sign of an initial flare within a
marked with a small circle, the radius of which corresponds $zan (Fig. 3, lower right-hand panel), although ongoing short-
the uncertainty in hler et al.’s position (there is no contributimescale variability can be seen in the RR flux, which is not
tion here from the uncertainty in the T Tau N proper motioabserved at LL and which is greater than any increased scat-
correction). It is clear that no radio source appears in the miap expected from Poisson statistics due to the higher flux level.
at or near this position. We have also searched in the oppodites flux level at UT= 10.74 h persisted until the end of the
position for a source corresponding to T Tau Sb based on thieservation at UE 11 h, with no sign of decay. The extra flux
hypothesis that our detected source is in fact Sa, and this seagpearing after UT= 10.74 h is 100% right hand polarized.
was also unsuccessful. In fact, the lower panel of the right hand side of Fig. 3 shows
A search was made in the VLBI map for other componentisat the LL flux continues its slow decline from the previous
of the system, namely T Tau N and the hypothetical source laerease at UT= 7.15 h. The overall polarization during the
beled T Tau R by Ray et al. (1997). As Johnston et al. (200f)al three scans was20% RCP.
we did not detect the supposed T Tau R component. The ex- The VLA in “B” configuration results in a beam of approx-
pected region of T Tau N lies outside the primary beam of theately ¥’ FWHM. This is somewhat larger than the separa-
phased VLA, and so the search for this object lacks the maisih of T Tau N and S. Nevertheless elongation could be seen
sensitive antenna. Phase problems may also degrade the iniaglee maps. The radio emission is dominated by the southern
at such a large distance from the correlation centre. Despite tioenponent. The peak flux in the VLA map is %2.02 mJy.
favorable rms in the map (0.1 mJy), no sources were found amy setting the restoring beam to be smaller than the measured
where in the region of T Tau N. No extended background flibeamsize, the north and south components can be more clearly
was seen either. We conclude that the majority of the T Taudistinguished. We chose a restoring beam of %.5”. This
flux is distributed over an area larger than about 20 mas, the refews the measurement of fluxes for T Tau N and T Tau S sep-
olution obtained at the shortest baseline available (Los Alamasately (see Table 2). The VLA map with fitted restoring beam
Pie Town, about 4 M, see Sect. 3.3). and artificially small restoring beam are shown in Fig. 2. Both
peak and integrated flux densities were determined from these
maps within a box containing each object. The peak flux of
T Tau S increased from 4.5 mJy before to 6.1 mJy after the first
The VLA lightcurve is shown in Fig. 3. The source brightenedutburst and then to 7.1mJy after the second, whilst
considerably during the observing run. Two large increasesTiriTau N remained steady at approximately 1.8 mJy. Since the

3.2. Fluxes and time variability
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Fig. 2. Contour maps of the T Tau field from the VLA only data. The map on the left has been cleaned using the fitted beam @P/15
whilst the map on the right has been cleaned using a restoring beam sgtt0.8” to produce an artificial overresolution of the data. This
allows T Tau N to be distinguished from T Tau S for the purposes of flux measurement. Positions are gitsgtafrom the position of the
VLBI source, which is marked with a star. The position of T Tau N, T Tau Sa and T Tau Sb (froneBeietal. 2002, epoch 2000.2) are
marked with crosses.

instrument beam is of comparable size to the source separatemer bars were assigned. These were propagated through sub-
there will inevitably be some cross-contamination in the flusequent averaging steps to determine the final error bars. On
density measurement, despite the small restoring beam simany baselines the phase versus time variations could be de-
The dfect of this can be seen in the increasing flux densitgcted within the scans and be seen to be much less than a ra-
measured for T Tau N as the southern source brightens. Ti@n. Based on this and on the fact that the total flux in our
steady peak flux for T Tau N suggests that this rise in the flLBI map is comparable to the peak flux, we do not believe
density is driven by contamination from T Tau S, and that thbis averaging produced any significant loss of amplitude due to
variability is dominated by the southern source. coherence losses over the averaging time chosen. At this point

The diference between the peak and integrated flux |Sa£ baseline visibilities had Signal to noise ratio Significantly
crude estimate of the resolved flux at the VLA. It appears th@eater than unity. Finally the baseline amplitudes within annu-
T Tau N is pointlike at this resolution, but T Tau S may hav@r shells in thew plane were incoherently averaged and the re-
an extended component in the VLA maps (Col. 5 of Table g;ults plotted as a function of baseline length. Because the signal
Likewise, the diference between the integrated VLA flux ané® noise ratio of the original baseline averages were all greater
the VLBI flux can be used to estimate the flux which is sedhan one the fect of noise-bias on the incoherently averaged
by the VLA but resolved out at the shortest VLBI baselinegmplitudes shown in Fig. 4 is small. Given this, symmetric er-
Here, an extended component associated with T Tau S Kaisbars are plotted.

a flux of around 4.5mJy and its size can be estimated to be The source is detected during the first interval from 0 to 6 h
100-300 mas. The southern source therefore comprises a cQ{fth a flux around 1.4 mJy over the short baselines and is
pact source, unresolved by the VLBI, plus extended emissigiyre clearly detected at the longest, but much more sensitive,
which is resolved at VLA baselines. Effelsberg baselines. The steady brightening in the following
two periods can be clearly seen. It is unfortunate tiedl&berg
baselines were only available for the first four hours of the ex-
periment, so any information associated with the structure of
Due to the large variations in flux, the data were analysed sépe flaring source on such small scales is unavailakle Ro).
arately in three time Segments, 0to 6 UT, 6 to 10 UT and af- We show in each p|ot a line marking the We|ghted aver-
ter 10 UT. age of the data points, which corresponds to a point-source
Plots of correlated flux against baseline distance for baseedel. In all cases the straight line is an acceptable fit to the
lines including the VLA are shown in Figs. 4 and 5. Theseata (> = 0.42 for 0-6 h, y? = 0.75 for 6-10 h andy? = 1.6
plots were produced in the following way. For each baselifer 10-11 h). However, we wish to determine a meaningful
the complex phase-referenced visibility data were first averpper limit for the source size. We have done this by fitting the
aged coherently in time over 280 min (the length of the narrowest possible Gaussian (representing the largest possible
scan groups shown in Fig. 3), and then coherently averageairce) with the samy? as the straight line. The Gaussian am-
over the two IF channels, eight frequency channels and the BRude is left as a free parameter. In the second data segment
and LL polarizations. From the scatter of the data over tinfé to 10 h UT), the ? for the fit never converged to the straight

3.3. The size of the VLBI source
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Fig. 3. Upper panels: the VLA lightcurves. In the left panel are shown StblkesdV, and in the right Stokes RR and LL. Every group of

points includes three on-source scans. Two sharp increases in flux are seen. Both show significant right-hand circular polarization, an
second appears to be almost 100% polarized. Lower panels: blow-ups of two sections of special interest, showing rapidly varying behav
These sections are indicated in the upper right-hand panel. Stokes RR and LL are plotted separately. The RR points are plotted as open ¢
the LL points as filled triangles. The RR points in both figures have been shifted upwards by 4 mJy to prevent overlap. Successive point:
approximately 10 s apart, which corresponds to the basic integration time and is therefore the highest time resolution available in our data

line. We therefore show the narrowest fit which attaigée: 1. and LL data in the same way as described above. These are
The values of HWHM for the fitted Gaussians and HWHMilso listed in Table 3.
of the corresponding Gaussian source on the sky are given in

Table 3.
In Fig. 5 the right- and left-handed polarizations are show‘h Discussion

separately for the time segments¥® hand 10 htotheend, ; Ty N

of the experiment. The Stokes LL data from Mauna Kea were

flagged during the last part of the experiment, and for this Tau N is not resolved in the VLA map, which has a maxi-
reason the longest baseline is missing from the final LL platum baseline separation©800 k1, but is resolved-out by the
(lower right-hand panel). The enhanced brightening at RR c®hBI. This constrains its size to be between roughly 20 mas
be clearly seen. Also clearly seen is the fact that LL does raotd 300 mas. A 20 mas source correspondsto 2.8 AU at 140 pc,
brighten at all during the second flare, whereas RR does. Thisich is large enough to rule out a coronal or magnetospheric
is consistent with the lightcurve shown in Fig. 3. We have derigin for the flux and instead point to a wind source. The lack
termined upper limits to the source sizes for the separate BRvariability or polarization tends to reinforce this conclusion.
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Fig. 4. Correlated flux vsuv distance. The panels show (top to bottom) the visibility amplitude for the time periods 0to6 h, 6 hto 10 hand 10 h

to the end of the observation. These time segments correspond to the three stages of flaring behaviour seen in Fig. 3. The dotted straight lines
mark the weighted data average. Dashed lines show the narrowest possible Gaussian fitting the data. See the discussion in the text for details of
the fits.

Using the equations given in Panagia & Felli (1975) for whereS, g is the Planck functionyg is the frequency in GHz,
fully ionized, isotropic, optically thick envelope witly o r=2,  F is the total source flux (including both polarizations) arisl
and assuming the outflow velocity to be 240 krhgafter the source size (HWHM). For an 80 mas souiaez 7055 K.
Skinner & Brown) we can estimate the mass loss rate tosve For 20 mas, it is 1L x 10° K. These values are consistent with
108 M, yr* for a source of size 20 mas on8108 My yr* the interpretation of thermal wind emission.
for a source of size 500 mas. These values are up to a fac-
tor of 2 higher than those estimated by Skinner & Brown
(1994). Because we have constraints both on the source €lzé T Tau Sa
and the flux, we can also estimate the electron temperature. )
For a source of size 20 mas, the electron temperature would¥source could be seen corresponding to T Tau Sa. The rms
around 2x 10* K. For a source of around 80 mas, the impIieHOise in the region of the map where Sa was expected to lie was
electron temperature would fall to around 5000 K. Sizes larg@pProximately 0.1 mJy. A comparison of the flux at the peak of

than this are therefore unlikely. The corresponding brightnd§¢ VLA map with the flux of the compact source identified
temperatures can be calculated from as Sb reveals that around 4.5 mJy can be attributed to a source

which appears compact to the VLA & 500 mas), but is ap-
parently resolved-out by the VLBI arrag & 50 mas). Only a
S, r > 5 small fraction of this flux will be contamination from T Tau N,
To = 5Ag = 43X 105 F iyl ras (1) some may correspond to the extended structure seen by
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Fig. 5. Correlated polarized flux vew distance for the periods of the two flares, separated in RR and LL. For the description of the plots se
Fig. 4. The LL data for Mauna Kea after U3 10 h, which forms the longest baselines at this time, was flagged as unreliable and so the lon
baseline point is missing in the lower right-hand panel.

Table 3. Upper limits on source sizes at various times fdfatent polarizations. The size is given as the half width half maximum of the fitted
GaussianH, the corresponding HWHM on the sky in milliarcseconds and the physical source size for a distance of 140 pc (Elias 1978)
solar radii.

Polarization
I RR LL
Time | HMQ) r(@mas) ) | HMA) r(mas) &) | HMA) r(mas) R)
0-6 189 0.48 14.4 172 0.53 15.9] 192 0.47 14.3
6-10 193 0.47 14.2 231 0.39 11.9| 87 1.05 315
10-12 26 3.5 105.4 111 0.81 24.7 62 1.47 44.2

Ray et al. (1997), and some may be due to an extended solreiveen them was around 200 mas. The structure seen by Ray
associated with T Tau Sa. et al. (1997) would not be expected to be resolved in low reso-
lution VLA map, but could nevertheless be resolved out in the
VLBI data. The flux of 2.1 mJy reported by Ray et al. (1997)
4.3. T Tau Sb is below the flux level of around 3 mJy which we believe is re-
extended compon@ﬂ'{ved out by the VLBI (see Table 2). A source size of around
mas corresponds to a scale around.AiMthe visibility

of about 4.5 mJy, which seems to be connected either to ; he <h baseline i )
circumbinary environmentor to T Tau Sa, together with a coffpnctions. The shortest VLBI baseline is VLA-Pie Town (PT),
th a uv distance of around 1 WM We see no evidence of res-

pact, varying component which can be identified as T Tau H

This has a quiescent level of 1.4 mJy rising up to steady lev8f§tion within the set of VLA-PT scans, or between these and
of 3.8 mJy, with some spikes up to around 7 mJy. Bi&a the next shortest baseline. Nevertheless, our visibility ampli-

flux in the two brightenings in the VLA lightcurve at UF 7 h tudes are poorly sampled on these scales, and we cannot rule

and UT = 10 h is consistent with the extra flux seen in th@Ut that there is structure there which is missed. It should of
VLBI data segments. This shows that the compact VLB Objeggurse be borne in mind that these sources are intrinsically vari-

can be confidently identified as the source of the rapidly vaigP!e: Furthermore, in the case of blobs of outflowing material,
ing flux. We found in the VLBI map no sign of the extende ignificant motion may well have occurred on time scales of

polarized structures reported by Ray et al. (1997) tracing the2rs Petween the observations.

outflow, or of any structure to the northeast which could cor- The circular polarization is an indicator of the presence

respond to that seen by White and coworkers (White 2000§f.magnetic fields. The short timescale variability, from hours

The beam size in the Ray et al. (1997) maps was of the ordiewn to seconds, together with MK brightness temperatures,
of 150 mas, the individual left- and right-hand polarized blolmints to a gyrosynchrotron emission mechanism. The 100%
appear pointlike at this resolution in their maps, and tfised right-hand polarized emission which is seen in the spike

The flux of T Tau S comprises a steady,
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at 7 h UT and again more prominently at 11 h UT probablgable 4. Brightness temperature lower limits for T Tau Sb. The fourth

arises from a coherent emission mechanism. This is discusseldmn contains brightness temperatures for the source size constraint
further below. listed in Col. 2. The fifth column shows values calculated for an as-

The initial luminosity was around.3 x 107 erg sl Hz1, sumed constant source size upper limit of 0.48 mas.
The extra flux appearing after UE 7 h has a luminosity

of 4.4 x 10" erg s Hz1. The luminosity of the extra flux ap- Time r(mas) Flux(mly) T2(K) TZ (K)
pearing after UT= 11 h was 18 x 10' erg s* Hz"1. Both the 0-6 0.48 1.4 Bx10 38x 10
stgady IumanS{ty and the extra flux appearing dur!ng the vari- 6-10 047 33 Ax10 94x 10
ations have similar values to those observed in typical RS CVn

10-12 35 3.8 Bx10° 1.0x1C

systems, whose flux is also believed to arise in large-scale pow-
erful magnetic fields (e.g. Benz &u@él 1994).

The polarization flip which was observed with the first flux ) ) )
increase at UE 7 h s similar to that seen by Skinner & Brown©" at the hybrid frequencyf +vZ)*/2 with v, > vc. This would
(1994). They attributed this to a change in the relative optidaIPly ne ~ 10" cm2.
depth of theo- andx-modes during the brighter phase, after a For an accreting T Tauri star, a possible hypothetical emit-
model for RS CVn systems developed by Morris et al. (1990)ng region is a magnetically confined accretion funnel, which
Since these modes correspond (under normal conditions) to iguld provide a region with magnetic field, high density and
ferent observed polarizations, such changes can lead to theligh density gradients at the stream edge. For a typical T Tauri
served polarization flip. Another possible explanation would cretion rate of 10-10"8 M yr-* assuming the stream foot-

a change in the sense of the dominant magnetic field along Efént covers 10% of the stellar surface and that the inflow ve-
line of sight, perhaps caused by stellar rotation, or the additita¢ity is 150 kms*, the density of material in the inner stream
of new highly-polarized emission. can be expected to reach perhaps Z0-*! gcnr3, or about

The size of the compact source is constrained from the< 10" cmi3, consistent with the required density estimated
VLBI data to be less than 0.48 mas. At a distance of 140 pbove. We note that X-ray observations of He-like triplets in the
this corresponds to a scale of 14%5. This length scale is X-ray spectrum of the nearby accreting T Tauri star TW Hya
not much larger than the expected size of a T Tauri magr@so indicates densities of the order'a@m? in the line-
tosphere. We can also estimate the size of the varying regfefming region, (Kastner et al. 2002).
from the timescale of the flux variations. The most rapid vari- Since for free-free absorption the optical depth for plasma
ations take place on timescales down to our fundamental in@ission ist « 2, such emission would be expected to be
gration time of 10 s. This indicates a source of length scaletsavily absorbed. A density scale length of less than 100 km
mostc x dt = 3x 10° m, or 4.3R,. This yields a lower limit to would be necessary for this process to account for the emis-
the brightness temperature of around 20° K for the region sion, assuming second harmonic (Benz 2002, Eq. (11.2.5)).
involved in the rapidly varying emission in each case. Whildihe source size would have to be the same scale or even smaller
this is still consistent with gyrosynchrotron emission from nor&nd a brightness temperature in excess 8f K0is required.
thermal electrons, the 100% right-hand polarization of the ekhis exceeds solar radio bursts by three orders of magnitude.
tra flux seen after the second flux increase is not. A coherent Lower limits to the brightness temperature at various times
emission mechanism must be invoked to produce this stromgre estimated for the upper limit source size and are shown
polarization. in Table 4. A second estimate was also made assuming the

The most likely coherent emission process is an elagpper limit source size is a constant 0.48 mas, the maximum
tron cyclotron maser, arising from mildly relativistic electronsize for the quiescent source between the beginning of the ob-
trapped in magnetic flux tubes, where a loss-cone distributisarvation and UT= 6 h. This constraint was preferred be-
may develop. This emission would occur at the fundamental@ause it is the most reliable, including the lonigisberg-VLA

a low harmonic of the gyrofrequency baselines, and it is considered unlikely that the source would
eB increase in size. The larger upper limits for the subsequent
ve= 5 me 2.8x 10°B. (2) data segments are clearly driven by the lack of the long VLA-

8.4 GHz emission at the fundamental or first harmonic ther%f_felsberg baselines. The brightness temperatures are at the

fore implies a magnetic field strengh~ 1.5-3 kG. Although high end of the range typically seen in solar gyrosynchrotron

the emission from an individual maser pulse would typicall]gl/ares (16-16°K).
The VLBI constraints show that the gyrosynchrotron com-

have a frequency range of about 1%, the emission arises from . . o .
9 yrang 0 poqct source is contained within a volume approximatelfR15

fl i in the fl h : : o )
a range of locations in the flux tube and hence a range n radius. The strength of the magnetic field implicated in the

magnetic field strengths, which gives rise to a much broad8r s i v
spectrum. maser strongly suggests an origin for this emission close to

The main alternative to this would be a plasma maser, Wgte stellar surface, in the region with strongest magnetic field
|

the emitting frequency being the fundamental or first harmoansesg;h ;)-[sr,](elt\/izll;?s?)f lir._(?alc(ilG focnosri];iﬁ?,tvm;ilgs?JS#S?JS
of the plasma frequency pots. y

ing other techniques for T Tauri stars. For example, Guenther
et al. (1999) used a technique based on Zeeman broadening
of infrared Fe lines and determined magnetic field strengths

1
Vo = (:ﬁ ) ~ 900028 3)
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of 2.35 kG in the case of T Tauri N, and 1.1 kG for LkCa 18%he early part of the experiment allow us to constrain the size
a weak-lined T Tauri star. Marginal detections of kilogaus¥ this source to be less than 145 in radius. Circular polar-
strength fields were made for two other stars, one classical (e@tion indicates the presence of magnetic fields in the source
creting) and one weak-lined (non-accreting). It should be notezhion. Short timescale variability is observed, in the form of
that these fields represent the average field over the entire dteb distinct step-like flux increases, each followed by steady
lar surface, so that local field strengths could be much highieicreased flux. During the first of these, the observed polar-
Basri et al. (1992) also used a similar technique to make one d=tion changed from left- to right-handed. The second seems
tection and establish one upper limit on two weak-lined T Taud have added only right-hand polarized flux. We argue that
stars. Johns-Krull et al. (1999a) used spectropolarimetry of tifs strongly indicates coherent emission, most probably an
accreting T Tauri star BP Tau to detect a field of 2.4 kG aslectron-cyclotron maser. Based on this interpretation the mag-
sociated with the He k5876 line, which is believed to form netic field strength in the maser emitting region can be esti-
in a high temperature accretion shock. A null result from phoaated to be in the kilogauss range.
tospheric lines indicates that this strong field is not globally By arguing that the quiescent emission in the first 6 h rep-
present and points to magnetically funnelled accretion in thissents gyrosynchrotron emission from non-thermal electrons
source. and requiring the brightness temperature for this emission to
Our observations point to strong magnetic fields and recdie below sensible limits, we argue that the emitting magnetic
nection in the immediate environmert5R,) of T Tau Sb. It region must be at leastR; in size, and probably larger. The
is tempting to speculate that this magnetic region is the actggrosynchrotron emitting regions have sizes of the same order
field linking the star with a disk, which would then be resporas those expected for an accreting magnetosphere.
sible also for funnelling accreting material onto the star, and At low resolution the system is resolved into the two com-
that the reconnection is driven by field lines being twisted lgonents, N and S. T Tau N is consistent with a point source in
the diferential rotation of star and inner disk. Could this be theur VLA maps. T Tau S shows evidence of resolved flux, indi-
case? The persistent polarized emission suggests that the ecaisng that there is eitherfliuse emission, or additional com-
sion arises in regions with magnetic fields that are large scalenents in the system, or both. The non-detection of T Tau N in
and persistent on timescales-0f2 h. We can impose min- the high resolution data indicates that this is a wind source. The
imumscale size on the emitting region, if we require that theon-detection of T Tau Sa may indicate that this source is be-
emission before UT= 6 h is gyrosynchrotron emission fromlow our detection limit, although it is possible that it is resolved
non-thermal electrons, and impose a limit on the maximum alut by our shortest VLBI baseline.
lowable brightness temperature. The gyrosynchrotron bright-

ness temperature is limited by the mean energy of the radiati&
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