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Here we report on the VLBI discovery of solar-like extendé&amers anchored on the two
weak-line T Tauri stars of the binary system V773 Tau A. Cimgethe interbinary distance the

20 stellar radii extended streamers enter in collisionrdpdach stellar rotation with consequent
occurrence of magnetic reconnection. Thermal electronired in the streamers become accel-
erated to relativistic speeds and emit synchrotron emmsaithe radio band making the magnetic
streamers "visible" in the VLBI images. This is differentrin the solar case where the emission
from the streamers is just scattered photospheric lightwoald never be observable in distant
objects. Evidence of extended solar-like streamers in TiEars, thought to be fully convec-
tive, or nearly fully convective objects, indicates that tachoclinal layer, in this case either not
existing at all or buried very deeply, is not relevant for taemation of such solar-like magnetic
structures.
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1. Introduction

Coronae are a phenomenon present among a wide variety of objeciSdidgnae exist not
only in solar-like late type stars, but also young objects, not yet in mainesegy show highly
elevated levels of coronal activity and even accretion disks, arouttiddoonpact objects and pro-
tostars, are postulated as well to have a corona. From X-ray obsew#t®solar corona results to
be formed by closed bright (i.e. trapping dense and hot plasma) magnietiafés, called coronal
loops and open magnetic field lines appearing as dark areas, calleclcbodes through which
the fast (400-800 km/sec) solar wind flows [2]. At the top of the closedra loops, extended
streamers are observable in visible light during total solar eclipses, andatéhite-borne coron-
agraphs as in the Solar and Heliospheric Observatory Large Anglepautr@metric Coronagraph
Experiment (SOHO LASCO). In the observed radiation, that is the regthieoThomson scatter-
ing of photospheric light, one sees a helmet, i.e. a cusp-shaped field linedamatop (2 to 4
R-) of a closed coronal loop, and a very long streamer which extends @MRe. Through the
solar helmet streamers flows the slow wind (up to 400 km/s) [2-4]. Duringdlae activity cycle
the structure of the corona dramaticaly changes. During sunspot minimimfatiiyide open field
lines form the familiar polar coronal holes, whereas meridional closeshabtoops form around
the equator. Wind and solar rotation force open magnetic field lines from thdémispheres
above the closed loops forming the typical helmet streamers belt aroundubtme As the solar
activity increases the geometry and orientation of the closed structuredicateg During the
maximum activity closed coronal loops pratically parallel to the equator apped latitudes and
helmet streamers are located everywhere, even over the Sun’s polés¢ssolar corona itself is
therefore already higly structured and dynamic, to what extent can phg apr knowledge on the
Sun to other coronae?

The theory of dynamo developed by Parker [6] explains how the diffetieotation generates
a toroidal field in the interior of the sun in the transitional layer, called the @tte between two
distinct rotational regimes: the differentially-rotating solar convectiveezamd the radiative inte-
rior where the rotation is uniform [7]. The corona’s building block, i.e.¢beonal loop, is created
by the emersion to the surface by magnetic buoyancy of small portion of fles tfithis toroidal
field. Very young stellar objects, however, are thought to be nearly ¢alhywective, or fully con-
vective, so the tachoclinal layer is either buried very deeply, or doeexigt at all. An important
open issue is therefore if different physics of magnetic field generatigrdetermine large differ-
ences in the resulting corona and if fully convective objects can have $aaje solar-like magnetic
fields [8]. Here we report on a research based on radio obsersatitimthe Effelsberg 100-m tele-
scope, the Plateau de Bure Interferometer "PdB", the Very Largey AvtiaA" and the Very Long
Baseline Array "VLBA". The target were two pre-main sequence ohjebis two weak-line T
Tauri components of the system V773 Tau A.

2. Thesystem V773 Tau A

The system V773 Tau (HDE 283447) at a distance ofti36c [9], in the Taurus-Auriga star-
forming region, is a quadruplet of young stellar objects within an areadifisdess than 100 AU
(700 mas): the A component, our target, is a double-lined spectroscopiy loihtwo weak-line T
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Aa(Primary) Ab (Secondary)

Massl® (Mp) 1.54 1.33
Radi us'¥ (R.) 2.22 1.74
P8 (q) 2.5 1.9

Table 1: The binary system V773 Tau A

Tauri stars (Aa and Ab), the B and C components, with significant irdraxeess, are at an earlier
evolutionary stage. The two components V773 Tau Aa and Ab (Table 1),onlittel period of
51.1033 d and orbital separatiorajdf 5.5. mas (0.8 AU), are still in the quasi-isothermal vertical
track (contraction phase) and have an estimated agetof 31yr [9].

3. Interbinary collisions

V773 Tau A was observed with the Effelsberg 100-m telescope ovegadncy range span-
ning from 8 GHz (3.6 cm) to 40 GHz (7 mm) for 522 days during which wheileced 110
samples. The source was also observed with the VLA for one month ajuefiey of 14.96 GHz
(2.0 cm). Figure 2 in Massi, Menten and Neidhofer [10], presents thefolaied with the orbital
period ( 51 d) and reveals that the system exhibits persistent flaringhathiat gradually increases
from few mJy at apoastron to very strorfg~{ 100 mJy) flares around periastron.

There exists a close relationship between flares and interaction of magnettaes. In fact,
as observed on the Sun, flares can be triggered by interactions betex@emd older emergences
of magnetic flux in the same area [11] i.e. when in its emergence, becausgéticcbuoyancy,
on the surface, one coronal loop happens to intrude into other alressalylished coronal loop,
magnetic reconnection occurs. Part of the magnetic energy released dexonnection goes
to accelerate a fraction of the thermal electrons trapped in the flaring lab@ gopulation of
relativistic electrons is produced [12]. These relativistic particles gygatiound the magnetic field
lines of the coronal loop, where they are confined, generate syinch@mission in the radio band.
Applying this knowledge of solar flares to V773 Tau A, it is clear that in thtey the observed
relationship between intensity of the flare occurrence and distance ofdlstave indicates another,
new mechanism of magnetic interaction, that of interacting coronae anddeeveth magnetic
reconnection taking place far out from the stellar surfaces, where thedvwonae interact with
each other. Knowing that the distance between the two stars at apoasirah@eriastron is 32,
and 3@R,, respectively, interbinary collisions would then imply very large corotraksures with a
size of 1R, < H < 26R,. As a matter of fact a large magnetic structure has been imaged by using
Very Long Baseline Interferometry [13] showing a large hatod mas,~40 R,) surrounding two
compact components separated 1.14 maks(R,). On other hand Skinner et al. [14] interpreted
the light curve of a hard X-ray flare in V773 Tau A as being due to the rotatimodulation of
the emitting flaring region, determining a sizeldf< 0.6R,. Tsuboi et al. [15] interpreted the
decay of another hard X-ray flare as being due to radiative coolingjriobg a size of UR,.
Therefore, radio and X-ray emission clearly come from spatially seghratgons: smaller ones
those associated with X-ray emission and larger ones those associateadiotemission. Further
confirmation of the presence of two structures comes from the multiwaveleagtpaign on V773
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Run Date ® Ha-Hb Aa-Ab
(JD) (mas) (mas)
2453076.34 0.32 2.7
2453077.34 0.34 2.8 2.9
2453078.34 0.35 3.2 3.1
2453079.34 0.37 3.2 3.2
2453080.34 0.39 3.4 3.3
2453081.34 0.41 3.5 3.4
2453082.34 0.43 31 35

O Mmoo w>

Table 2. Stellar and helmet separations in the young stellar bingsfesn V773 Tau A during each
VLBA+EB observation. Julian day 2453076.34 correspondsiéoch 11, 2004 at 20:10. Ha and Hb are
the two radio peaks in the VLBI images associated with thenk&d. Aa and Ab are the primary (V773 Tau
Aa) and secondary (V773 Tau Ab) stars of the system respdgtiVhe error associated to the separations
is +£0.1mas. At a distance of 136 pc, one stellar radRis; 2R, corresponds to 0.069 mas.

Tau A carried out by Feigelson et al. [16] showing radio variability combinik a steady X-ray
flux. Following the solar analogy we postulated solar-like extended stredowted at the top of
the observed stellar sized X-ray emitting coronal loop. V773 Ta A wasrebdevith the IRAM
Plateau de Bure Interferometer at 3 mm and a complete (onset and decayyffB60+ 17 mJy
was observed close to periastrab £ 0.1). The flare decay (e-folding time of 2.310.19 hours

) was modeled with a slow leakage of relativistic electrons trapped in a magtretuse with
two mirror points: one close to the star (at 2-5 R*) i.e. the helmet and the otliee top of the
streamer (at 10- 20 R*) i.e. where the two streamers interact with each[b#jeAt the distance

of 136 pc [9], one stellar radiugk( ~ 2R.), corresponds to 0.069 mas. Only the high resolution of
VLBI/VLBA can probe the proposed model.

4. VLBA observations

4.1 Interbinary collision of streamerscatch in the act

We observed V773 Tau A for seven consecutive days (listed as A to @ale ) at 8.4 GHz
with the VLBA together with the Effelsberg 100-m radio telescope (VLBAYEBB]. Whereas
in the image of the first run there is only one 3eature, two structures are present in all the
other images (see here Fiﬁ| 1-B,E,G), here called North-East, NE, atid-®@st, SW. The two
structures can be quite complex as in F]g. 1-B where they show two comp@ashtg‘a”, “b" for
the NE and “c", “d" for the SW). The location of the stars in the radio imadésg [1, is given
as a cross [18]. In Fig[] 1-B, the two features are extend®] #8ch, which are the expectet
size for the postulated streemers. The relativistic particles, produced dgryeti@reconnection at
the top of the streamer, spiralling around magnetic field lines emit synchratdiation and make
the whole streamers "visible" in the radio band.

Numerical calculations based on the general equation of radiative @érastsiw that the dis-
tributions of energetic electrons along a solar flare coonal loop are higintynogeneous: accel-
erated electrons are concentrated where the magnetic field is stronjeRBo images, during
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solar flares show brightness peaks located at the footpoints of theatdmop [20], which are the
mirror points of the trapping structure. From that it follows that during &ftae brightness peaks
in the radio images reveal the position of the mirror points. Whereas in thecsotaral loop case
the mirror points are the footpoints of the loop, in V773 Tau A the two mirror pdortgach of
the two NE and SW features, are one close to the star and the other dispédseedl stellar radii
in the upper corona. The model based on the flare decay of the flararat 8erived a first mirror
point close to the star (at 2-5 R*) i.e. the helmet. The peaks "a" and "d"atkahe two closest
peaks to the two related stars, are therefore the two helmets. The secomdpwint in the model
is located at the top of the streamer (at 10- 20 R*) i.e. where the two strearteresct with each
other. As a matter of fact the two extremes "b" and "d" of the two featurewirf]FB not only are
at the predicted distance from their respective helmets, but also aresclos@ther, as one expect
from interacting streamers. It seems that in run B (see sketch of the sirsteign [1) we were
lucky enough to catch the interaction of the two streamers in the act.

4.2 Streamersanchored on rotating stars

The 100-m telescope monitoring shows (Fig. 3 in [18]) that at the time of imé&pe F
E the flare is already in its decaying phase. In fact, while a total flux denéity2 onJy was
measured with the Effelsberg 100-m telescope two hours before the YEBAbservation, only
6 mJy were observed when the observation begun. If the collision oedwes the streamers are
aligned as in Fig. 1-B, one expects that few hour2(h) after the collision, because of the short
rotation period € 2 d, Table 1) the streamer, anchored on the rotating star, should apghar in
image appreciably rotated with respect to the position angle of the streamer v Bi(PA=208).
Indeed the position angle of the NW feature of ff]g. 1-E is of PA=2Be&sides the rotation, another
fact indicates that time has elapsed from the streamer-streamer collisiornsreca of the upper
mirror point in the SW feature. The solar streamers are open structuresefdre, one expects that
the compressed magnetic field lines at the top of the streamer ("d" and ldX)b@ck to an open
configuration, i.e., the peaks at "d" and "b" should have a faster deitAyespect to the helmets
"a"and "c". The relativistic electrons diffuse from the relaxing upperonipoints in progressively
larger structures: in Fif] 1-B, that is just after/during a collision, thecssuare point-like, whereas
in Fig. [I-E, showing an already evolved situation, the sources are exteWdth this respect, in the
last observation of March 17 (Fig. 1-G), the facts that on one handeimeeh streamer anchored
on the primary star appears substantially rotated and extended and onghkaottl, there is a lack
of the upper mirror in the NE structure, suggest again a flare decagrszes for Fig. 1-E, only
applied to the other star.

5. Conclusions and Discussion

In our VLBA observations individual streamers can be distinguesheddh ef the two stars
of the system V773 Tau A. The complete extent of the helmet streamers issbeved value of 18
R., between helmet and upper mirror point, plus the distance, of a few staligrafithe helmet
itself from stellar surface. The practically permanent flaring activity in¥/Tau A, from a level of
a few mJy around apoastron (B) to more than 100 mJy at periastron (R0 [10] is explained
by the interaction of these extended streamers. At the short periasttanadighe two coronae
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Figure 1: 8.4 GHz VLBA+EB images of the young stellar binary system $7au A. Stellar positions
are indicated by crosses [18]. The peak flux density in theettld, E and G images are 0.5, 0.7, and 0.5
mJy/beam respectively. Contour levels arg, 1, 1.5, 2, 2.5, 3, 4 and 5 times ther30.1 mJy/beam). The
beam size is shown in the bottom left corner of each pan&l3< 0.5 mas). The sketch of the system shows
helmet streamers anchored on rotating stars (not to scale).

nearly overlap, giving rise to the observed giant flares (i.e. up to 360atA8mm [17]) and to
the large structure imaged by VLBI by Phillips and collaborators [13].

Our observation [18] proves that solar-like streamers of more thaR, 2&xist also in fully
/ nearly fully convective objects, that is in objects where the tachocline isngiss buried very
deeply. Besides, the helmet streamers are an important magnetic configfimattbamselves.
Through the solar helmet streamers flows the slow wind (up to 400 km/s).l1asma flow presents
density fluctuations, i.e. "blobs" or "plasmoids" that seem to be the praduetconnection or
small-scale eruptions at the cusp of the helmet streamer. On other hand B#leaeters are
related with coronal mass ejections, where plasma clouds leave the sun im wale (impulsive
CMES) ([2] and references therein). Because of these chargicien§being associated to plasma
motions/ejections and because of their topology, i.e. open field lines pubbeed a closed loop,
the helmet streamers are invoked as a key magnetic feature bridging thetgageb corona and
jet. In fact, they have been proposed in the process of jet formation in euiasars/AGN [21] and
also in young stellar objects [22,23]. The discovery of helmet streametargicther than the Sun,
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at a wavelength observable at high resolution, could therefore lead ée@edunderstanding of
these important magnetic structures and their possible related processes.
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