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Abstract. We report the results of a synoptic study of the photometric and spectroscopic variability of the classical T Tauri
star AA Tau on timescales ranging from a few hours to several weeks. The AA Tau light curve had been previously shown to
vary with a 8.2 d period, exhibiting a roughly constant brightness level, interrupted by quasi-cyclic fading episodes, which we
interpreted as recurrent eclipses of the central star by the warped inner edge of its accretion disk (Bouvier et al. 1999). Our
observations show the system is dynamic and presents non-stationary variability both in the photometry and spectroscopy.
The star exhibits strong emission lines that show substantial variety and variability in their profile shapes and fluxes. Emission
lines such as H and H3 show both infall and outflow signatures and are well reproduced by magnetospheric accretion models
with moderate mass accretion rates €:a0° M, yr~1) and high inclinationsi(> 60°). The veiling shows variations that
indicate the presence of 2 rotationally modulated hot spots corresponding to the two magnetosphere poles. It correlates well
with the Hel line flux, with B — V and theV excess flux. We have indications of a time delay between the main emission lines
(He, HB and Hea) and veiling, the lines formed farther away preceding the veiling changes. The time delay we measure is
consistent with accreted material propagating downwards the accretion columns at free fall velocity from a distance of about
8 R,. In addition, we report periodic radial velocity variations of the photospheric spectrum which might point to the existence
of a 0.02M,, object orbiting the star at a distance of 0.08 AU.

During a few days, the eclipses disappeared, the variability of the system was strongly reduced and the line fluxes and veiling
severely depressed. We argue that this episode of quiescence corresponds to the temporary disruption of the magnetic con-
figuration at the disk inner edge. The smooth radial velocity variations of inflow and outflow diagnostics in th®fite

yield further evidence for large scale variations of the magnetic configuration on a timescale of a month. These results may
providethe first clear evidence for large scale instabilities developping in T Tauri magnetospheres as the magnetic field lines
are twisted by dferential rotation between the star and the inner diERe interaction between the inner accretion disk and the
stellar magnetosphere thus appears to be a highly dynamical and time dependent process.
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1. Introduction

Send gprint requests toJ. Bouvier, T Tauri stars are .Iow-mass ;tars with an age of a few million

e-mail: jbouvier@obs.ujf-grenoble. fr years at most, still contracting down their Hayashi tracks to-
* Based on observations obtained at Observatoire de HaMfards the main sequence. They are classified in two groups,

Provence (CNRS, France), Mt Maidanak Obs. (Uzbekistan), Calar

Alto Obs. (Spain), Teide Obs. (Spain), Byurakan Obs. (ArmenigNNOAO, USA), Tautenburg Obs. (Germany) and Roque de los

Assy-Turgen Obs. (Kazakstan), ESO La Silla (Chile), Lick Obsuchachos Obs. (Spain).
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the weak-line T Tauri stars (WTTS) which merely exhibit The observational evidence for magnetically channelled ac-
enhanced solar-type activity and the classical T Tauri stam®tion in CTTS has led to the development of steady-state ax-
(CTTS) which actively accrete material from a circumstellasymmetric MHD models which describe the interaction be-
disk (see, e.g., Mnard & Bertout 1999). Understanding théween the inner disk and a stellar dipole. These models provide
accretion process in young solar type stars, as well as the aframework to understand the physical connection between ac-
sociated mass loss phenomenon, is one of the major goalsrigtion and mass loss in CTTS, with the open magnetic field
the study of T Tauri stars. Indeed, accretion has a significdines threading the disk carrying away part of the accretion flow
and long lasting impact on the evolution of low mass stars mhile the remaining part is channelled onto the star (e.g. Shu
providing both mass and angular momentum, and the evolutietnal. 1994; Ferreira 1997). Synoptic studies of a few CTTS
and fate of circumstellar accretion disks around young stars Isgstems have revealed correlated time variability of the inflow
become an increasingly important issue since the discoveryaofd outflow diagnostics, both being modulated on a rotation
extrasolar planets and planetary systems with unexpected ptipescale. This has been interpreted as evidence ficéined
erties. Deriving the properties of young stellar systems, of thaitellar magnetosphere disrupting the inner disk (Johns & Basri
associated disks and outflows is therefore an important stE}95a; Petrov et al. 1996; Oliveira et al. 2000; Petrov et al.
towards the establishment of plausible scenarios for star é2@D1).
plarllze;;;rmggglr;. assumed that the accretion disk of CTTS ex- Magnetically mediatgd accretion in QTTS is_ presumably
more complex and possibly much more time variable than de-
tended all the way down to the star. However, the recogni-

tion that young stars have strong surface magnetic fields of Blr(-:ted by axisymmetric, steady-state MHD models. Expanding

der of 1-3 kG (Johns-Krull et al. 1999, 2001; Guenther et aﬁpon earlier models (Aly & Kuijpers 1990; van Ballegooijen

1999; Smith et al. 2003) raised the issue of the impact an %ﬁqgif;;n;‘ygs (tak?(;Bgilé}{iLaBr?g{oslghge?é iﬁg?;étizl;msincaelsfmgt
tended stellar magnetosphere might have on the structure (%t 9 P 9

the inner disk. Assuming that the main component of the S’tthe magnetic field lines that connect the star to the disk can

lar magnetosphere on the large scale is a dipoteyéd (1991) Be substantially deformed by ftérential rotation on short

X ; . -9 dimescales. One class of models thus predict thiiemintial
showed that, for typical mass accretion rates in the disk(1 rotation between the footpoints of the field lines, one being an-
to 107 My, yr-1; Basri & Bertout 1989; Hartigan et al. 1995; P ’ 9

Gullbring et al. 1998), the magnetic torque exerted by the fie(fgorEd _mto the s_tar the other mto_the d|§k, leads to field line
exgansmn, opening and reconnection which eventually restores

lines onto the gaseous Q'Sk was comparable 1o the V.!SC?He initial (dipolar) configuration (e.g. Goodson et al. 1997;
torque due to turbulence in the disk at a few stellar radii (s?g

also Camenzind 1990). Hence, the inner disk is expected to %od_son & Winglee 1999). Thls_magnetpspherlc inflation pro
. ess is thus expected to be cyclic on a timescale of a few rota-
truncated by the magnetosphere at a distance of a few stellar . . N
- oo tion periods and to be accompanied by both episodic outflows
radii above the stellar surface. From there, material is chap- . : . .
L : uring the opening of the magnetic structure and time depen-
nelled onto the star along the magnetic field lines, thus giy- . . .
. . ? . ) . nt accretion onto the star (Hayashi et al. 1996; Romanova
ing rise to magnetospheric accretion columns filled with hg
lasma. As the accreted material in the funnel flow event% al. 2002). Other models, however, suggest that under the
plasma. . . action of diferential rotation the field lines drift radially out-
ally hits the stellar surface at free fall velocity, strong accretion ; . ; . )
i wards in the disk leading to magnetic flux expulsion (Bardou
shocks develop near the magnetic poles.

Observational support for these predictions of the mac?a_Heyvaerts 1996). The response of the magnetic configura-

. . o on to differential rotation mainly depends upon magnetic dif-
netospheric accretion scenario in CTTS has been accumulat- . " : S
. . usivity in the disk, a free parameter of the models which is
ing over the last decade (see Bouvier et al. 2003 for a re- . .

. . " o .. Unfortunately poorly constrained by current observations.
cent review). Magnetospheric cavities with inner radii in thé
range 3-8R, are called for to account for the near-IR prop- Due mostly to the lack of intense monitoring of CTTS on
erties of CTTS systems (Bertout et al. 1988; Meyer et groper timescales, the observational evidence for a time depen-
1997). Inverse P Cygni profiles observed in the Balmer anl@nt interaction between the inner disk and the stellar mag-
Pashen line profiles of CTTS, with redshifted absorption cometosphere is at present quite limited. Episodic high velocity
ponents reaching velocities of several hundred kimpoint outbursts, possibly connected with magnetospheric reconnec-
to hot gas free falling onto the star from a distance of a fetion events predicted by recent numerical simulations, have
stellar radii (Edwards et al. 1994; Folha & Emerson 2001)een reported for a few systems based on the slowly varying
Magnetospheric accretion models have indeed been succesfcity shift of blueshifted absorption components of emis-
ful in reproducing the main characteristics of the emissiaion line profiles on a timescale of hours to days (Alencar
line profiles of some CTTS, which suggest that at least paitt al. 2001; Ardila et al. 2002). Possible evidence for mag-
of the line emission arises in accretion columns (Hartmanetic field lines being twisted by flierential rotation between

et al. 1994; Muzerolle et al. 2001). Finally, hot spots coverirthe star and the disk has been reported for SU Aur by Oliveira
about 1% of the stellar surface are thought to be responsiblel. (2000). Another possible evidence for magnetic field lines
for the rotational modulation of CTTS luminosity (Bouvier &being twisted by dterential rotation thus leading to quasi-
Bertout 1989; Vrba et al. 1993) and are identified with the aperiodic reconnection processes has been reported for the em-
cretion shocks expected to develop near the magnetic polebénlded protostellar source YLW 15 based on the observations
the magnetospheric accretion scenatrio. of quasi-periodic X-ray flaring (Montmerle et al. 2000).
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Table 1.Journal of observations.

Photometry Spectroscopy

Dates Site Telescope Filters Dates Site Telescope  Spectral range
(1999) (1999) A

0908-1g12 Mt Maidanak 0.5m UBVR | 2911-112 OHP 1.93m 3890-6800
2911-1%12 OHP 1.20m UBVRI | 25-2811, 20-2612 ESO, LaSilla 1.52m 3530-9200
25110212 Calar Alto 1.50 m BVRI 26-2711, 11-1712  Lick CAT 3850-10650
26/11-0401 Teide 0.80 m BVRI 28-2911, 1912 Lick 3m 3850-10650
30/11-0812 Byurakan 2.6m VRI 27-2811, 16-2112  Tautenburg 2m 4680-7100
08/09-3009 Almaty Im BVR 27-2811 Canarias NOT 4840-9400

Since magnetically dominated accretion occurs on a scalgphotometric and spectroscopic observations at various obser-
of a few stellar radii £0.1 AU) which, at the distance of thevatories, over a period of 5 months for photometry and simul-
nearest star forming region cannot be resolved yet by curréamteously over a period of 1 month for spectroscopy. Section 3
telescopes, one of the most fruitful approach to probe the strpeesents the results of the spectroscopic and photometric vari-
ture and evolution of this compact region is to monitor thability observed on timescales ranging from hours to months.
variations of the system over several rotation timescales. \Bection 4 discuss the origin of the variability of the system and
therefore started synoptic campaigns on a number of CTT&srelevance to the magnetospheric accretion process. We ar-
few years ago. Results of previous campaigns have beengee that the main source of photometric variability is variable
ported by Chelli et al. (1999) for DF Tau and by Bouvier et atircumstellar extinction which is ascribed, as for the previous
(1999, hereafter B99) for AA Tau. The latter object proved tcampaign, to the recurrent occultation of the central star by the
be ideally suited to probe the inner few 0.01 AU of the systermarped inner disk. The spectroscopic variability provides ev-
due to its high inclinationi(~ 75°, see B99), the line of sight idence for magnetospheric accretion columns and associated
to the star intersects the region where the inner disk interalets spots. In addition, we find that the accretion process is time
with the stellar magnetosphere. The peculiar orientation of tliependent and smoothly varies on a time scale of a month. We
otherwise typical CTTS maximizes the variability induced bgrgue that the time dependent accretion rate onto the star results
the modulation of the magnetospheric structure and thus ph@m the development of large scale instabilities in the magne-
vides the strongest constraints on the inner disk and the mamgspheric structure, reminiscent of the magnetospheric inflation
netospheric cavity. During the first campaign (B99), multicolarycles predicted by recent numerical simulations. Section 5
photometry was obtained with no simultaneous spectroscopgncludes that the interaction between the inner disk and the
This led to the discovery of recurrent eclipses of the central adiar’s magnetosphere is a highy dynamical and time dependent
ject with a period of 8.2 days. We attributed these eclipsespmocess and mentions a few implications of this result.
the Keplerian rotation of a non axisymmetric warp at the in-
ner disk edge which periodically obscures the line of sight to .
the star. We further proposed that the warped inner disk edgeObservations

di_rectly resulted from the interactioy of the disk With_ an in e describe in this section the multi-site campaign of observa-
clined magnetosph_ere, an expectation prof‘“pt'y conﬂrmed gns. Due to the numerous observatories involved and to the
Terquem & Papaloizou (2000, see also Lai 1999). While tr\'/'f“;\riety of intrumentation we used, we provide only a brief ac-

first campaign provided insight into the structure of the inn%r unt of the data aquisition and reduction procedures at each
disk on a scale of about 0.1 AU and constrained the large sc The journal of the observations is given in Table 1

structure of AA Tau’s magnetosphere, the lack of simultane-
ous spectroscopy prevented us from investigating the accretion
columns connecting the inner disk to the star. 2.1. Photometry

We therefore organized a new campaign on AA Tau durifghe photometric observations were carried out over a period
the fall of 1999 combining simultaneous photometric and SP&Sktending from Aug. 9, 1999, to Jan. 4, 2000. AA Tau’s light
troscopic monitoring over several rotation periods. One gaalrve is best sampled in tHBV/RI filters over the period from
was to further investigate the magnetospheric accretion regigy. 25 to Dec. 15, 1999, when several sites observed simulta-
and relate the inner disk warp to accretion columns and eously (see Table 1).
cretion shocks in a consistent way. Another goal was to in- ccp photometry was performed at all sites except
vestigate the _stability of the magr_1etospheric accre_tion Process Mt Maidanak and Assy-Turgen observatories where a
on a month timescale, the duration of the campaign, as Wefiotomultiplier tube was used. After images were suitably
as on much longer timescales by comparing the results of fagced (bias and flat-field corrected)feliential photometry
2 campaigns separated by 4 years. between AA Tau and two reference stars was obtained using

The results of the campaign performed in 1999 are dire IRAFDAOPHOT PSF fitting package. The two reference
scribed in this paper. Section 2 briefly describes the aquisitistars are located less thaha@vay from AA Tau and recorded
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on the same images (these are stars No. 1125-01689518tactiniques within the IRAF environment, which included bias
1125-01691043 in the USNO2 catalogue). At Mt Maidanadubtraction, flat-fielding and correction for bad pixels by inter-
observatory, absolute photometry of AA Tau was obtained frolation with values from the nearest-neighbour pixels.

the UBVRffilters, thus providing the required calibration of BVR observations of AA Tau were conducted with the
the diferential light curves derived from CCD photometry.0 m “Carl Zeiss” Jena telescope at the Assy-Turgen
at other sites. The photometric zero points of theden- Observatory (2600 m altitude) near Almaty (Kazakstan) during
tial UBVRIight curves were thus derived from measuremen{sur nights in September 1999. The single channel photometer-
obtained simultaneously at Mt Maidanak and OHP. Since pelarimeter with the photocathode S20 operating in photon
observations were performed in theband at Mt Maidanak, counting mode was attached to the Cassegrain focus of the tele-
the diferential I-band light curve cannot be calibrated thigcope. Exposure times were 60s through a diaphragm’of 20

way. Instead, we assumed that the average-() color of ppotometric observations in Byurakan (Armenia) were per-
AA Tau had not changed between 1995 (Bouvier et al. 1998ymed on 3 nights between Nov. 30 and Dec. 8, 1999. The
and these new observations. This assumption is supporfed m telescope was equipped with the ByuFOSC-2 spectral
by the fact that the averag®/ (- R) color of AA Tau has camera, equipped with a 1060514 CCD (Movsessian et al.
remained the same between the two epochs (see Sect. 3.1).2#) working in the imaging mode with a’1& 6 field of
resulting calibrated light curves have an rms photometric erigg,y, |mages were obtained in VRI filters and were bias sub-

of order of 0.02 mag in th&VRi. filters and up to 0.2 mag tracted and flat-field calibrated following a standard procedure.
in the U-filter due to the system'’s faintness at this wavelength.

The I-band light curve might have a systematic photometric
error up to 0.05 mag due to the calibration method. Th&2. Spectroscopy

data are available electronically at CDS Strasbourg via anotll_)(]- ¢ ic ob i ied out f Nov. 95
mous ftp tocdsarc.u-strasbg. fr (130.79.128.5) orvia € SpEClroscopic observalions were carried out irom Nov.

http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/409/169. to Dec. 26, 1999, from 5 sites. We obtained 54 hlgh-

Diaphragm photometry was performed at Maidanégsolution.eche_lle spectra of AA Tau over this period in qugsi-
Observatory (Uzbekistan) from Aug. 9 to Dec. 16, 1999¢7,|multanelty with the photometry (see Tab_le l_). Integration
using the 48 cm telescope equipped with a FEU-79 tubtgpes ranged between 3_600 and 5400 s yielding an average
Measurements were obtained in 8V R bands with a di- >N = 30 on. the red continuum. )
aphragm of 28. Integration times ranged from 50 up to 120's, We obtained 23_spectra at the 1.93 m OHP telescope with
depending on the filter. During one of the photometric night§® ELODIE dual fiber echelle spectrograph (Baranne et al.
of the run, secondary standards were observed. The data wét@6) which yields 67 orders covering the 3906 Ato 6811 A
reduced with standard procedures and assuming averaged9nain at a mean spectral resolutionigd1 ~ 42000, and
tinction codficients for the site. The final photometric error i§8C0rds simultaneously the object and the neighboring sky.
about 0.01 mag. Spectra were reduced with the automatic on-line TACOS soft-

UBVRI observations were collected from Nov. 29 tgvare (Queloz 1995). The reduction procedure includes opti-
Dec. 15, 1999, at Observatoire de Haute-Provence (France#H" extraction of the orders and flat-fielding achieved through
the 1.2 m telescope. The detector was a 1k CCD camera yié&ungstene lamp exposure, wavelength calib_ration with a tho-
ing a field of view of 12. The exposure time ranged from 2dium lamp exposure, and removal of cosmic rays. Spectra
to 120 s depending on the filter and adapted to seeing cordig resampled every 0.03 A and corrected for the ELODIE
tions in order to obtain a high signal to noise ratio on AA Talfansmission fun_ctlon. Cross—correlatlpn functions using the
and the two comparison stars. CCD images were biased (oRRAVEL technique are also automatically computed.
rected and flat-fielded with proper calibration images following Spectroscopic observations were also carried out at La Silla
a standard reduction procedure. using the 1.52 m ESO telescope with the FEROS spectrograph

Observations in théVRI Johnson-Cousins system weréKaufer et al. 1998, 2000). The mean resolution of the spectro-
carried out from Nov. 25 to Dec. 2, 1999 at the 1.5 m telescopeaph is1/A1 ~ 48000, the spectral coverage is from 3500 A
atthe EOCA (Estaoii de Observaoii de Calar Alto, Aimag, to 9200 A and the exposure times varied from 45 to 60 min. The
Spain) using a Tektronics TK1024AB CCD, 10241024 pix- reduction was automatically performed on-line by the FEROS
els with a field of view 8 x 6.9’2. Integration times for the routines, which include flatfielding, background subtraction,
VRI filters were computed to maximize tf8N ratio while removal of cosmic rays, wavelength calibration and barycentric
remaining well within the linear region of the CCD. correction. Radial velocity corrections are applied and all the

Additional BVRI broad-band photometry of AA Taudatashown are in the stellar rest frame. The spectra are not flux
was collected with the 0.8 m IAC80 telescope at Teidedlibrated, so each spectrum has been continuum normalized.
Observatory (Spain) on thirteen nights of November through Some observations were carried out at Lick Observatory,
December 1999 and January 2000. We used the Thomsonui#ng either the 3 m Shane reflector or the 0.6 m @oud”
tector (1024x 1024 pixel) mounted at the Cassegrain focus éfuxiliary Telescope (CAT) to feed the Hamilton Echelle
the telescope, which provides a pixel size of 0.4Bd a field Spectrograph (Vogt 1987) coupled to a FORD 2048
of view of 7.4x 7.42. Exposure times were typically 120-200 £048 CCD. We recorded92 orders covering the optical spec-
in theBV bands, and 60-100s in tRd filters. Data were taken trum from ~3900 A to ~8900 A. The mean resolution of
with a seeing of 1.5-2’0 We processed raw frames with usuahe spectra ist/A1 ~ 48000, and the exposure times varied
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from 45 to 75 min, depending on the telescope used. The sgstem’s brightness varies, except for a few transient flaring-
duction was performed in a standard way described by Valelike episodes. This is shown in Fig. 1 (bottom panel) where
(1994) which includes flatfielding with an incandescent lantpe (B — V) light curve is seen to remain essentially flat within
exposure, background subtraction, and cosmic ray remowout 0.1 mag while the star’s brightness varies by more than
Wavelength calibration is made by observing a thorium-argone magnitude in th¥-band. A few short-term episodes with
comparison lamp and performing a 2D solution to the positi@an amplitude of about 0.2 mag appear on JD/512 and 516
of the thorium lines as a function of order and column numbevhere the system suddenly turns bluer and on JD 529 when it
Radial and barycentric velocity corrections have been appli¢dins redder on a timescale of a few hours. The small amplitude
and all the data shown here are in the stellar rest frame. (B — V) light curve which contrasts with the large luminosity
Spectra were also obtained with the SOFIN echelle spa@riations had already been reported in the 1995 light curve, as
trograph (Tuominen et al. 1999) at the 2.56 m Nordic Opticalell as the occurrence of transient blueing episodes (see B99,
Telescope (NOT). The 3rd camera was used, which providekig. 2).
spectral resolution of about 12 km's(R = 26 000). The expo- The photometric variations in thB, R, and| filters are
sure time was 60 min. The useful spectral range was from 489@ilar to those observed in thé-filter. Figure 2 illustrates
to 9400 A with some gaps in the red. The CCD images of titlee observed correlation between the photometric variations
echelle spectra were reduced with the 4A software packdfehe various filters. Thé&J-band measurements arffexted
(llyin 2000). The standard procedure involves bias subtractidy, large photometric errors (of order of 0.2 mag due to the
correction for the flat field, scattered light subtraction with theystem’s faintness at this wavelength) and will not be consid-
aid of 2D smoothing splines, elimination of cosmic spikes argfed further. The slope of the linear least square fit to the ob-
correction for vignetting function. The wavelength calibratiogerved correlations is given in each panel of Fig. 2 together
was done with a Th-Ar comparison spectrum. with the fit rms, and the slope expected from interstellar red-
Additional observation were carried out with th&lening (‘IS slope”) is indicated. The correlation is particularly
Cross_dispersed CoadEchelle Spectrograph of the 2_m.t|ght for theV andR filters. TheB vs. V diagram exhibits a
Alfred-Jensch telescope of the diiriger LandessternwarteWell-defined upper envelope with some points “dropping” from
Tautenburg on 6 nights between Nov. 27 and Dec. 21, 198@is envelope, which corresponds to the blueing episodes men-
A 2.0” slit was used together with the bk 1k Tektronix tionned above. A noticeable feature of thes. V diagram is
CCD vyielding a spectral resolution of aboyta1 35000 over the apparentchange of slopevat- 12.8.
the wavelength range from 4630 to 7370 A. Standard IRAF A complementary representation of the color variations of

routines were used to flat-field and wavelength calibrate tH¥¢ System is given in Fig. 3 where th& ¢ V), (V - R)
spectra. and (/ — 1) colors are plotted against magnitude. With the

exception of the blueing episodes, the near constancy within
0.1 mag of the B — V) color is recovered in the/, B - V) di-
3. Results agram. The upper envelope of the points in this diagram sug-
3.1. Photometry gests a possiblt_e trend for the system to pecome slightly redder
at the lowest brightness levels, though with a much lower red-
AA Tau's V-band light curve recorded over 150 days is showdening slope than expected from insterstellar extinction. The
in Fig. 1 (top panel). During these 5 months, the maximugyerageB - V) color of the system is1.42 in the 1999's light
brightness level was roughly constanvat 124 and the pho- cyrve, while it was-1.25 in 1995, and the averagé<R) color
tometric amplitude reached up to 1.0 mag. In the followingas remained the same between the two epochs. This probably
we mostly concentrate on the part of the light curve which hggjicates a slightly lower accretion rate in 1999 than in 1995,
been the most heavily sampled by multi-site observations frgfys decreasing the blue excess and yielding a slightly red-
JD 2451508 to 549, which is also when simultaneous spectygs @ - V) color without afecting much\ - R).
scopic observations were obtained. The (v, V-R) and {, V- ) diagrams indicate that the sys-
An enlargement of this section of the light curve is showmem gets redder when fainter up\o~ 12.8, with a slope sim-
in Fig. 1 (middle panel). The photometric variations are neanliar to that expected for interstellar extinction. Past this point,
continously sampled over more than 3 weeks (from JD S@®wever, as the system’s brightness further decreases the colors
to 533) and reveal large-scale brightness fluctuations occurriiigpear to saturate at a nearly constant value. An interesting fea-
on a time scale of a few days with a maximum amplitude @fire of the ¥/, V — 1) diagram is the evidence for two parallel
1.0 mag. This light curve bears some resemblance with the argcks around/ ~ 12.6, where the system appears to oscil-
we obtained in 1995 from a previous multi-site campaign (Sege between two\( — |) color states. This phenomenon occurs
Fig. 1 in Bouvier et al. 1999, hereafter B99). The maximumiithin a few hours on JD 511 at the start of a large luminosity
brightness level in th¥-band is the same as in 1995 and is indip and will be discussed further below.
terrupted by luminosity dips lasting several days. Qualitatively Overall, the luminosity and color variations observed in
similar dips were observed in 1995 with, however, a larger ph@A Tau in 1999 are qualitatively similar to those reported by
tometric amplitude (1.6 mag in 1995 compared to 1.0 mag B99 for the 1995 light curve. This leads us to believe that the
1999). dominant sources of photometric variability have not changed
Another similarity between the 1995 and 1999 light curvdsetween the two epochs. A majorfidrence, however, is that
is the 8 — V) color which exhibits little change as thein 1995 the photometric variations were quasi-periodic on a
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Fig. 1. AA Tau light curve. The numbers on theaxis are the reduced Julian dates JD-2451000. TopM-blnd light-curve. MiddleV-band
light curve from JD 505 to 550; the vertical lines above the light curve indicate the dates of spectroscopic observations BBot{dmand
light curve.

timescale of~8.3-8.6 days. A periodogram analysis of the Figure 4 shows AA Tau'¥-band light curve with an illus-
1999's light curve reveals no significant period. Both the petration of the expected photometric variatiassuming 8.2 d
odogram analysis (Scargle 1982) and the string-length methmetiod. The variations observed from JD 511 to 519 have been
(Dworetsky 1983) suggest a best period of order of 16.5 daysplicated on the rest of the light curve assuming a 8.2 d period.
but with a low confidence level. Photometric periods previousBeveral brightness maxima and minima appear to occur repeat-
reported for AA Tau range from 8.2 days (Vrba et al. 198%dly on this timescale. This is the case for two main maxima
Shevchenko et al. 1991) to 8.3-8.6 days (B99). A periodogrdlabelled A, B) and possibly a third one (C) at 3D511, 519,
analysis of AA TauV-band light curve over 14 years, fromand 528 as well as for two secondary maximé, &) and pos-
1987 to 2000, built from Mt Maidanak data also suggests a pbly a third one (Q on JD~ 516, 524, and 532. The two deep-
riod of 8.1867 days (Grankin, priv. comm.). Additional suppogst minima (a, c) are separated b7 days, i.e., about twice

to the existence a 8.2 d period in the system is reported in the assumed period, and two secondary minimab(aare in

next section where we show that the radial velocity of the stahase with the 8.2 d period. Clearly, the phase coherence is lost
appears to smoothly vary over this period. prior to JD 511 and after JD 535. Hence, even though the light



T o e B
L Isq slope 0.98 -
r rms=0.19
155 - IS slope 1.15 _
. >
o
Bl e Y
15 — .'"8/ . -
S 2- O
Lo o®
o
.
145 . B
T S ST T N S |
14 14.5 15
B
e e A s s
126 [ ]
[ Isq slope 0.93 :
124 l'g"slz O%Zss oy .
[ slope 0. S
122 4 ]
x
12 |
11.8 [ ]
116 [ .
P I I
12.5 13 135

\

15

14.5

14

114

11.2

108 |

10.6 [

11

J. Bouvier et al.:

Magnetospheric accretion in AA Tau. Il.

[ Isq slope 1.05
~ rms=0.06
L IS slope 1.33 M

12.5 13 135

[ Isq slope 0.85
[ rms=0.03
t 1S slope 0.62 «’

126 128 13
\%

13.2 134

175

12 I I I

! '. i
: L R 1]
> :
: : '
13 ; e o L 7
. T I
i ‘ . [ 1
L ® b’ ‘ i ,
& :
L e i
135 |- ‘ ‘ .
| a b c i
L ‘ L L ‘ L L L ‘ L
510 520 530 540
J.D. — cste

Fig. 2. Correlated brightness variations ilBV R filters. Small open Fig.4. AA Tau's V-band light curve. Part of the light curve between
dots: JD< 500, large filled dots: JD 505-550. Least-square fits to tlk® 511.5 and 519.5 (“cycle 1) has been replicated assuming a period
observed correlations are shown as a solid line. The slope and rmefo8.2 days (dotted line). The various brightness minima and maxima
the fit are given in each panel, as well as the expected slope foraia labelled with letters (see text).

interstellar reddening law (“IS slope”, Savage & Mathis 1979).

16

B-V

14

B
[NIN)

0.8

22

18

: /

. . ¢ ¢
et
0 & s
T o . . .
L -s' ,,‘ “;‘-w ]
-t
125 13 135
[ / o o * & ¢ P _
: ".S“ e PR
AL g .
1 j 1
- 125 13 135 -
/ . .
opde LZS° o o ° .
B 0 X .’ : )
R ,ﬁé.,r R :5.. ¢
CJ * ° .
r e ,":
\ \ \
125 13 135
v

around JD 521 (labelled “b” in Fig. 4). The flux of the system
does decrease around this phase but only by about 0.2 mag, i.e.,
much less than during the two deep minima observed 8.2 days
before and after this date, respectively. In the following, we will
refer to this part of the light curve between 3519 and JD=

525 as the “photometric plateau”. Even more intringuing is the
similar shape and depth of the two deep minima on JD 512
and 529, both being asymmetric with a rapid flux decrease and
a more gradual return to maximum brightness. Assuming that
the 8.2 d period is intrinsic to the system and probably reflects
the rotational period of the star, the light curve suggests that one
of the major sources of photometric variability has disappeared
for one cycle but was restored on the next one. We show in
the next section that a similar conclusion is reached from the
analysis of the spectroscopic data.

3.2. Spectroscopy

AA Tau has been previously classified as a K7 dwarf (Kenyon
& Hartmann 1995). Its spectrum is that of a moderately active
classical T Tauri star which exhibits clear photospheric lines

Fig. 3. Color-magnitude diagrams. The amplitude of the vertical scaénd a few major emission lines, e §W(Ha) ~10-20 A. The
is the same in each panel. Reddening vectors are illustrated,fer Balmer lines are characterized by the presence of a deep central

0.3 mag. Small open dots: J®500, large filled dots: JD 505-550.

absorption feature in the emission profiles (e.g. Edwards et al.
1994).
We discuss below the analysis of the 54 high resolution

curve is not periodic, we do find evidence for a characterispectra of AA Tau obtained during the campaign. The projected
tic timescale for the photometric variations which is consisterdtational velocity of the star was measured from a correlation
with the period reported previously by several authors.
The major discrepancy between the expected 8.2 d perimtthe 33 ELODIE and FEROS spectra from the comparison
and the observed light curve is the absence of a deep minimwith a K7 template. TheS/N ratio of all spectra was high

analysis of the photospheric spectrum. Veiling was measured
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enough to investigate both the shape and the flux variationdgf cross-correlation with the template spectrum, with a typi-

the emission line profiles, most notablyyHHB, and Ha. cal accuracy of 500 nt$ (both our observing procedure and
the correlation algorithm were not optimized for precise radial
velocity measurements).

From the combined ELODIE and FEROS spectra (33), we

We first derive estimates of the AA Tau projected rotationgleasure an average heliocentric radial velocity of 17.1¥ms
velocity from 20 OHP spectra using the cross-correlation fun@ms of 0.9 kms') consistent with the previous derivation
tions automatically computed with the ELODIE spectrograghf 161 + 2.1 kms™' (Hartmann et al. 1986). The ampli-
and the calibration relation given in Queloz et al. (1998) fd¢de of variation of the photospheric radial velocity is small
slow rotators. The derived vsini values range from 10.09 fo2 kms™) but significantly larger than the estimated mea-
12.34 km s* with an average of 11.3 knts(rms: 0.7 kms?). surement errors~0.5 km s*). A string length analysis of the

This value fully agrees with thesini of 11.4 km s* computed Photospheric radial velocity variations yielded a most likely pe-
by Hartmann & Staffer (1989). riod of 8.288 days which is in agreement with the long term

m’;\riability period found with the photometry. Figure 7 displays

We compute the veiling, defined as the ratio of continuu L heri il veloc ol i oh h
excess flux over photospheric flux, using-4fit method on ;lple; Se?i:)?jsp eric radial velocity curve folded in phase wit

five spectral intervals typically 50 A-wide located betwee
5500 and 6500 A and centered at: 5450, 5600, 5860, 6110 and

6420 A (see Fig. 5). We exclude from the fit the strong photg—z 2. Survey of emisson line profiles
spheric lines of NaD and Cal 6122 A which Stout-Batalhaetal.
(2000) have shown could be enhanced by the accretion procgssample of the various residual line profiles discussed in
We perform veiling calculation on the 33 FEROS and ELODIkhe following sections is shown in Fig. 8. Residual profiles
spectra alone. Both have comparable high spectral resoluti@re obtained by continuum normalizing the AA Tau spec-
suficient signal to noise§/N) on the continuum level and tra and subtracting the normalized and veiled K7 template star
sample the whole duration of the spectroscopic observatiopgg19 Tau) used in the veiling measurements. We do not have
For each data set, we compute the veiling relative to a refgeiling measurements for all spectra due to the By of

ence AA Tau spectrum observed in the same instrumental c@dme of the observations and in order to compute the residual
figuration (an average of three spectra observed on JD 519 dréfiles we used the nearest available veiling value. Since the
520.45, 520.52). The absolute veiling of this reference spefyservations are taken very close to each other and the high-
trum is then calibrated using the template weak line T Tauskt measured veiling value is only about 0.3, we should not
star V819 Tau observed with ELODIE. V819 Tau (SpK7V)  be using unreasonable values. We note in Fig. 8 that the emis-

appears to be a very good spectral match to AA Tau (Fig. 8jon line profiles varied both in intensity and shape during our
Uncertainties associated with the relative variations of veilingpservations.

estimated from the rms of the five individual measurements

3.2.1. Photospheric lines

. . .~ The Hx line presents double-peaked emission profiles, the
range from 0.01 to 0.05. An additional uncertainty of typig),;o emission peak generally more intense than the red one, re-
cally 0.1 is however present on the absolute level of veiling. sembling previously reported AA Tau profiles by Edwards et al.
The derived veiling values are low, ranging from undg1994), Muzerolle et al. (1998) and Alencar & Basri (2000).
tectable to 0.3, and do not correlate with the photometry (sege Hx profiles display both blueshifted and redshifted absorp-
Fig. 6 top panel, open circles). The main source of photometgjgns at low velocities in most of the observations as can be seen
variations is therefore not related to the continuum excess flgx.Fig. 8. The blueshifted absorption is more intense than the
Two main increases in veiling, lasting typically 3—4 days, o¢edshifted absorption component and is also always present,
cur at JD=513.5 and JB-516.5 during respectively the egresgyhile the redshifted absorption once totally disappeared from
phase of the first large photometric dip and just before the f@Jur observations for 2 days (Fig. 8d). The outer wings of the H
lowing small photometric dip (see Fig. 10). The veiling alsgrofiles tend to be symmetric, but some profiles do present
increases at the very beginning and towards the end of the sg@ymmetries in the outer red wing either as a lack of emis-
pled light curve. During the photometric “plateau” (JD 519sjon (most commonly, Figs. 8c, €) or as an extra red emission
525) the veiling is extremely weak. We observe a strong cqkig. 8f). The 1 line profiles are also double-peaked but dis-
relation of veiling with @ — V) color and Ha line flux (see play most of the time a single absorption componentthat is cen-
Figs. 6 and 11). We also combine the measured veiling valygfed or slightly blueshifted. A few Biprofiles present an extra
with theV-band light curve to derive both the underlying “deredshifted absorption at high velocities (Figs. 8c, e) and these
veiled” photospheric flux and the flux of the continuum excesénd to Correspond to the asymmetri@ Hpectra that show a
in theV band (Fig. 6). We included in Fig. 6 only points whergack of emission in the outer red wing. The Hine shows
the photometry could be safely interpolated at the time of ta@ly a narrow component (NC) that is slightly redshifted. It
spectroscopic observations. The excess flux variation closgl\clearly asymmetric in some observations (Figs. 8a, c, h),
follows the veiling one, with some scatter at high veiling valyith more emission in the red than in the blue side of the
ues which will be discussed below. profile. Edwards et al. (1994) present AA Tau profiles ofiHe
We also compute, in the same wavelength intervals usedaith broad and narrow components but at a much higher veil-
calculated the veiling, the radial velocity of photospheric lindag value ¢ = 0.6) than we observed. The NaD lines (see
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Fig. 5. Samples of an ELODIE spectrum of AA Tau (upper curve) obtained on JD 519.47. The spectrum of V819 Tau (lower curve), a K7
spectral template, is shown for comparison. In each spectral order the continuum has been normalized to unity and V819 Tau’s spectrum has
been shifted for clarity. The spectral orders shown in this figure were used to derive veiling (see text) 1 Emeisston line {5876) appears

in emission in AA Tau’s spectrum.
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1.50F O 3 3.2.4. Line fluxes and profile decomposition
3 000 E
1.60F. .. ) ) ) ) L] We measured the total equivalent widths of the, HHB
0.00 0.05 0.10 0.15 0.20 0.25 and He lines in order to compute line fluxes with the photo-
veiling metric measurements &Ha) = constx EW(Ha) x 10794™

Fig. 6. Total flux in V-band (top panel open circles), de-veiled ﬂu{(Hel) = ConSt()meW(HeI) X 10—0.4@ andF(Hp) = const x

(top panel filled circles), excess flux (middle panel) &V (lower W(HB) x 10° , where const. is an arbltr.ary constant

panel) vs. veiling. The fluxes were interpolated on the veiling daté§dmg, My andmg are theR, V andB-band magnitudes of the

and are presented in arbitrary units. system, respectively. The photometric and spectroscopic mea-
surements were not always simultaneous so we interpolated
the light curves at the time of the spectroscopic observations
in order to get the correct values for the magnitudes. No ex-
trapolation was made. The line fluxes obtained are presented in
Fig. 10. We looked for periodicities in the line flux variations

Fig. 5) match very well the template spectrum and are basica#§ing the Scargle (1982) periodogram estimator as modified

photospheric. by Horne & Baliunas (1986) that is appropriate to handle ir-
regularly spaced data and the string-length method (Dworetsky
1983). Both methods yielded similar results, showing best pe-

3.2.3. Variance profiles riod detections around 16 or 8.5 days but with rather high false
alarm probabilities (a few percent) of being created by chance.
We show in Fig. 9 the average residual line profiles afd4l- We observe a strong correlation of veiling with theHiee

culated with all the observationkeft) and at diferent photo- flux (see Fig. 11). Two pairs of points however significantly
metric epochs: during the deep mininmaiddle and the pho- depart from the veiling-He flux correlation at JB-512.5
tometric “plateau” {ight). Also shown in the shaded area arand 513.5, just after the minimum in the first large photometric
the normalized variance profiles as defined by Johns & Badip. We come back to this in the discussion section. There is an
(1995b), which measure the amount of variability of each viadication of a weak correlation withHline flux but nothing
locity bin in the line. The total it profile shows a rather uni- with Ha. We looked for time-delayed correlations between the
form variability, the red wing presenting only a slightly mordine fluxes and veiling and found thattpresented a better cor-
extended variability than the blue wing. The profiles taken dwelation with veiling if its variations occured 1.08 days before
ing the photometric “plateau” and the deep minima are quitiee veiling variations (Fig. 11). Thegtesults showed the best
different from each other. The largest spectroscopic variatiarsrelation is obtained with a 0.44-day delay (Fig. 11) and the
occur during the deep photometric minima. In contrast, the like1 line is better correlated with the veiling with a time delay
profile does not vary much during the photometric “platealdf 0.08 day (Fig. 11). The time lag between line flux and veiling
and its intensity is also much weaker. In agreement with thariations is larger for lines that are formed farther away from
photometry, this behavior indicates that from3B18 to 526 the photosphere as predicted by the magnetospheric accretion
a major source of variability of the system disappeared. scenario.
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Fig. 8. Sample of residual line profiles. The profiles have been shifted for clarity. The vertical dashed lines are the spectral line center at the
stellar rest frame and the horizontal dotted lines show the continuum level. & blukl wing has been reflected with respect to line center over
the red wing. The numbers on the right are the dates of observation JD-2 451 000.0.

We calculated correlation matrices for the main emissidhe high-velocity regions of the accretion flow. However, if we
lines in order to investigate how the profile variations are correarefully select only the b spectra with symmetric red wings,
lated across the line. Correlation matrices are 2D contour pltaking away those that showed a lack or an excess of emis-
of linear correlation co@cients (see Johns & Basri 1995b)sion compared to the blue wing, the outer wings do correlate
The codficients are calculated, in this work, correlating th@ig. 13). This indicates that in addition to the low velocity
time variation of each velocity bin of a spectral line with thabsorption in the red wing, there is also something going on
time variation of all the other velocity bins of the same linat high velocities thatféects the K profile and consequently
or of a diferent line. Using all the observedatprofiles, the its correlations. Although a redshifted absorption component is
outer blue and red wings correlated well with themselves hogver clearly seen in the outer red wing o Ht is probably
showed almost no correlation with each other (Fig. 12), whigitesent and sometimes can be seen in outer red wingg of H
is rather unexpected since they are both thought to come free Fig. 8). Looking at the symmetric profile matrix (Fig. 13),
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Fig. 9. Average H line profiles (solid lines) and variance profiles (grey shaded areas) calculated with residual spectra. Leftoatitiberia-
tions. Middle: the K observations taken during the deep photometric minima. Right: the observations taken during the photometric “plates
(from JD=518 to JD=526).

the regions that do not correlate with the rest of the profile cdrhe blueshifted absorption componentis thought to come from
respond to the blue and red low-velocity absorptions. We notigavind, while in general redshifted absorption components are
that the redshifted absorption at low velocities moves arourelated to the accretion process. This result is therefore a piece
much more accross the profile than the blueshifted one, thafsevidence of a correlation between accretion and outflow in
creating a larger region with no correlation. No anti-correlate®A Tau.

regions were found in the matrices, as also noticed Johns & The H3 line should have been easier to decompose than H
Basri (1995b) when they calculated the idorrelation matrix but the lowS/N of our spectra in this region prevents a reliable
of AA Tau. decomposition most of the time. The Hae was decomposed

The Hr and H3 lines display more than one componenwith one Gaussian in emission and it presented small radial
with different characteristics and variability. In order to investielocity variations, from-4 kms? to 11 kms? (see Fig. 10).
gate the behavior of each line component separately we decom-
posed the K profiles using three Gaussians, corresponding jo
a centered emission, a blueshifted absorption and a redshifté
absorption (see Fig. 14). We did not make any attempt to /A Tau's exhibited a more complex pattern of photometric
the high velocity redshifted absorption component that is covariability in 1999 than previously observed in 1995. There are
spicuous only in some Bprofiles. The | decomposition is qualitative similarities between the two light curves which sug-
not always straightforward since there are two low-velocity agests the main source of variability has remained the same be-
sorption components superimposed on the main emission pxeeen the two epochs. There are, however, majfiedinces
file. The equivalent width of the absorption components aas well. The 1999 light curve does not appear as periodic as
most of the time quite uncertain due to their proximity that was in 1995: the latter light curve exhibited well defined,
makes it hard to disentangle them at our present resolutitarge amplitude luminosity dips on a quasi-periodic timescale
The radial velocities of the three components however are wefl8.2 days while the new light curve exhibits two smaller am-
determined by the Gaussian decomposition. The radial vel@titude and asymmetric dips on this timescale and one of the
ity of the emission component is very well constrained by thmajor luminosity dips disappeared during one cycle. Arich pat-
profile wings and it surprisingly varied from45 kms? to tern of variability is also seen in the emission line profiles and
+30 kms?. The radial velocity of the blueshifted absorptiofluxes. Combining the photometric and spectroscopic results
component varied from-38 kms? to -5 kms? and that we attempt below to outline a global model for the origin of
of the redshifted absorption component from 2 kihaup to  AA Tau’s variability.

70 kms?t,

We found a very good correlation between the radial veIog—
ities of the Hr blue and red absorption components (Fig. 15).
Except for the three points at the uppermost left side of tide similarity of the light curve recorded for AA Tau in
plot (JD 529.5, 530.5, 531.5), the radial velocity of the red att999 with that obtained in 1995 suggests that the same domi-
sorption component changes nearly twice as fast as the bhaamt mechanisms were reponsible for the observed photometric
one, indicating that they are not driven by the same processesiability at the two epochs. B99 interpreted the photometric

g)iscussion

1. Origin of the photometric variations



J. Bouvier et al.: Magnetospheric accretion in AA Tau. Il. 181

12.2p7 ' ' ' ' ] 122 - - ; - .
12.4F 3 12.4F :
12.6F gé °© 1 126f §£ O -
3 & %@@@O 6 | 3 & %@@@QQO 6
- 128} & @g o ] > 128} & @g o :
130F O ® §° i 130f° @ § 2 .
132F ® Oé 1 132p 8 g
3af 8 B 1 g5, 8 B
C ; ; ; ; ; ] 4 ; ; ; ; ;
i 1 % 3B
1.0 o RN
C o | £ 2 $ i
x N X O
2 05 5© 939 g ° 1 5 q>$ <[>$ ¢
Q i 0 ° "o ] 2 o ({D O] CP(HD
T 00:- &2 80 @)OO _ >'_1_ Cb(l) $¢ % ¢+
: o <
) o £ _gF
-0.5F i _§, , , . . .
oF ° F IR ]
cr A N ]
< 1.0F o 7 € 10F E
2 08f 8 T @i)q) é 3
< 06 8 1 3 5f¢ %8 o b ¢
o 8 0 26 % o S 8 % |
T 04F ® o OO @ ©° 3 2 of ® o ® ® 7
0.2F & © % 1 o | b I
£ T L ]
0.0F E -5F . . . . . ]
40 E O i bue absorotion o
: 0 t Ho blue absorption 0 E
sob 8 1 & -0f o
E I o 1§ 1o A
5 208 @ 3 2720 ogo Q
S 13 %0 o8P © 505003
of © oo © 000 1 £ -%F o ° °
E OOO C@ ; s} om le)
ok ) ) ) ) ) —40F ) ) ) ] ) E
20En ' ' ' ' T gofF ' ' ' ' .
0.3F E [ Ha red absorption & ]
: 1 % ok % ]
03025_ % Cl) _é EBO: o © ° ]
£ $ | 2 wfofo & o]
Z o $ 13 1 % 088 . o :
' $ 1 S o0f 5 o ]
# $ éﬂ) g $ <# E [ © ]
0.0 FM> . %o é . 3 o) S . o
510 515 520 525 530 510 515 520 525 530

JD (days) JD (days)

Fig. 10.V magnitude, K, HB, Hel line fluxes and veiling (left panel) and magnitude, photospheric radial velocity, Hadial velocity, and
radial velocity of the blue and red absorption components in th@tdfile (right panel). The line fluxes are in arbitrary units.

behaviour of this system as resulting from the obscuration gffectroscopic data provide additional ones that we summarize
the stellar photosphere by circumstellar material orbiting ttere briefly.

star at Keplerian velocity. The opacity screen responsible for

the eclipses was tentatively identified with the warped inner .

edge of AA Tau's circumstellar disk close to the corotation r4-1-1. A planetary mass companion?

dius where it interacts with the star’s inclined magnetosphe

This interpretation has subsequently gained support from 1?{19
physical modelling of the response of a circumstellar disk

an inclined dipole as the models predict the developmenttﬂ

?, nor; gxsy?orggrll_c yvlzzrggat the inner disk edge (Terquempﬁgériodic radial velocity variations. Using the newly derived am-
apaloizou Ll )- plitude of the radial velocity curve, we can now derive a max-

Arguments against alternative interpretations of AA Taulsmum mass (assuming a circular orbit) of 20 Jupiter masses
light curve were given in B99. The new light curve andor the putative companion. However, it is unlikely that such

e detection of radial velocity variations with a period

8.3 days and an amplitude of order 2 krh {see Fig. 7)

y point to the existence of a low-mass companion orbiting
star. B99 discussed this possibility before uncovering the
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Fig. 11. Left panel: The K, H3 and Ha line fluxes are plotted against veiling. Right panel: Time delay between emission line flux and
veiling variations which provides the best correlation between the two quantities (see text). From top to bott¢h08ie), H (0.44 d)
and Hx (1.08 d). A positive time delay means that the line flux varied before the veiling did.

an orbiting companion could be responsible for the observeidgration in the disk which stops at the inner disk edge (Lin
photometric variability. The non-steady character of the phet al. 1996). In AA Tau, the disk truncation radius lies near
tometric light curve and, in particular, the temporary disar at the corotation radius (0.08 AU, see B99), thus leading to
pearance of one of the major luminosity dips during one cycln orbital period at this radius similar to the stellar rotational
conflicts with the stability expected from the orbital motion operiod. In order to further investigate the possible existence of
a substellar companion. In addition, the radial velocity varia-substellar companion in close orbit around AA Tau, a hew
tions are still present during the photometric plateau, i.e., whepectroscopic monitoring campaign is planned for the fall 2003
the large luminosity dip has desappeared (cf. Fig. 10). Heneéich will measure the star’s radial velocity curve over several
there seems to be no direct connection between the sourcenohths.
the large scale photometric variability and the source of the ra-
dial velocity variations.
. . . _ 4.1.2. Surface spots

Interpreting the radial velocity variations of AA Tau as re-
flex motion induced by an orbiting low mass companion wouldliternatively, cold surface spots may be responsible for the pe-
imply that the orbital period of the companion (8.3 d) is similatiodic variations of the radial velocity. The 8.3 d period of the
to the stellar rotational period (8.2—8.5 d). This could possibhadial velocity curve is consistent with the previously reported
result from the companion having experienced type Il inwardtational period of AA Tau in the range 8.2-8.5 d. We used
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Fig. 13. Ha vs. Ha correlation matrix calculated without the profile

that presented asymmetric red wings. SFlg. 15. Radial velocities of the H red and blue absorption compo-

nents. A tight correlation is observed between the two quantities. The
three data points that strongly depart from this correlation occurred on

. . D 529.5, 530. 1.5.
Petrov et al.’s (2001) model to compute the radial velocnyvar‘}- 529.5,530.5 and 531.5

ations induced by a dark surface spot. We find that ara8
dius spot located at a latitude of Swould produce a periodic photospheric cold spots would require a projected spot area
modulation of the stellar radial velocity with an amplitude ofovering at least 50% of the visible photosphere, i.e., a spot
1.6 kms?, slightly smaller than observed. Hence, spots of aidius of about 45if circular. For a stellar rotation period of
least this size would be required to account for AA Tau’s r&.2 d days, it would take at least a couple of days for such a
dial velocity amplitude. However, such a single circular spédrge spot to go from totally invisible to fully visible, regard-
would also produce a modulation of the stellar luminosity withess of its shape. This is inconsistent with the sharp luminosity
an amplitude of about 0.26 mag in tieband. According to the decrease observed in the light curve where the system dims by
phase of AA Tau'’s radial velocity curve, the cold spot would be mag on a timescale of a day or less. In addition, huge cold
at maximum visibility around JD 515, 523 and 531. Brightnespots observed at the surface of WTTS are stable on a timescale
variations observed at these dates tend to be lower than thoisseveral weeks at least and up to several years (e.g. Petrov
predicted by the model. Hence, we failed to find a spot modstlal. 1994). The missing large luminosity dip around JD 522
which consistently accounts for AA Tau's radial velocity anth AA Tau’s light curve would conflict with this expectation.
brightness variations. One might assume that AA Tau’s rotational period is 16.4 d
Independently of the radial velocity variations, ascribinstead of 8.2 d to circumvent this problem, but this is ruled
ing the large luminosity dips of AA Tau’s light curve toout fromosini = 113+ 0.7 kms?® (see above) which, with
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R, = 1.85+0.15R; (B99), yieldsP = (8.29 d+ /-1.2d)-sini, material is located at the corotation radius, cf. B99). The
i.e. a maximum rotational period of about 8.5 days for an edgeansient color excursions may thus be related to small-scale
on system. (<0.01 AU) structures in the absorbing material which would

Hence, we believe that large luminosity dips cannot be diilicate that the occulting screen is somewhat clumpy.

to cold surface spots. The smaller, secondary luminosity dips A third pattern of color changes is observed on a timescale
are also unlikely to be due to cold spots since their duratiéha few hours. Figure 16 shows that thé, (v — I) color di-
does not exceed 2 or 3 days, while the modulation by surfa@@ram exhibits two parallel tracks separated by about 0.1 mag
spots would be expected to produce at least 4-day wide dipsifoluminosity when the system is close to maximum bright-
a stellar rotation period of 8.2 days and isial. Furthermore, Nness (Fig. 16b). The tracks themselves are roughly parallel to
the small dips exhibit the same color behaviour as the lartfee reddening slope expected for extinction by small grains.
ones (cf. Figs. 2, 3) which suggests a common cause. On JD 511.5, at the very start of a large luminosity dip, the

Hot spots are also easily dismissed as a possibly domin4gtem was first located on the upper track, becoming redder
cause of AA Tau’s photometric variability since one would theffhen fainter. It then suddenly flipped onto the lower track at a
expect a correlation between the system brightness and veifflightly bluer color before starting to redden again as it further
or excess flux due to the accretion shock. Such a correlatfii'med (Fig. 16c). The blueward transition from the upper to
is not observed and the excess flux actually tends to be lar{¥¥er v, V — 1) track took less than 3 hours on JD 511.5 and
when the system is fainter (see Fig. 6). a qualitatively S|m|Iar_behaV|our is observed in the V - R)

and ¥, B - V) color diagrams. Other data points on the lower
(V, V — 1) tracks are from JD 516.5. This rapid variability is
4.1.3. Variable circumstellar extinction observed close to maximum brightness, just before the occur-

. i o _rence of photometric dips, and indicates the sudden appear-
Various aspects of AA Tau's photometric variations poin{nce of a source of blue continuum excess flux as the system
to variable circumstellar extinction: the constant maximuia s 1o dim, possibly the accretion shock at the stellar surface.
brightness of the light curve over 150 days (see Fig. 1), th¢e strong increase in veiling observed on JD 512.5-513.5 and

small amplitude of B — V) color changes as the system dimg; 5 5_517 5 (see Fig. 10), i.e., within a day after these blueing
except for transient events (see Fig. 3), the duration of the d'BEisodes supports this interpretation.

their sharp ingress phase and asymmetric shape, and the lackggg jgentified the obscuring material as the warped inner

of a strictly periodic behaviour can all be accounted for by ”H‘i‘jge of AA Tau's circumstellar disk close to the corotation

partial occultation of the stellar photosphere by orbiting Cigygiys, as the disk encounters the stellar magnetosphere. The
cumstellar material. Moreover, éfiard et al. (2003) reportedgparacteristic timescale of 8.2 days is recovered in the new

increased polarisation levels during the faintening episodes;igft curve, thus indicating that the circumstellar material is

expected from the obscuration of the photosphere by circuiy) |ocated close to the corotation radius if in Keplerian rota-
stellar dust. While other minor sources of photometric variabityn around the stamd, ~ 8.8R,, cf. B99). This is also con-

ity might be present as well, neither stellar spots nor the Qigient with the short duration of the ingress phases of the Iu-
b.|tal motion of a companion could account for all these feat“rﬁﬁnosity dips. However, the structure of the occulting material
simultaneously. appears more complex than it was in 1995. The asymmetric
Another supporting evidence for circumstellar extinctioshape of the major dips suggests a sharp leading edge for the
comes for the color behaviour of the system. We found aboyeculting material and a smoother trailing edge. Also, the light
that the 8 — V) color is not significantly fiected during lumi- curve indicates the occurrence of two occulation events per
nosity dips (apart from short timescale events discussed bel@btometric cycle (cf. Fig. 17) separated by about 0.4-0.5 in
while in the ¢/ - R) and ¢ — 1) colors the system first red-phase, suggestive of the presence of two occulting structures
dens as it dims. Such a wavelength-dependent behaviour nisated at nearly opposite azimuths around the star. Finally, the
result from extinction by dust particules slightly larger thagepth of the eclipses is shallower in 1999 (mag) than it was
the interstellar ones, producing opaque occultations at sh@ri995 1.5 mag).
wavelengths and interstellar-like reddening at longer ones. The Because the AA Tau system is suspected to be seen nearly
change of the\(—R) and (/1) color slopes as the system dimsdge-on (see B99), the occulting material has to lie close to
further (see Fig. 3) also suggests non uniform extinction progre equatorial plane and is thus likely associated with the cir-
erties of the occulting screen, which becomes more opaqueanstellar dusty disk. A smooth azimuthal warp of the inner
the occulation progresses. disk, as suggested by B99 to account for the 1995 light curve,
Rapid color changes, best seen in tfe—V) color, are does not produce two occultations per orbital cycle. Terquem
found to occur at specific photometric phases. Two blueiggPapaloizou (2000) showed that the response of an accretion
episodes developped on a timescale of a few hours arouligk to an inclined stellar magnetosphere actually produces a
JD 512 and 516, while a rapid reddening event occurred arowmarp with two vertical maxima on the upper side of the in-
JD 529. These events are associated to the luminosity dipst disk, located at opposite azimuths and having unequal am-
though they can occur either at the start or in the middle plitudes (see their Fig. 6). Such a warp can qualitatively ac-
the dips. The timescale associated with these events is conguaint for the occurrence of two luminosity dips of unequal
rable to the duration of transit of circumstellar material acrosepth within one single orbital period of the inner disk edge.
the stellar photosphere (of order of 0.3 days if the occultingis also worth noting that one of the magnetic configurations
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it dimmed, the object suddenly flipped from the upper to the lower color track. The arrow in jpuaeldc) indicates the color slope expected

from interstellar extinction.

explored by Terquem & Papaloizou (2000) results in a verticstiellar magnetosphere. B99 proposed a model for AA Tau
structure for the inner disk warp which mimics a trailing spiralthere the accretion disk is disrupted by the stellar magneto-
pattern. Such a warp configuration would qualitatively accousphere at a distance of 0.08 AU, resulting in circumstellar ma-
for the asymmetric shape of the main luminosity dips observeatial being channelled onto the star along magnetic accretion
in AA Tau’s light curve, with a sharp ingress phase and a sloneslumns and eventually hitting the stellar surface to produce
return to maximum brightness. In any case, thfedénces be- two opposite accretion shocks located at intermediate latitudes
tween the '95 and '99 light curves indicate that the structure ¢fee their Fig. 10). This model was able to account for the ma-
the inner disk warp has changed between the two epochs. jor characteristics of the luminosity and color variations of the
system in 1995.

We have now an opportunity to further test this model from
the observed spectroscopic variations of the system along the

The light curve presented here, as well as that obtained in 195goton_1etr|c cycle. Sevgral aspects of the AA Tag spectroscopic
alysis seem to confirm the general scenario of magneto-

appears to be best interpreted in terms of recurrent occUffgys .
tions of the central star by circumstellar material located at tﬁ@henc accretion.

warped inner edge of AA Tau's accretion disk. A likely origin  The veiling shows two peaks occuring per 8.2-day cycle
for the inner disk warp is the response of the disk to an inclinedid which last 3 to 4 days with the highest value around 0.3

4.2. Validity of the magnetospheric accretion scenario
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(see Fig. 17). The peaks suggest the presence of two rotatiBigrure 17 nevertheless indicates that this last veiling maximum
ally modulated hot spots corresponding to the accretion shoétkén phase with the one which occured on JD 516-517.
located around the magnetic poles at the stellar surface. The

B — V color of the system shows some correlation with veil- The veiling also strongly correlates with the Hene flux
. y kFig. 11) which is expected in magnetospheric accretion mod-
ing and at least the blueBt— V values clearly correspond to

. i . . i . els, since the Heemission line is thought to form at the base
the highest veiling values (Fig. 6). This confirms that bluemgr the accretion column close to the accretion shock. It is in-

events are associated with veiling variations, both being pro-_ . .

. . e : teresting to note that two pairs of H8ux measurements, on
duced by a hot source of continuum flux identified with thgD 512 5 and 513.5. are weaker than expected from the over-
acretion shocks on the stellar surface. o S P

all correlation. Since these dates correspond to the center of a

One of the veiling maxima occur within one day of théarge luminosity dip, this indicates that the Hemission region

center of the first deep photometric minima on JD 513 (sekse to the stellar surface is partly occulted at the same time
Fig. 10), which suggests that the hot spot faces the obserasithe photosphere. It should be pointed out, however, that the
at this phase, in agreement with B99’s geometrical modabparent veiling is likely overestimated on these dates due to
Another veiling maximum occurs about 3—4 days later aroutite occulation of the photosphere. Since veiling measures the
JD 516-517, which would correspond to the maximum visibitatio between the excess flux and the photospheric flux, the par-
ity of the second accretion shock, located on the opposite mégt occultation of the photosphere artificially enhances veiling
netic pole. Both episodes of increased veiling are preceededaven if the excess flux remains constant. Thus, the 1 mag drop
a sudden blueing of the system on JD 511.5 and 516.5 (see prehe photospheric flux between JD 511 and 512 would result
vious section) which may correspond to the appearance of than increase from 0.04 to 0.12 for the veiling. This only partly
accretion spots on the stellar limb. Note that the veiling maaecounts for data points that strongly deviate from the average
ima seem to have disappeared during the photometric plateawelation between line flux and veiling. The santieet is
(JD 519-525), which indicates that the mass accretion rate vgagn in the correlation between the veiling and the continuum
much lower during that cycle. The third and highest veilingxcess flux (see Fig. 6). As noted by B99, the sudden increase
maximum is seen around JD 533 but the sparse samplingobiveiling as the system dims actually reinforces the interpre-
both spectral and luminosity variations around this date prevéation of AA Tau’s photometric variations as being due to the
us from associating this event with a clear photometric patteatcultation of the stellar photosphere.
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We see high velocity (150-300 km'$ redshifted absorp-
tion components in the wings ofd-and Hr. These occur most
clearly at JD=513.5, simultaneously with the veiling peak,z °f
and at JD=525.5, with no increase of veiling associated to it
Redshifted absorptions at high velocity are usually associated}
to material free-falling onto the star along magnetospheric ag-
cretion columns. They ought to be observed when the hot spé)t1 L
is seen through the accretion columns along the line of sight.
The simultaneous occurrence on JD 513.5 of a high velocity o
redshifted absorptions in the Balmer line profile and of maxi- -8co -400 700 0 700 400 800 7600 Sam0 200 O 200 400 600
mum veiling is consistent with the accretion column being pro- ,, SRS
jected onto the hot spot facing the observer. This phase corre- | Ha« ! i=30°
sponds to the center a the large luminosity dip which lasts from & N 1
JD 511.5 to JD 515.5. The other occurrence of a redshiftéd N
absorption component in theaHand H3 profiles is seen on £ °f 1
JD 525.5. Even though veiling is weak on this date we arguédk po
above that this phase corresponds to the maximum visibility of x
the second accretion shock. The weak veiling and line fluxes on, | AWe
this date, located at the end of the photometric plateau, are in- ‘
dicative of a strongly reduced mass accretion rate ontothestapl o oo v o 00101 e P T

600 —400 -200 O 200 400 600 —600 —400 -200 O 200 400 60C

(Fig. 10). According to magnetospheric accretion models, high Wl /) o 79)

veIociFy redshifted absorption C(_)mponents in the Balmer Iing;:g' 18. Comparison between the observed Heft) and H3 (right)
can still be seen for mass accretion rates as low a8MI@ yr*  ayerage profiles (solid lines) and profiles computed from magneto-
and actually become more conspicuous at lower accretion rggeric accretion models of Muzerolle et al. 2001 (dashed lines). The
as the line optical depth decreases (Muzerolle et al. 200Mh)pdel profiles were computed for two inclinations? {fp) and 30
Weak veiling and the appearance of high velocity redshift¢abttom), a mass accretion rate of 80, yr-, a maximum temper-
absorptions are therefore not necessarily contradictory. ature of 7000 K in the accretion column and an inner and outer mag-
We compared the observedeHand H3 average emis- netospheric radii of 5.2 andR, , respectively, at the disk plane. Note
sion line profiles with emission line profiles computed frorthat profiles computed at high jncli_nation provide a much better fit
the magnetospheric models of Muzerolle et al. (2001f1an those computed at low inclination.
Figure 18 shows that although none of the models perfectly
reproduce the observed profiles, the best fits are obtained for
accretion rates in the range £610° M, yr-* and large in-
clination anglesi( > 60°). The accretion rate is compati-measured betweeng-and veiling would correspond to a ra-
ble with measured values for AA Tal) = 3.3 x 102 and dial scale of~6 R., while the much shorter 0.08 days delay
7.1 x 10° M, yr! obtained by Gullbring et al. (1998) andmeasured for Hecorresponds to about R,. This indicates,
Valenti et al. (1993) respectively. The low inclination theoretd agreement with the predictions of magnetospheric accretion
ical profiles are much more intense and narrower than the #dels, that I is produced in the bulk of the magnetospheric
served ones at all phases. The fact that only high inclinati6aVvity, while H3 arises from a slightly more compact region
models fit the observeddiand H3 profiles suggests the in-and He originates close to the accretion shock slightly above
clination between the rotation and magnetospheric axis cantitgt stellar surface.
be very large. In general, the Balmer line profiles presented a We also found a tight correlation between the radial veloc-
redward asymmetry (more emission in the blue than in the riéigs of the low-velocity red and blue absorption components
wing) and large variability of the red wings, which is overalin the Hx profile (Fig. 15). This indicates a correlation be-
in agreement with the predictions of magnetospheric accretimveen accretion and ejection signatures, which is predicted by
models. the magnetospheric models, since the red absorption is gener-
We noticed a time lag between therHHB and He vari- ally related to the accretion process and the blue absorption to
ations and the veiling: the lines formed farther away precedatflows and winds. However, if the wind originated in a region
those formed close to the accretion shock, as expected for a gpatially associated with the accretion funnel flow, one would
turbation propagating downwards the magnetospheric acoegpect the blueshifted and redshifted velocities to be modu-
tion column. The measured time delays are actually quite colated on a rotation timescale and to reach their extreme values
patible with the timescale associated with free-falling gas simultaneously. In contrast, the correlation indicates that the
the magnetic funnel. Assuming purely radial motion from thiargest blueshifted velocitites occur when the redshifted veloc-
disk’s truncation radiusrf, ~ 8.8R, ~ 0.08 AU, see B99) to- ities are the lowest and conversely. Furthermore, we do not find
wards the star, the 1.08 days delay betweerakd veiling vari- evidence for a rotational modulation of the velocity of the ab-
ations would correspond to gas infall from a distance of8.5 sorption components. Instead, Fig. 10 shows a monotonic vari-
above the stellar surface, which compares well with the size ddion over two rotational cycles between JD 508 and 525. It is
rived for AA Tau’s magnetospheric cavity. The 0.44 days deldlgerefore quite unlikely that the radial velocity variations could
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result from projection #ects modulated along the rotational The most challenging feature in the observations re-
cycle. ported here is the absence of a main luminosity dip around
These variations might then reflect intrinsic changes in td® 521-522 (cf. Fig. 4). If these dips result from the occul-
velocity fields of the inflow and outflow. A tentative explaiation of the central star by the inner disk warp, as advocated
nation for the observed correlation is that the location of tt@ove and in B99, how can the occulting screen disappear on
absorbing regions moves radially in response to simultaneduémescale of a week and reappear on the following cycle? At
changes in the inflow and outflow optical depths. As the accit@e time of the missing occultation, the system also exhibits
tion rate and wind density both increase, the line optical depitile spectral variability, the veiling is minimal as are the line
becomes larger and the absorbing layers move upwards. Thixes. All diagnostics thus suggest that the system’s variability
produces a lower redshifted absorption velocity since it aris@ds suddenly shutfbfor a few days (JD 519-525, the photo-
in the upper, lower velocity part of the magnetic funnel flowhetric “plateau”) and that the accretion flow onto the star was
and a larger blueshifted velocity since it forms higher up in tt€verely depressed at these dates.
accelerating wind. In this scenario, the comoving absorptions Remarkably enough, the object was quite active on both
components of the Hprofile would simply reflect the oppo- sides of the plateau, i.e., during the previous and the follow-
site direction of acceleration for the inflowing and outflowingnhg 8.2-day cycles, exhibiting both large luminosity dips and
material. strong line profile variability. Moreover, the pattern of variabil-
This interpretation, however, is not fully supported by thity after the plateau is strinkingly similar to what it was before,
observations. It would require that the largest optical depth aasl if the occulting screen had been suppressed for about the
thus accretion rate occurs around JD 524 when the lowest rddration of a cycle and had then reformed with optical and ge-
shifted velocities are observed. In contrast, the line fluxes aoehetrical properties quite similar to those it had before. Such
veiling are the lowest on this date, indicative of a very weak aa-repeatability of the variability pattern would be unlikely to
cretion rate. Hence, we fail to find a convincing explanation dfappen if the occultations were produced by independent, free
the observed correlation between the velocity of the blueshiftying dusty blobs crossing the line of sight as they orbit the
and redshifted bt absorption components in the framework oftar. Instead, it suggests that the properties of the absorbing
a steady magnetospheric accretion model. We will come bavlaterial are shaped by an organized underlying structure.

on the origin of. this correlation.in the pext segtion, w_hen We | B99, we have argued that the obscuring material is to be
discuss dynamicalftects associated with the interaction begentified with the warped inner edge of the accretion disk. The
tween the inner disk and the stellar magnetic field. non-axisymmetric warp itself results from the response of the
disk to the inclined stellar dipole (cf. Terquem & Papaloizou
2000). The properties of the occulting screen are thus dictated
by the topology of the stellar magnetic field at the disk inner
edge. The stability of the warp configuration, and therefore of
The spectral and photometric variations of AA Tau, like thodBe observed eclipses, ultimately depends on the stability of
of most CTTS, are obviously more complex than would be effie magnetic structure at the disk truncation radius. We thus
pected from a naive axisymmetric and steady magnetosphé¥igpose that the “missing occultation” results from the pertur-
accretion model in which a stable stellar dipole aligned wittation and subsequent restoration of the stellar magnetic field
the star's rotational axis disrupts the inner part of the agt the disk inner edge, leading to the temporary disappearance
cretion disk. While axial symmetry allows for the modellingf the disk warp and of the associated eclipse as well as to a
of accretion-ejection structures (e.g. Shu et al. 1994; Ferresgvere reduction of the accretion flow onto the star.
1997) and for the computation of line fluxes and line profiles The dynamica| evolution of a stellar magnetosphere inter-
arising in funnel flows (Muzerolle et al. 2001), the spectrophgcting with an accretion disk has been investigated by several
tometric monitoring of classical T Tauri stars reveals departuriegent numerical models, with applications to T Tauri stars (e.g.
from these models. Romanova et al. 2002; Goodson et al. 1997; Miller & Stone
Our previous study of the photometric variations of AA Tat997). These models assume an initial dipolar configuration
already provided evidence for the accretion flow being chaand predict that the stellar magnetic field lines threading the
nelled along the lines of a tilted instead of an aligned stelldisk expand as they are twisted byfdrential rotation between
dipole (B99). Since then, a surface magnetic field of order tife inner disk and the star. The inflation of stellar field lines
1-3 kG has been reported for AA Tau, with no clues howeveratso occurs when accreted material accumulates at the inner
its topology (Johns-Krull & Valenti 2000). Evidence for a tilteddisk edge against the magnetosphere and builds up a pressur:
dipole had previously been reported for the classical T Tagpiadient that brings the disk truncation radius closer to the star
star SU Aurigae by Johns & Basri (1995a). The new photoméRomanova et al. 2002). In most models, twisted magnetic field
ric and spectroscopic data presented here are still globally ctines eventually open, leading to an episode of strong mass out-
sistent with the magnetospheric accretion scenario propofled (e.g. Hayashi et al. 1996), and reconnect thus restoring the
for AA Tau by B99 based only on its photometric variationsnitial (dipolar) configuration and the associated accretion fun-
However, some specific aspects of AA Tau’s variability are difiel flow onto the star. This evolution is found to repeat itself
ficult to account for by assuming a mere steady-state accretiora quasi-periodic manner as originally suggested by Aly &
flow along the lines of an inclined magnetosphere. Kuijpers (1990) with an associated timescale of order of a few

4.3. Evidence for a time-variable configuration:
Beyond the idealized model
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rotation periods (e.g. Uzdensky et al. 2002a, 2002b; Goodson Initial dipolar configuration Vwind
& Winglee 1999; Romanova et al. 2002).

We propose that the quiescent phase of AA Tau'’s variabil-
ity, which spans the photometric plateau and associated weak
veiling and line fluxes, corresponds to a phase when the mag-
netosphere has expanded as described by these models, thus re-
ducing the accretion flow onto the star as the field lines become
sharply bent at the disk surface (e.g. Romanova et al. 2002).
Models predict that this phase is characterized by a stronger
outflow (e.g. Hayashi et al. 1996; Goodson et al. 1997), con-
ceivably carrying away the material accumulated at the inner
disk edge and thus possibly partly responsible for the disap-
pearance of the occulting screen. The reduced accretion rate
into the funnel flow may also lower the optical thickness dfig. 19. A sketch of the dynamical evolution of the stellar magneto-
the absorbing material at the disk inner edge, thus producﬁfﬁ“?re interacting with the accretion didlep initial dipolar config-
a much shallower eclipse. Although we do not have a qua f_atlon;botto_m the magneto_sphere has expanded as magnetlc_ field
tative measure of the strength of the wind in the system, @ges are twisted by dierential rotation (see text)_. The accretion

. . unnel flow onto the star and the nearly perpendicular outflow are
’?Ote that the blueshifted absorptl_on compo_nent of thepkb- schematically drawn. The line of sight to the system is highly inclined
file reaches_ be.lolw the stellar continuum during the phOtometffC: 75°, shown as the arrow on the right). The radial velocities of
plateau while it is shallower at all other phases. This may B inflow and outflow are shown. In the initial configuration, the ve-
an indication that the outflow is indeed stronger when the agcity field of the absorbing layers in the accretion column is nearly
cretion flow is depressed. After the inflation phase, field linggrallel to the line of sight, thus yielding the highest radial velocity
reconnect and the initial magnetic configuration is restored.cAthe redshifted ki absorption component. In the expanded magne-
new major eclipse is thus seen around JD 528 as line fluxes stesphere configuration, the same absorbing layers make a large angle
to increase again (Fig. 10). One of théfdiences between thewith the line of sight, thus resulting in small observed radial veloci-
major eclipses on JD 511 and JD 528 is that during the |attiss- The ogtflow being nearly perpendicu!ar to the inflow, _the opposite
the system reddens while it exhibited blueing episodes duriP_i aviour is obs_erved for the rad_lal velocity of the blueshifted absorp-
the former. This suggests that the obscuring material wig component in the kdline profile.
partially optically thin after the restoration of the initial
configuration.

This dynamical scenario of the interaction between the iwhich had no straightforward explanation in the framework of
ner disk and the stellar magnetosphere may additionaiir o @ static magnetospheric accretion model.
an explanation to the observed correlation between the radial If this interpretation is correcthe radial velocity of the red-
velocities of the blueshifted and redshifted absorption compghifted Hr absorption component yields a direct measurement
nents of the K profile (Fig. 15). The qualitative interpreta-of the expansion of the magnetic field lirdsse to the disk-
tion we propose for this correlation is schematically depictedagnetosphere boundary, the velocity decreasing as the mag-
in Fig. 19. In the initial configuration, the dabsorbing lay- netic field line inflates. We can thus use this diagnostics to trace
ers located in the upper part of the accretion funnel flow altee evolution of the magnetospheric structure as it interacts
nearly parallel to the line of sight, thus yielding the highestith the disk. The radial velocity curve of the redshifted ab-
projected redshifted velocities. In the inflated phase, the fieg@rption component is shown in Fig. 10. As noted above, the
lines have strongly expanded and the same layers are nowimescale for its radial velocity variations is longer than the
a large angle to the line of sight, thus yielding the lowest préstation period of the system. Figure 10 shows that the radial
jected redshifted velocities. In most accretion-ejection mode¥g|locity first steadily decreases from the start of the observa-
the outflow is nearly perpendicular to the inflow in the vicintions on JD 506 down to its lowest value reached on JD 525,
ity of the disk-magnetosphere boundary (e.g. Shu et al. 1994ich would indicate that the magnetosphere expands over
Ferreira 1997). Then, the lowest projected blueshifted velogi-least this time span. From JD 525 on, the radial velocity
ties are expected to occur in the initial configuration, when ttigpidly increases to reach its maximum value on JD 530 and
outflow is nearly perpendicular to the line of sight, while in théhen starts to decrease again. This phase would then corre-
inflated phase the outflow is bent towards the observer (ass@pend to the restoration of the initial magnetic configuration
ing the angle between the inflow and the base of the outflever JD 525-530 and the beginning of a new inflation cycle
has not changed significantly) and thus yields the highest pgtarting on JD 530.
jected blueshifted velocities. Slowly evolving projectidfeets The dynamical evolution of the magnetosphere deduced
resulting from the inflation of the magnetosphere would thdisom the projected velocity of the redshiftedaHabsorp-
account for the simultaneous radial velocity variations of th®n componentloneis globally consistent with the spectro-
blue and red absorption components in the ptofiles. This photometric evolution of the system: the phase of quiescent
would provide a natural explanation for the fact that the highetivity associated to a reduced accretion rate onto the star
est redshifted velocities are observed when the blueshifted yghotometric plateau, lowest veiling, weakest line fluxes,
locities are the lowest and conversely, an observational restallest line variability) is observed from JD 518 to 525, i.e.,

Va cC

Inflated phase
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at the end of the expansion phase (db06-525). The reap- interpretation, we find a smooth variation of the radial velocity
parition of the eclipses, the increase of line fluxes and of veilir§ accretion and outflow diagnostics in therkrofile which
all happen between JD 526 and JD 532, as the initial configs-best interpreted as reflecting the slowly inflating magneto-
ration is restored (JD 525-530). Note that three measuremesgthere on a timescale of a month, followed by its disruption
strongly depart from the correlation shown in Fig. 15. Thegnd the restoration of the initial magnetic configuration. Recent
occur on JD 529.5, 530.5, and 531.5 precisely at the time themerical simulations describe such a magnetospheric infla-
initial configuration is re-established. On JD 529.5, large vation process and predict they are cyclic. The results reported
ations of the radial velocity of the blueshifted component aleere may constitute the first clear evidence for the existence
seen to occur on a timescale of a few hours (see Fig. 10). Tofsnagnetospheric inflation processes occurring in CTTS on a
suggests that, superimposed onto the slowly evolving magnefoescale of a month, though additional observations will be
spheric structure, transient ejection events occur as a new mageded to assess their cyclic nature.
netospheric cycle starts. The observed variability of AA Tau is thus a complex mix-
Thus, independent observational diagnostics of the magmre of rotational modulation by hot spots, variable circumstel-
tospheric accretion process can be consistently accountedidorextinction, non steady accretion and varying mass loss, all
by a dynamical description of the interaction between the diskwhich appear to be consistent with a dynamical view of the
and the stellar magnetosphere. This result provides strong simperaction between the inner disk and an inclined large-scale
port to the recent numerical simulations which predict a tingtellar magnetosphere. The magnetospheric accretion proces:
variable behaviour of the disk-magnetosphere interface aagpears to be time dependent on all scales, from hours for non
may have important implications for the origin of the spectr@steady accretion to weeks for rotational modulation and months
photometric variability of classical T Tauri stars, for the regor global instabilites of the magnetospheric structure. AA Tau
ulation of their angular momentum, and for the origin anexhibits clear signatures of these various processes mostly be-
short-term variability of outflows in young objects. cause is it seen at a high inclination which maximizes the am-
plitude of variability. However, since AA Tau has otherwise
properties of a very typical classical T Tauri star it is very likely
that the processes observed in AA Tau are also instrumental in
We have shown that the photometric and spectroscopic varther CTTS, though more filicult to diagnose when the sys-
ations of AA Tau on days to weeks timescales are globaligms are seen at a lower inclination (e.g. Chelli et al. 1999;
consistent with the concept of magnetospheric accretion DreWarf et al. 2003).
this system. Its inner accretion disk is truncated at a distance The highly dynamical and time dependent nature of
of about 0.1 AU from the stellar surface by the strong stehe magnetospheric accretion process may have implications
lar magnetosphere. The large scale magnetospheric structuneh remain to be explored for a number of issues. For in-
is inclined relative to the disk plane which leads to the devedtance, the transfer of angular momentum between the star and
opement of a non axisymmetric warp at the inner disk edgbe disk (and the wind) is certainly quite complex and time
The warp corotates with the star and is responsible for the eariable (Agapitou & Papaloizou 2000). Whether this variabil-
currence of the eclipses observed in AA Tau’s light curve. Aty affects the angular momentum evolution of CTTS on the
the eclipses proceed, high velocity inverse P Cygni profile domg term is however unclear, since it takes abouit yi0to
episodically observed atgHand veiling is maximum, which the star to react to angular momentum gains or losses which
suggest accretion columns are seen against the hot accretidipresumably smooth out thefects of short term variability.
shock at this phase. The size of the magnetospheric cavitiie dynamical nature of the magnetospheric accretion process
about 8R, as deduced by assuming Keplerian rotation at tlmeay also bring clues to the origin of the short-term variabil-
inner disk edge, is consistent with the time delay we measuigdof CTTS outflows (Woitas et al. 2002; Lopez-Martin et al.
between lines and veiling variations as non steady accret@®03). It would be interesting to search for wind or jet vari-
propagates downwards the accretion column, from the inradility on a timescale of a month, as could be expected from a
disk edge to the stellar surface on a timescale of one day. cyclical evolution of the magnetospheric structure. One of the
The global structure of the magnetospheric accretion regimmportant implications of the results reported here is related to
appears to vary on a timescale of order of a month. We obsertied origin of CTTS near infrared excess, which is often used
the sudden disappearance of eclipses together with a strongagea quantitative diagnostics of mass accretion in the disk and
duction of line fluxes and veiling for a few days. During thisisually modelled in the framework of standaredisk mod-
episode, the inner disk warp had apparently vanished and éh& AA Tau’s result suggest that the structure of the inner disk
accretion flow onto the star was severely depressed which siggin fact strongly modified from its interaction with the stel-
gests that the magnetic configuration at the inner disk edge fEmanagnetosphere. The development of a disk warp can be ex-
been disrupted. A few days later, the initial magnetic configected to considerably increase the illuminated fraction of the
uration was restored as indicated by eclipses resuming witimaer disk, possibly leading to high veiling values in the near-
similar depth and shape as prior to the disruption event and lifReas measured by Folha & Emerson (1999) and Johns-Krull
fluxes and veiling increasing again. The phase of reduced actvValenti (2003). Also, large scale instabilities of the magne-
ity may correspond to a state where the field lines had strongbgpheric structure at the inner disk edge can be expected to
expanded and perhaps opened under the actionffefeitial produce rapid and large near infrared variability, as observed
rotation between the inner disk and the star. In support to tliissome systems (Carpenter et al. 2001, Eiroa et al. 2002).

5. Conclusions
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Finally, most MHD models of magnetospheric accretioHartigan, P., Edwards, S., & Ghandour, L. 1995, ApJ, 452, 736
developped so far assume axisymmetry and steady-stateHartmann, L., Hewett, R., & Calvet, N. 1994, ApJ, 426, 669
flows/outflows. These assumptions are clearly an oversimgfiartmann, L., Hewett, R., Stahler, S., & Mathieu, R. D. 1986, ApJ,
fication of the highly dynamical processes at work in the in- 309, 275
teraction between the inner disk and the stellar magnetic fiefggrtmann, L., & Staffer, J. R. 1989, AJ, 97, 873
In view of these limitations, it may not be surprising that sonfé@yashi, M. R., Shibata, K., & Matsumoto, R. 1996, ApJ, 468, L37
of the basic predictions of these models are not always cdfe: J- H., & Baliunas, S. L. 1986, ApJ, 302, 757
firmed by snapshot observations which catch the systems QY'QI’DL' \D/' %?]00’. Hth]h_ reSQLUt'(;nOS?FIN CCD echelle spectroscopy,
particular phase of their short term evolution (e.qg. Johns-KrHIcI)hns'C: M,ezlsl?;as?ilvg':sngOSa ZSJ 449 341
& Gafford 2002). Whether these models remain valid to dgc')hns: C M & Basri: G. 1995b: A, '109’ 12800
scribe the evo_lutlp_n of these systems on the long term, once y&ﬁns-Krull, C. M., & Géford, A. D. 2002, ApJ, 573, 685
short term variability reported here has been smoothed out 0yghns-krull, C. M., & Valenti, J. A. 2003, ApJ, in press

much longer timescale, remains to be seen. Johns-Krull, C. M., & Valenti, J. A. 2000, Stellar Clusters

) ) ) and Associations: Convection, Rotation, and Dynamos, ASP
AcknowledgementsiWe thank J. Ferreira for discussions on MHD  ~gnt. Ser., 198, 371
accretion-ejection models, M. Mouchet for providing us with bibJohns-KruII, C. M., Valenti, J. A., & Koresko, C. 1999, ApJ, 516, 900
liography on possibly related processes at work in Catacly":'n}_jﬁihns-KruII, C. M., Valenti, J. A, Saar, S. H., & Hatzes, A. P. 2001,

variabl_es, and J. Steinacker for discussing r_adiative 'Fransfer IS- ASP Conf. Ser., 223, 11th Cambridge Workshop on Cool Stars,
sues in the framework of the magnetospheric accretion model. Stellar Systems and the Sun, 11, 521

This work was supported by a NATO Science Program grapt ifer A & Pasquini, L. 1998, SPIE, 3355, 844
(PST.CLG.976194). S.H.P.A. acknowledges support from CNRS ap uferl A” Stahl. O 'I:ub.besin’ ’ !

) . LA, , 0., g, S., et al. 2000, SPIE, 4008, 459
CAPES (PRODOC program). M.F. is partially supported by thﬁenyon, S.J., & Hartmann, L. 1995, ApJs, 101, 117
Spanish grant AYA2001-1696. Koenigl, A. 1991, ApJ, 370, L39

Lai, D. 1999, ApJ, 524, 1030

References Lin, D. N. C., Bodenheimer, P., & Richardson, D. C. 1996, Nature,
380, 606

Agapitou, V., & Papaloizou, J. C. B. 2000, MNRAS, 317, 273 Lopez-Martin, L., Cabrit, S., & Dougados, C. 2003, A&A, 405, L1

Alencar, S. H. P., & Basri, G. 2000, AJ, 119, 1881 Lynden-Bell, D., & Boily, C. 1994, MNRAS, 267, 146

Alencar, S. H. P Johns-Krull, C. M., & Basri, G. 2001, AJ, 122, 333ménard, F., & Bertout, C. 1999, NATO ASIC Proc. 540, The Origin
Aly, J.J., & Kuijpers, J. 1990, A&A, 227, 473 of Stars and Planetary Systems, 341

Ardila, D. R., Basri, G., Walter, F. M., Valenti, J. A., & Johns-Krull.\yanarq, F., Bouvier, J., Dougados, C., Melnikov, S. Y., & Grankin, K.
C. M. 2002a, ApJ, 566, 1100 5003, AGA. 400 163

van Ballegooijen, A. A. 1994, Sp. Sc. Rev., 68, 299 Meyer, M. R., Calvet, N., & Hillenbrand, L. A. 1997, AJ, 114, 288
Baranne, A., Queloz, D., Mayor, M., et al. 1996, A&AS, 119, 373 Miller, K. A., & Stone, J. M. 1997, ApJ, 489, 890

Bardou, A., & Heyvaerts, J. 1996, A&A, 307, 1009 .
Basri, G., & Bertout, C. 1989, ApJ, 341, 340 Monlt(r)nge;le, T., Grosso, N., Tsuboi, Y., & Koyama, K. 2000, ApJ, 532,

Bertqut, C., Basri, G., & Bouvier, J. 1988, ApJ, 330, 350 Movsessian, T., Boulesteix, J., Gach, J.-L., & Zaratsian, S. 2000,
Bouvier, J., & Bertout, C. 1989, A&A, 211, 99 )
Bouvier, J., Alencar, S., & Dougados, C. 2003, in Open Issues in Local Baltic Astronomy, 9, 652
Star’ F.érmation’an.(’j EarlygSteIIa’r E.volutié)n eg J. Lepine, & Euzerolle, J., Hartmann, L., & Calvet, N. 1998, AJ, 116, 455
. . T ' Auzerolle, J., Hartmann, L., & Calvet, N. 2001, ApJ, 550, 944
Gregorio-Hetem, in press

Bouvier, J., Chelli, A., Allain, S., et al. 1999, AGA, 349, 619 (Bog) Muzerolle, J., Calvet, N., & Hartmann, L. 2001, ApJ, 550, 944

Camenzind. M. 1990. Rev. Mod. Astron.. 3. 234 Oliveira, J. M., Foing, B. H., van Loon, J. T., & Unruh, Y. C. 2000,
Carpenter, J. M., Hillenbrand, L. A., & Skrutskie, M. F. 2001, AJ, 121, A&A, 362, 615 _

3160 Petrov, P. P., Shcherbakov, V. A., Berdyugina, et al. 1994, A&AS, 107,
Chelli, A., Carrasco, L., Mjica, R., Recillas, E., & Bouvier, J. 1999, o ) .

A&A, 345, L9 Petrov, P. P., Gullbring, E., llyin, I., et al. 1996, A&A, 314, 821
DeWarf, L. E., Sepinsky, J. F., Guinan, E. F., Ribas, I., & Nadalin, R&trov, P. P., Gahm, G. F, quequ, J. F et al.\2001, A&A, 369, 993

2003, ApJ, in press Queloz, D. 1995, Ph.D. Thesis, Univeesite Geave
Dworetsky, M. M. 1983, MNRAS, 203, 917 Queloz, D., Allain, S., Mermilliod, J.-C., Bouvier, J., & Mayor, M.
Edwards, S., Hartigan, P., Ghandour, L., & Andrulis, C. 1994, AJ, 108, 1998, A&A, 335, 183

1056 Romanova, M. M., Ustyugova, G. V., Koldoba, A. V., & Lovelace,
Eiroa, C., Oudmaijer, R. D., Davies, J. K., etal. 2002, A&A, 384, 1038 R. V. E. 2002, ApJ, 578, 420
Ferreira, J. 1997, A&A, 319, 340 Savage, B. D., & Mathis, J. S. 1979, ARA&A, 17, 73
Goodson, A. P., & Winglee, R. M. 1999, ApJ, 524, 159 Scargle, J. D. 1982, ApJ, 263, 835

Goodson, A. P., Winglee, R. M., & Boehm, K. 1997, ApJ, 489, 199 Shevchenko, V. S., Grankin, K. N., lbragimov, M. A., et al. 1991,
Guenther, E. W., Lehmann, H., Emerson, J. P., & Staude, J. 1999, Informational Bulletin on Variable Stars, 3652, 1

A&A, 341, 768 Shu, F., Najita, J., Ostriker, E., et al. 1994, ApJ, 429, 781

Gullbring, E., Hartmann, L., Briceno, C., & Calvet, N. 1998, ApJ, 495mith, K., Pestalozzi, M., Gel, M., Conway, J., & Benz, A. O. 2003,
323 A&A, 406, 957

Folha, D. F. M., & Emerson, J. P. 1999, A&A, 352, 517 Stout-Batalha, N. M., Batalha, C. C., & Basri, G. 2000, ApJ, 532, 474

Folha, D. F. M., & Emerson, J. P. 2001, AA, 365, 90 Terquem, C., & Papaloizou, J. C. B. 2000, A&A, 360, 1031



192 J. Bouvier et al.: Magnetospheric accretion in AA Tau. Il.

Tuominen, L., llyin, I., & Petrov, P. 1999, in Astrophysics with the/ogt, S. S. 1987, PASP, 99, 1214
NOT, Proc. of the Conference held in Turku in August 12—-15/rba, F. J., Chugainov, P. F., Weaver, W. B., & Stat J. S. 1993, AJ,

1998, ed. H. Karttunen, & V. Piirola, University of Turku, 47 106, 1608
Uzdensky, D. A., Kohigl, A., & Litwin, C. 2002a, ApJ, 565, 1191 Vrba, F. J., Rydgren, A. E., Chugainov, P. F., Shakovskaia, N. I., &
Uzdensky, D. A, Kohigl, A., & Litwin, C. 2002b, ApJ, 565, 1205 Weaver, W. B. 1989, AJ, 97, 483

Valenti, J. A. 1994, Ph.D. Thesis, Univ. of California, Berkeley Woitas, J., Ray, T. P., Bacciotti, F., Davis, C. J., & Bi#tl, J. 2002,
Valenti, J. A., Basri, G., & Johns, C. M. 1993, AJ, 106, 2024 ApJ, 580, 336



