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ABSTRACT

Context. Classical T Tauri stars are variable objects on several timescales, but just a few of them have been studied in detail, with
different observational techniques and over many rotational cycles to enable the analysis of the stellar and circumstellar variations on
rotational timescales.

Aims. We test the dynamical predictions of the magnetospheric accretion model with synoptic data of the classical T Tauri star
V2129 Oph obtained over several rotational cycles.

Methods. We analyze high resolution observations obtained with the HARPS, ESPaDOnS, and SMARTS spectrographs and simulta-
neous photometric measurements, clearly sampling four rotational cycles, and fit them with cold/hot spot models and radiative transfer
models of emission lines.

Results. The photometric variability and the radial velocity variations in the photospheric lines can be explained by the rotational
modulation due to cold spots, while the radial velocity variations of the He1 (5876 A) line and the veiling variability are due to hot
spot rotational modulation. The hot and cold spots are located at high latitudes and about the same phase, but the hot spot is expected
to sit at the chromospheric level, while the cold spot is at the photospheric level. The mass-accretion rate of the system is stable overall
around (1.5 + 0.6) x 107 M, yr™!, but can increase by three times this value in a rotational cycle, during an accretion burst. The Ha
and HB emission-line profiles vary substantially and are well-reproduced by radiative transfer models calculated from the funnel flow
structure of three-dimensional magnetohydrodynamic simulations, using the dipole+octupole magnetic-field configuration previously
proposed for the system. Our diskwind models do not provide a significant contribution to the emission or absorption He line profile
of V2129 Oph.

Conclusions. The global scenario proposed by magnetospheric accretion for classical T Tauri stars is able to reproduce the spectro-

scopic and photometric variability observed in V2129 Oph.

Key words. accretion, accretion disks — line: profiles — techniques: spectroscopic — techniques: photometric —

magnetohydrodynamics (MHD) — radiative transfer

1. Introduction

Classical T Tauri stars (CTTSs) are young, magnetically active
low-mass (M < 2 M) stars that display signs of accretion from
a circumstellar disk. They show an emission excess with re-
spect to the photosphere at wavelengths from X-rays to the ra-
dio and are both spectroscopically and photometrically variable
(Bouvier et al. 2007). The CTTSs have strong permitted emis-
sion lines that vary on short timescales (days), a redshifted ab-
sorption component associated with the accreting material, and a
blueshifted absorption component due to winds. They also show
forbidden emission lines, which originate from a wind/jet that
is powered by the accretion process. Magnetospheric accretion
models have been successful in explaining most of the observed

* This work uses observations made with the HARPS instrument
at the 3.6-m ESO telescope (La Silla, Chile) in the framework of the
LP182.D-0356.

Article published by EDP Sciences

characteristics of CTTSs (Shu et al. 1994; Hartmann et al. 1994,
Muzerolle et al. 2001; Kurosawa et al. 2006; Lima et al. 2010)
and are currently the most accepted ways to describe these sys-
tems. In the past decade, magnetohydrodynamic (MHD) sim-
ulations have followed the rotational evolution of CTTSs over
as many as hundreds of rotational periods, presenting a dy-
namical view of the star-disk interaction (Goodson et al. 1999;
Romanova et al. 2002; Long et al. 2008; Zanni & Ferreira 2009)
that can be tested with synoptic observations.

Accretion has a long-lasting role in early stellar evolution,
by providing mass and helping to regulate the angular momen-
tum transfer from the star to the disk. The accretion process also
affects the disk evolution, since the high energy radiation pro-
duced in UV and X-rays influences the circumstellar disk life-
time (Gorti & Hollenbach 2009; Owen et al. 2010). Furthermore,
it has been suggested that accretion may affect the early evolu-
tion of the star itself, by modifying the stellar radius at young
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ages (Baraffe et al. 2009). Therefore, it is important to under-
stand the effects of the accretion process, and CTTSs are excel-
lent laboratories for such a study.

V2129 Ophis a K5 CTTS (T ~ 4500 K, Donati et al. 2007)
that has a maximum visual brightness of my = 11.2 (Grankin
et al. 2008). It is a young system (2-3 Myr) located in the p Oph
star-forming region at 120 + 5 pc (Loinard et al. 2008) and seen
at moderate inclination with respect to our line of sight (i ~ 60°).
The measured values of rotational periods vary in the literature
from 6.35 to 6.6 days (Grankin et al. 2008), which is indica-
tive of differential rotation. V2129 Oph has been the focus of
a large observing campaign, including simultaneous or quasi-
simultaneous optical and near-IR photometry, high-resolution
spectroscopy and spectropolarimetry, and Chandra X-ray obser-
vations. The spectropolarimetric data that we use in the present
paper, which were obtained with ESPaDOnS, were previoulsy
analyzed by Donati et al. (2011). These authors obtained the
magnetic field structure at the surface of the star for two observ-
ing epochs (in 2005 and 2009), and found that it is composed of
a dipole and an octupole tilted by about 20° with respect to the
rotation axis. The magnetic field components had intensities that
varied between the two epochs, which implies that the magnetic
field has a non-fossil origin. Romanova et al. (2011) computed
a numerical 3D MHD model of the 2005 magnetic field con-
figuration of V2129 Oph and simulated accretion onto the star.
They showed that the disk is truncated by the dipole compo-
nent and that accretion proceeds towards the star in two main
accretion streams. Close to the stellar surface, the flow is redi-
rected by the octupolar component. Argiroffi et al. (2011) ana-
lyzed Chandra X-ray observations obtained in 27-29 June 2009,
simultaneously with the HARPS data analyzed in the present
paper. They showed that the soft X-ray emission observed in
V2129 Oph, corresponding to dense cool plasma of a few MK,
comes from material heated in the accretion shock. The variabil-
ity of this soft X-ray emission in the observations is attributed
to changes in the viewing angle of the accretion shock, as the
system rotates.

We present here an analysis of HARPS, ESPaDOnS, and
SMARTS echelle spectra, obtained over a period of 73 days, to-
gether with simultaneous photometric measurements. Most of
our spectra were taken from June 10 to July 13 2009, pro-
viding a coverage of almost four rotational cycles. Although
the ESPaDOnS data were previously analyzed to determine the
magnetic field configuration of the system by Donati et al.
(2011), we use them here to complete our dataset in the time
domain and to analyze the structure of the magnetospheric ac-
cretion flow. We describe the accretion diagnostics and propose
a viable scenario for the magnetospheric configuration and the
star-disk interaction. We compare the observed Balmer emission
lines with radiative transfer models calculated for the funnel flow
structure obtained from 3D MHD simulations, using the 2009
magnetic field configuration. We also calculate He line profiles
with a hybrid magnetospheric and diskwind model to investigate
the importance of the wind to the observed line profiles.

2. Observations
2.1. Spectroscopy

We present in Table 1 a journal of spectroscopic observations.
Some of the spectroscopic observations of V2129 Oph were
carried out from June 10 to June 30, 2009, at ESO, La Silla
with the HARPS dual fiber echelle spectrograph (Mayor et al.
2003), covering the 3800 A to 6900 A spectral domain at a
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spectral resolution of 1/A41 ~ 80000. We acquired 28 high-
resolution spectra, over 20 non-consecutive nights at the 3.6 m
telescope. The data were automatically reduced by the HARPS
Data Reduction Software. The reduction procedure includes op-
timal extraction of the orders and flat-fielding, wavelength cal-
ibration, and the removal of cosmic rays. Spectropolarimetric
observations were collected from July 01 to July 14, 2009, with
ESPaDOnS on CFHT. The reduction of these ESPaDOnS data
is described in detail in Donati et al. (2011). Spectra were also
obtained with the SMARTS 1.5m telescope at CTIO (Chile).
Two spectrographs were used. The low-to-moderate long slit RC
spectrograph was used with the 300" long slit, oriented east-
west. The detector was a Loral 1K CCD, with a 260x 1199 read-
out region. A total of 13 spectra were obtained from May 12
(JD 2454964.81) to July 7, 2009 (JD 2455020.73) with dif-
ferent settings, covering either the HB or Ha spectral regions.
We obtained three images at each epoch in order to filter cosmic
rays. Each set of images was accompanied by a wavelength cali-
bration exposure of a Ne-Ar or Th-Ar arc lamp. The image were
bias-subtracted, trimmed, and flattened using dome flats ob-
tained each night. We co-added the three images using a median
filter. We also obtained echelle spectra with the 4.0 m Cassegrain
echelle, now bench-mounted and fiber-fed from the SMARTS
1.5 m telescope. A total of 19 spectra were obtained from May 1
(JD 2454 953.93) to July 10,2009 (JD 2455023.71). A 100 mi-
cron slit was used, resulting in a resolution of about 30 000. The
31.6 I/mm echelle was used with a 226 1/mm cross-disperser and
the detector was a 2k SITe CCD with an ARCON controller. Full
wavelength coverage was achieved from 4020 A to 7300 A. We
obtained three 20 min exposures at most epochs, and median-
filtered the data to reject cosmic rays. We located the orders
and extracted the spectra by fitting a Gaussian perpendicular to
the dispersion direction at each pixel. We determined the pre-
cise wavelength solution by cross-correlating the Th-Ar images
obtained along with the spectra, with the template solution. We
corrected the velocities to the barycenter of the solar system.

2.2. Photometry

The journal of photometric observations is presented in Table 2.
Our BVRIJHK photometric observations were carried out with
the ANDICAM dual-channel imager at the SMARTS 1.3 m tele-
scope at Cerro Tololo. The optical data is composed of 10 sets
of observations on 10 nights, between 23 June (JD 2455 007.57)
to 8 July 2009 (JD 2455021.64). BKLT J162749-242540
(ROC 31) was used as a comparison star. The near-IR data con-
sists of 13 sets of observations on 13 nights, between 21 June
(JD 2455005.65) and 8 July 2009 (JD 2455 021.65). Integration
times were 4 s (the minimum allowed). We obtained 3 images
through each filter at different dither positions that were shifted
and co-added. Measurements are differential with respect to
the star BKLT J162746-242323 (Elias 2-35; VSSG 13), which
was a highly reddened background KS5III star viewed through
the dark cloud. Published 2MASS magnitudes of the compar-
ison star were used to convert the instrumental magnitudes to
apparent magnitudes.

Seven sets of V and R observations on 7 nights were obtained
at Palermo in the period between June 22 (JD 2455 006.40) and
June 29 (JD 2455013.40). SR21 was used as a comparison star.
We also obtained 15 UBVRI observations at Mount Maidanak
in 7 nights from 19 June (JD 2455002.29) to 30 June 2009
(JD 2455013.24).
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Table 1. Spectrograph, orbital phase, observing date, veiling, photospheric, and He 1 radial velocities, Ha, HB, and He1 equivalent widths and mass

accretion rate.

Spectrograph  JD-2450000 Phase Veiling v phot vy, Het Haeqw HBeqw Hereqw M.
(kms™) (kms™h (A A) A)  (107x Myyrh)

HARPS 4993.52 0.59 0.23 -10.43 2.49 16.88 4.19 0.49 4.36
HARPS 4993.61 0.61 0.19 -9.97 2.69 15.03 3.86 0.41 3.45
HARPS 4993.71 0.62 0.19 -9.40 3.56 13.80 3.62 0.42 3.64
SMARTS 4993.75 0.63 - - - 14.50 -

HARPS 4994.57 0.75 0.07 -7.15 3.21 8.87 1.87 0.18 1.08
HARPS 4994.65 0.76 0.06 -7.06 2.39 8.87 1.63 0.19 1.17
HARPS 4994.76 0.78 0.07 -6.91 2.09 8.95 1.25 0.18 1.10
HARPS 4995.56 0.90 0.04 -7.22 0.30 12.12 1.60 0.12 0.680
HARPS 4995.65 0.92 0.06 -7.18 1.89 14.25 1.83 0.14 0.865
HARPS 4995.74 0.93 0.10 -7.33 2.54 15.13 2.49 0.16 1.07
HARPS 4996.56 1.06 0.07 —-6.83 1.62 13.85 2.41 0.15 1.13
HARPS 4996.59 1.06 - - - 13.52 2.38 0.16 1.24
HARPS 4998.54 1.36 0.10 —4.72 0.87 31.31 5.06 0.29 2.28
HARPS 4998.58 1.37 0.10 —4.76 -4.70 30.48 5.53 0.27 2.05
HARPS 4998.76 1.39 0.16 -5.34 -4.91 27.34 4.95 0.28 2.08
HARPS 4999.54 1.51 0.28 -7.50 -3.36 16.72 3.88 0.48 3.88
HARPS 4999.67 1.53 0.30 -9.14 2.39 17.52 4.27 0.51 4.44
HARPS 5001.61 1.83 0.14 -7.20 3.16 12.83 1.83 0.25 1.81
HARPS 5001.69 1.84 0.14 -7.21 3.01 12.58 1.65 0.24 1.71
HARPS 5002.57 1.98 0.13 -7.26 3.26 15.59 3.43 0.24 2.03
HARPS 5002.60 1.98 - - - 14.98 2.86 0.19 1.47
HARPS 5002.68 1.99 0.11 —-6.99 2.34 15.05 3.36 0.25 222
HARPS 5003.50 2.12 0.07 —-6.56 2.59 18.30 3.66 0.20 1.61
HARPS 5004.52 2.28 0.08 -5.43 0.00 15.94 3.33 0.21 1.55
SMARTS 5004.77 2.31 - - - 15.13 -

SMARTS 5005.68 2.45 - - - 15.61 -

HARPS 5006.50 2.58 - - - 10.70 2.01 0.27 1.87
SMARTS 5006.67 2.60 - - - 14.16 -

HARPS 5007.51 2.73 0.11 -7.34 0.30 11.32 2.41 0.28 2.08
HARPS 5008.52 2.89 0.10 -8.16 -2.82 19.26 2.88 0.19 1.27
SMARTS 5009.73 3.07 - - - 18.40 -

HARPS 5010.50 3.19 0.11 —-6.14 1.02 15.74 3.34 0.18 1.31
SMARTS 5010.74 3.23 - - - 16.38 -

HARPS 5012.49 3.50 0.19 -7.77 2.09 1291 2.66 0.31 2.00
SMARTS 5012.74 3.53 - - - 13.89 -

SMARTS 5013.73 3.69 - - - 14.49 -

EsPADoNS 5013.77 3.69 0.08 —-7.85 2.89 14.30 2.49 0.27 2.00
EsPADoNS 5013.90 3.71 0.08 —-8.56 3.81 13.27 2.66 0.27 2.07
SMARTS 5014.56 3.81 - - - 18.49 -

EsPADoNS 5014.77 3.85 0.07 -7.92 1.22 18.07 3.13 0.16 0.960
EsPADoNS 5014.90 3.87 0.06 -8.72 1.07 18.16 3.21 0.17 1.06
SMARTS 5015.75 3.99 - - - 17.09 -

EsPADoNS 5015.76 4.00 0.05 -8.28 1.42 19.52 4.25 0.18 1.37
EsPADoNS 5015.89 4.02 0.05 -7.32 —-0.82 19.12 3.60 0.13 0.966
EsPADoNS 5017.76 4.30 0.11 -6.20 -5.01 20.88 292 0.22 1.64
EsPADoNS 5017.88 4.32 0.11 —5.46 -3.93 19.73 3.47 0.28 1.62
EsPADoNS 5018.76 4.46 0.06 -7.46 -2.77 14.80 3.89 0.28 1.95
EsPADoNS 5018.88 4.48 0.04 -8.07 -2.24 14.46 3.39 0.23 1.37
SMARTS 5019.60 4.59 - - - 14.94 -

EsPADoNS 5019.76 4.61 0.05 -9.54 -0.42 14.41 2.38 0.19 1.15
EsPADoNS 5019.89 4.63 0.05 -8.89 0.30 14.52 2.81 0.20 1.26
EsPADoNS 5020.76 4.76 0.07 -7.62 2.39 14.21 2.04 0.26 1.82
EsPADoNS 5020.88 4.78 0.06 -7.03 2.64 16.37 2.23 0.26 1.84
EsPADoNS 5021.76 4.92 0.04 -7.60 0.97 15.30 2.50 0.14 0.847
EsPADoNS 5021.88 4.93 0.04 -8.45 1.07 16.34 3.10 0.14 0.867
EsPADoNS 5022.75 5.07 0.06 —-6.96 1.99 16.73 2.75 0.12 0.822
EsPADoNS 5022.88 5.09 0.06 -8.00 0.30 16.10 3.01 0.12 0.811
SMARTS 5023.71 5.21 - - - 31.40 -

EsPADoNS 5024.78 5.38 0.07 -6.33 -2.19 20.31 3.06 0.29 227
EsPADoNS 5025.85 5.54 0.07 —-9.88 0.25 15.70 5.14 0.33 2.38
EsPADoNS 5026.85 5.69 0.06 -8.35 2.49 11.05 4.12 0.27 2.01
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Table 2. Journal of photometric observations.

Observatory  JD—-2450000  Filters Observer Ny

CTIO 5007.57-5021.64 BVRI F. Walter 10

CTIO 5005.65-5021.65 JHK F. Walter 13

Palermo 5006.40-5013.40 VR S. Massaro 7

Maidanak ~ 5002.29-5013.24 UBVRI M. Ibrahimov 15
3. Results

In our analysis, we use the ephemeris published by Donati et al.
(2007) for V2129 Oph in the phase calculations

HID =2453540.0 + 6.53E, (D

where 6.53 days is the adopted period of V2129 Oph.

3.1. Photometric and spectral variations

The photometric data show rotational modulation in all filters
(BVRI), with an amplitude decreasing from the B to the / band.
The V data are presented in Fig. 1 (panel a), after correction for
the interstellar extinction with Ay = 0.6 (Donati et al. 2007).

Photospheric radial velocities were measured on HARPS
and ESPaDOnS spectra using the spectral region 5415 A < A <
5465 A, cross-correlating V2129 Oph spectra with spectra of
the K7 weak T Tauri star (WTTS) V819 Tau (Fig. 1, panel b).
The measured values from both spectrographs are in excellent
agreement, and the values obtained for the HARPS spectra agree
with those directly provided by the HARPS pipeline by cross-
correlating the object’s spectrum with a K5 mask. The error
in the HARPS and ESPaDOnS photospheric radial velocities
is around 0.2 kms~' and 0.1 kms~!, respectively, obtained by
fitting the cross-correlation and taking into account the signal-
to-noise ratio (S/N) of the spectra. However, looking at Fig. 1
(panel b) we can see that the HARPS data (filled symbols) are
clearly less scattered than the ESPaDOnS ones (open symbols),
which is probably due to the higher stability of the HARPS
spectrograph.

We present in Figs. 2 and 3 the Ha and Her1 line profiles
observed with HARPS, and folded in phase. The He line profile
varies substantially in phase, having the same characteristics in
similar phases, such as a red emission shoulder from phase 0.05
to 0.35 and a redshifted absorption component from phase 0.6
to 0.8.

The Her1 (5876 A) line contains only a narrow component
in the HARPS and ESPaDOnS spectra, which we fitted with a
single Gaussian to measure the emission line parameters. The
Gaussian central wavelength position was used to measure the
Her radial velocity, which is clearly modulated over the rota-
tional phase (Fig. 1, panel d). The HARPS and ESPaDOnS mea-
surements are consistent and stable over a ~33-day timescale.
The error in the measured radial velocities is on the order of 0.5
to 2 kms™' and dominated by our fitting uncertainty in the
emission line profile.

3.2. Veiling

We measured veiling values in the spectral region 5415 A <
A < 5465 A. This region contains data with a good S/N and
many photospheric lines that are not blended, and is also devoid
of emission lines. We used the projected rotational velocity of
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Fig.1. V band photometry corrected from extinction (panel a)).
SMARTS data are shown as squares, Palermo data as stars, and
Maidanak data as triangles. Photospheric radial velocities (panel b)),
veiling (panel ¢)), and He1 (5876 A) radial velocity (panel d)) phase
variations. In panels b)—d), filled symbols are from HARPS data and
open ones from ESPaDOnS. The error bars are shown for each obser-
vation in panel a), and are smaller than the symbol sizes in panel b). We
show in panels ¢ and d only the mean error bars to avoid crowding the
figures. Different colors represent different rotational cycles identified
as the integer part of the observational phase in Table 1: black — cycle 0,
green — cycle 1, red — cycle 2, aqua — cycle 3, dark blue — cycle 4, pink
—cycle 5.

V2129 Oph obtained by Donati et al. (2007), vsini = 14.5
0.3 kms~!, which agrees with our determination. We initially
used V819 Tau (K7) as a comparison star, but owing to its
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Fig. 3. He 15876 A profiles obtained with the HARPS spectrograph. The
profiles are normalized to the continuum level and the vertical dotted
lines indicate the stellar rest velocity. Phases and JDs are given for each
spectrum in the panels. The color code is the same as in Fig. 1.

spectral type mismatch with V2129 Oph, we checked our mea-
sured veiling values with the WTTS V410 Tau (KY9).

While V819 Tau rotates slowly (vsini < 15 kms~!, Herbig
& Bell 1988) and is an excellent standard star to use in the deter-
mination of both vsini and veiling, V410 Tau is a rapid rotator
(vsini = 74 + 3 kms~!, Skelly et al. 2010). We first calculated
the veiling of V410 Tau by using V819 Tau as a standard, ob-
taining the value of 0.11 + 0.04. This is not a true veiling, since
V410 Tau is not accreting, but it gives us an idea of the veil-
ing value created by the mismatch of spectral types between a
K5 star and a K7 standard. We then rotationally broadened the
spectra of V2129 Oph to the rotation velocity of V410 Tau and
calculated the veiling of V2129 Oph with V410 Tau as a standard
star. The values obtained are consistent with those determined
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Fig. 4. Rotational variation in the He1 EW and the mass accretion rate.
The mass accretion rate errors come from the relation between the He1
(5876 A) luminosity and the accretion luminosity by Fang et al. (2009).
Filled symbols are from HARPS data and open ones from ESPaDOnS.
Different colors represent different rotational cycles identified as the
integer part of the observational phase in Table 1: black — cycle 0, green
— cycle 1, red — cycle 2, aqua — cycle 3, dark blue — cycle 4, pink —
cycle 5.

using V819 Tau as a standard, but shifted to lower values by
0.15 £ 0.04, which is consistent with the veiling induced by the
spectral type mismatch between V819 Tau and V2129 Oph.

The veiling error obtained using V819 Tau as a standard is
on the order of 0.01 and 0.02 for the HARPS and ESPaDOnS
data, respectively, while it reaches 0.04 when we use V410 Tau,
owing to its high rotational velocity. We therefore decided to
use the veiling values obtained with V819 Tau that had been de-
creased by a factor of 0.15 to take into account the spectral type
difference between V819 Tau and V2129 Oph. Although the ab-
solute values still have an error of about 0.04 due to the scaling
process, the relative error between each measurement is on the
order of 0.02. The final result is presented in Fig. 1 (panel c). The
veiling that we determined for the ESPaDOnS data are compati-
ble, within the errors, with the values calculated by Donati et al.
(2011).

As shown in Sect. 4.1, a large cold spot is actually located in
the stellar photosphere, which should affect the measured veiling
values, as the system’s continuum flux is modulated by the spot.
For A(V) ~ 0.21 mag, the relative veiling variation amounts to
about 20%, which is, however, much lower than the veiling vari-
ations we observe.

3.3. Mass accretion rate

We measured the Her 5876 A line equivalent widths (EWs)
(see Table 1 and Fig. 4, top panel) and computed line fluxes
using the V band photometry. We do not have simultaneous
V measurements for all the spectroscopic data, but the phase
coverage of the V data is quite complete (Fig. 1, panel a). We
therefore interpolated the V magnitude folded in phase at the
rotational phase of the spectroscopic observations. Using the
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empirical correlations of Fang et al. (2009), we calculated the
mass-accretion rates values from the Her line fluxes. The re-
sults are shown in Fig. 4, where we see that the mass accre-
tion rate remains fairly stable most of the time at a value of
(1.5 £ 0.6) x 107 My yr~!, which agrees with the mass accre-
tion rate determined by Donati et al. (2011). However, we note
that, around phase 0.5, the mass accretion rate varied substan-
tially over a period of days during the HARPS observations.
This phase corresponds to the main accretion spot facing the ob-
server. There is further evidence from the Ho and HB emission
line profiles that the mass accretion increased during the HARPS
observations (see Sect. 4.2).

4. Discussion
4.1. Hot and cold spots

The veiling clearly varies in phase during the HARPS observa-
tions (Fig. 1, panel c), with a maximum value of ~0.30 close
to phase ¢ = 0.5 and a minimum value generally above zero,
suggesting that the hot spot remains in view during the whole
rotational cycle. This is confirmed by the analysis of line pro-
file variations (see Sect. 4.3). We developed a hot spot model
with a circular spot to reproduce the veiling modulation. We used
Teg = 4500 K, Topoe = 8000 K and varied the spot radius, lati-
tude, and location with rotational phase. We run models with two
different values of the inclination of the system with respect to
our line of sight, i = 45° and i = 60°, which correspond to values
suggested in the literature for the system (Donati et al. 2011). For
a system inclination of i = 60°, the best-fit model corresponds
to a hot spot with a filling factor of 1.2%, located at phase 0.55
and high latitude (78°). If we use, instead, a system inclination
of i = 45° we obtain a hot spot with a filling factor of 0.3%,
located at phase 0.55 and latitude of 70.5°. The two solutions,
which are indicated as black lines in Fig. 5, are degenerate, hav-
ing the same y? and, although they do not constrain the system
inclination, they both converge to a major hot spot with very sim-
ilar characteristics. The low observed veiling contrast during the
rotational cycle can only be reproduced with a very high-latitude
spot, i.e., close to the rotational axis. However, none of the mod-
els perfectly reproduce the narrow veiling peak near phase 0.5,
but instead predict a much smoother modulation. We have over-
plotted in red in Fig. 5 the veiling variations generated by the
hot spot models that most closely reproduce the observed He1
5876 A radial velocity curve (Fig. 6). The hot spot inferred from
the He1 radial velocity variations is consistent overall with the
observed veiling changes. We also note that the veiling variabil-
ity was not seen in all the observed rotational cycles (Fig. 1),
which suggests that a hot spot has evolved and dimmed on a
timescale of about a week. Very low veiling values are indeed
derived from the ESPaDOnS spectra, which were acquired the
week after the HARPS measurements.

The He1 5876 A line is thought to be produced in the post-
shock region of the accretion shock. The modulation of its radial
velocity (Fig. 1, panel d) is then likely due to the hot spot rota-
tion. The phase of the He 1 radial velocity curve is indeed exactly
the opposite of that of the photospheric radial velocity curve,
the bluest velocity being reached at ¢ ~ 0.35 and the reddest
at ¢ ~ 0.6. We assumed that all the He1 line is produced at the
location of the hot spot and fitted the measured radial velocities
of He 1 with a hot spot model. We set the spot latitude and phase,
the infall velocity, and the system inclination as free parame-
ters. However, the system inclination was not well-constrained
in the fitting procedure, so we decided to compute models with
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Fig. 5. Best-fit hot spot model for the HARPS veiling variations (black
lines). The red lines represent the veiling generated by the optimal hot
spot fits to the He1 radial velocity variations (Fig. 6). Models with i =
60° and i = 45° are shown as solid and dashed lines, respectively . The
mean error bar in the observed veiling is shown on the left and the color
code of the points is the same as in Fig. 1.

Table 3. System inclination, hot spot latitude, phase, and infall velocity
of the best fits to the He1 radial velocity.

i(°®)  lat(°)  Phase Uine(kms™!)
45 80+x6 0.63+0.10 10x2
60 8l1+5 0.66+0.10 13+2

inclination values fixed at i = 45° and i = 60°, as we did in
the veiling model calculations. The best-fit results are shown in
Table 3 and in red in Fig. 6. The final values for each parameter
obtained with i = 45° and i = 60° agree within the errors and
correspond to a hot spot located at high latitude (80°) near phase
0.6 with an infall velocity of about 10 km s~!. This is consistent
with the assumption that the hot spot required to account for the
veiling variations is also responsible for the modulation of the
He1 radial velocity. To illustrate this, we overplotted in Fig. 6,
in black, the Her radial velocity model that corresponds to the
best fit of the veiling curve. That the He 1 radial velocity changes
during the whole rotational cycle indicates that the hot spot is al-
ways in view, which agrees with the veiling analysis. The small
difference in spot parameters required to explain the veiling vari-
ations and the He1 radial velocity curve are probably related to
the basic assumption of circular spots at the stellar surface, an
assumption that is probably wrong, but it would be beyond the
scope of this paper to investigate more complex spot geometries.

The photometric variations appear to be dominated by a
low-level modulation from a cool spot (Fig. 1, panel a) and
the smooth shape of the light curve suggests that a high lati-
tude spot is always in view. A cold spot model was run with
a fixed inclination at either i = 45° or i = 60° to attempt to
reproduce the observed light curves, but the model solutions
are unable to efficently constrain all the free parameters, ow-
ing to the small number of data points available. The best-fit
models with i = 45° correspond to a cold spot with tempera-
ture Typor = (4200 = 100) K located at phase 0.57 £ 0.07 and
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Fig. 6. HARPS (filled symbols) and ESPaDOnS (open symbols) He1
radial velocity measurements, with respective error bars. The red curves
represent the best-fit hot-spot model for the Her radial velocity data
obtained with i = 60° (solid line) and i = 45° (dashed line). The black
solid line corresponds to the best fit to the veiling variations with i =
60°, presented in Fig. 5.
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Fig.7. x? contours of the cold spot models with i = 45°. Each con-
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respond to a 2y*> minimum and represent the error in each parameter
quoted in the text.

latitude of 60°+ 20°. Unfortunately, the cold spot radius is al-
most unconstrained (Rgpor > 35°), which corresponds to a large
incertitude in the spot filling factor (f > 9%). We show in
Fig. 7 the x? contours of the parameters adjusted in the cold
spot models. In Fig. 8, we present the fits to the photometric
data of the best-fit cold spot model with i = 45°. The best-fit
models with i = 60° correspond to a cold spot with tempera-
ture Tgpor = (3500 £ 500) K located at phase 0.57 = 0.07 and
latitude of 84°+ 5°. The cold spot radius is again unconstrained
(Rspot > 50°, f > 18%), although a large spot is clearly needed
in both models.

As pointed out by Petrov et al. (2011), hot and cold spots
can distort in similar ways the photospheric line profiles, and

r r T T T T —
- S .
. R
T— . . o e
0 . —
.
[ T Tt . - e - b
° L B S I S LI
£ .
&1 =
o
o L
+
W
= [ . .
o — . e
= T . es 0 -
& D
2 .
o
Z 121 s
r .
: e
L _ . . e
1 R
3
C L I | ]
0 0.2 0.4 0.6 0.8 1
Phase

Fig. 8. Best-fit cold-spot model with i = 45° to the photometric observa-
tions. The parameters of the cold-spot model used to generate the above
light curves correspond to a x> minimum (Tspor = 4200 K, spot latitude
of 60°, spot phase of 0.57, and spot filling factor of 40%).

photometry taken simultaneously with the spectra is needed to
distinguish between the two effects. In the case of V2129 Oph,
the photometric variations clearly indicate that there is a large
cold spot in the stellar photosphere that would cause the pho-
tospheric radial velocity modulation seen in Fig. 1 (panel b).
Moreover, the photospheric radial velocity variations are very
stable over the observed period and clearly present in all ro-
tational cycles, including those with very low veiling values
(Fig. 1, panel b). This also points to a cold spot as the most likely
cause of the photospheric radial velocity variations, instead of a
hot spot. The reddest velocity is seen at ¢ ~ 0.35, the bluest
at ¢ ~ 0.6, and the mean velocity of ~—7 kms~! is crossed at
¢ ~ 0.5, indicating that the spot then faces the observer. This
is consistent with the assumption that the cold spot required to
account for the BVRI light curves is also responsible for the pho-
tospheric radial velocity modulation. We then tried to reproduce
the observed HARPS photospheric radial-velocity variations us-
ing cold spot models with a system inclination of 60°. We varied
the spot brightness, its latitude, the phase at which it occurs, and
the systemic velocity of the star, but we could not find a unique
solution to the data. We calculated 10000 solutions exploring
the parameter space of possible solutions and obtained probabil-
ity density functions for each parameter. Some parameters are
well-constrained, such as the phase where the spot faces the ob-
server (¢ = 0.475 + 0.025), while others are clearly poorly con-
strained, like the spot filling factor (9% < f < 50%), its bright-
ness (0.0 < brightness < 0.8), and the spot latitude (0° < latitude
< 55°). The solution is degenerated for several combinations of
the poorly constrained parameters. We present in Fig. 9 the ra-
dial velocity variations due to a cold spot calculated in each of
the 10000 models run at the phases of the HARPS observations
and a system inclination of i = 60°.

The hot and cold spots in V2129 Oph are both located at
high latitudes and appear at about the same rotational phases, in
agreement with the Zeeman-Doppler results (Donati et al. 2011),
but the hot spot, which produces the veiling and some of the
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Fig. 9. Radial velocity variations induced by a cold spot model obtained
in 10 000 Monte Carlo runs varying the parameter space of possible so-
lutions (small black dots). The triangles represent the median values of
the theoretical solutions and the HARPS photospheric radial velocities
are shown as large filled circles.

—400 -200 O 200 400 -400 -200 O 200 400 -400 -200 O 200 400 -400 —200 O 200 400
V(km/s) W(km/s) (km /s) (km/s)

L L L L i L L L L i L L
200 40D -400-200 O 200 40D —400 —200 D 200 400

(km/s) (km/s)

200 400 -400-200 Q
W(km/s)

V(km/s)
Fig.10. He (top) and HB (bottom) profiles obtained with the HARPS
(solid), ESPaDOnS (dashed), and SMARTS (dash-dotted, He only)
spectrographs. The spectra correspond to a mean profile around the
phases given in the panels. The profiles are normalized to the contin-
uum level and the vertical dotted lines indicate the stellar rest velocity.

emission lines, is most likely located at the chromospheric level,
more or less spatially overlapping the major cool spot at the pho-
tospheric level.

4.2. Emission lines

V2129 Oph displays Balmer and He1 5876 A lines in emission,
as usually observed in CTTSs (Figs. 2 and 3). The Balmer emis-
sion lines contain a major emission component with a rather tri-
angular shape that is very difficult to decompose with simple
Gaussian profiles. Blue and red emission bumps appear as the
star rotates and a redshifted absorption component is seen in both
He and Hp, in many phases in the second half of the rotational
cycle. The Balmer emission-line profiles vary substantially in
phase but also exhibit a strong phase coherence, presenting the
same characteristics in similar phases, as can be seen in Fig. 10
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Fig. 11. Ha periodogram obtained with the HARPS, ESPaDOnS, and
SMARTS observations. The power scale ranges from 0 (white) to a
maximum value of 18.7 (black).

where we show the HARPS, ESPaDOnS, and SMARTS Ha and
Hp emission-line profiles averaged at a few chosen phases.

The Ha, HB, and He 1lines display periodic variability across
the profiles, at periods that range typically from 6.0 to 6.9 days,
which are probably mostly driven by rotation, given the close
match to the stellar rotation period. In Fig. 11, we show the
Ha periodogram, where we can see a 6.5-day-period across
the red wing, while the blue wing shows periodicities at both
6.00 days and about 8.3 days (Fig. 11). We do not have an ob-
vious interpretation of the longer period in the blue wing of Ha
but it could, for example, be related to a diskwind coming from
a region outside the co-rotation radius.

The Ha profiles show a clear red-emission shoulder from
phases 0.05 to 0.35 and the redshifted absorption appears from
phases 0.6 to 0.8. The Hp profiles have a redshifted absorption
component in a more extended phase range, going from 0.5 to
0.9. This is consistent with the formation of HB in the accretion
column, closer to the star than the source of He. In that way, the
hot spot is seen through the accretion column projected along
our line of sight during a more extended phase range in HS than
in He, creating the redshifted absorption component. The red-
shifted absorption components are seen in both Ha and Hg at
phases that follow the passage of the hotspot. This indicates that
the major accretion column must be trailing the hotspot passage.
This could happen if the stellar magnetic field were at least par-
tially anchored to the disk at radii beyond the co-rotation radius.
Donati et al. (2011) obtained a co-rotation radius of r.o; =~ 7.7 R,
and a magnetospheric radius of 7.2 R, with the ESPaDOnS ob-
servations. The maximum value of the redshifted absorption ve-
locity is ~260 kms~!' in He and ~300 kms~! in H3. Although
V2129 Oph was shown to have an octupolar magnetic-field com-
ponent that is stronger than the dipolar component at the surface
of the star, near the co-rotation radius the dipolar component
is much stronger (by a factor of about 25) than the octupolar
(Donati et al. 2011) and accretion is then expected to occur
mostly through dipole field lines. Assuming that the system is
seen at i = 60°, the hot spot is located at lat = 80°, and the ac-
creting material free-falls along a dipolar accretion column, we
obtain a truncation radius of 7.8 R,.. This value is consistent with
the possibility that part of the stellar magnetic field may interact
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with the disk beyond the co-rotation radius, creating a trailing
accretion column in the 2009 observations.

The He and HB lines showed an increase in both inten-
sity and width one day before (JD = 4998) the Her line, the
mass accretion rate, and the veiling all increased significantly
(Figs. 3, 4, 1). If He and HB are produced in a more ex-
tended region than Her1, they could be affected by an increase
in the mass accretion rate before the hot spot (veiling) and
the Her line, which trace regions close to the accretion shock.
Interestingly, the day Ha and Hp increased, the He1 line, which
normally has only a slightly redshifted (vpeak ~ 4 km s!) nar-
row (FWHM ~ 20 kms™') component in V2129 Oph, showed
a small broad component (BC), as can be seen in the two pan-
els with phases 0.36 and JD = 4998 of Fig. 3. We decomposed
these He1 profiles using two Gaussians, and obtained BCs cen-
tered at ~—20 kms~! and ~—17 kms~! that have FWHM of
71 kms~! and 69 kms~!, respectively. The BC is generally as-
sociated with hot winds (Beristain et al. 2001; Edwards 2003),
hence this might indicate that an accretion burst has affected both
the diskwind and the Balmer lines about one day before reach-
ing the stellar surface. There was another burst episode in our
data at JD = 4993, where the Her lines are again very strong.
Unfortunately, we do not have, however, spectra taken one day
before, to verify whether He and HB had also increased in ad-
vance of Her.

We have discussed the many characteristics of the Balmer
emission lines, and we now attempt to reproduce them with the-
oretical line profiles, based on a 3D MHD circumstellar structure
calculated for V2129 Oph.

4.3. Theoretical line profiles

Theoretical emission-line profiles of CTTSs have often been
computed in the literature and compared to the observations to
determine the main characteristics of the circumstellar accretion
flow of these objects (Muzerolle et al. 1998, 2001; Kurosawa
et al. 2006). However, the steady-state axisymmetric dipolar
models that are more commonly used to describe the stellar
magnetosphere cannot reproduce the variability observed in the
emission profiles of CTTSs. These are mainly driven by the ro-
tational modulation of non-axisymmetric multipolar fields and
non-steady accretion processes, which are not straightforward
to model. Progress has been made in the determination of the
surface magnetic fields of CTTSs (Donati et al. 2007; Hussain
et al. 2009; Gregory & Donati 2011) and the development of
3D MHD simulations that include non-axisymmetric multipo-
lar components of the stellar magnetic field (Long et al. 2007,
2008; Romanova et al. 2008). It is now possible to compute
emission line profiles from the funnel flow structure determined
by 3D MHD simulations that are based on observed magnetic
field configurations of CTTSs (Kurosawa et al. 2008, 2011).

The observed Ha and HB profiles of V2129 Oph cannot be
easily decomposed with the simple Gaussian components typ-
ically used to represent the main accretion flow, the wind, and
the accretion shock, in a similar way to the analyses of other
stars, such as AA Tau (Bouvier et al. 2007). To understand the
observed emission-line variabilities, we therefore decided to try
to reproduce the Balmer line profiles with radiative transfer cal-
culations based on the 3D MHD structure of the accretion flow.
The He and Hp profiles were calculated with the stellar param-
eters of V2129 Oph and two different magnetic field configura-
tions: a pure dipolar field and the dipole+octupole configuration
proposed by Donati et al. (2011) for the 2009 observations.

Table 4. Parameters used in the MHD simulations.

M, R, i logM R, P Bup Bou
(Mo)  (Ro) (deg) (Moyr') (R, (days) (kG) (kG)
135 21 60 9.2 77 653 09 21

The 3D MHD code and model used here were developed
and described earlier in Koldoba et al. (2002) and Romanova
et al. (2003, 2004, 2008). The code has been modified by Long
et al. (2007, 2008) to incorporate the quadrupole and octupole
components, and 3D modeling of accretion onto BP Tau and
V2129 Oph, with close to realistic fields, has been successfully
performed (Long et al. 2011; Romanova et al. 2011). Here, we
computed a special set of simulations for V2129 Oph, where the
stellar magnetic field was approximated with a superposition of
dipole and octupole fields, and the field values correspond to the
more recent spectropolarimetric observations of this star (Donati
et al. 2011). The parameter values used in the simulations are
listed in Table 4. The inclinations of the dipole and the octupole
with respect to the rotation axis were 15° and 25°, respectively,
and the octupole is about 0.1, in rotational phase, ahead of the
dipole, as proposed by Donati et al. (2011). The mass accretion
rate used in the model, 6.3x 1071 Mg yr~!, is slightly lower than
the lowest values measured for the system (9 x 10719 Mg yr™").
This low accretion rate was necessary to generate velocity pro-
files that were compatible with the observed ones, since increas-
ing the mass accretion rate would bring the disk closer to the
star and produce narrower emission-line profiles. The simula-
tions were done in dimentionless form, and the current simula-
tions are applicable if we increase the dipole component of the
field and accordingly increase the mass accretion rate. For exam-
ple, the MHD simulation run would correspond to the observed
mass accretion rate, if the dipole component of the field were in-
creased by a factor of 1.2, such that the dipole field were 1.08 kG
instead of 0.9 kG.

The three-dimensional simulations show that, in a pure
dipole case, matter flows in two ordered funnel streams towards
the closest magnetic pole, as can be seen in Fig. 12 (top panel),
which shows a slice of the density distribution in the xz plane
and selected magnetic field lines. The disk is truncated by the
magnetosphere at radius r; & 6—7 R, and matter hits the star be-
low the magnetic pole to form two bean-shaped hot spots. In the
dipole+octupole case (Fig. 12, bottom panel), the dipole compo-
nent strongly dominates the field at large distances from the star,
determining the truncation of the disk at similar distances as in
a pure dipole case. However, close to the star, the octupole com-
ponent dominates the flow and the octupolar field redirects the
funnel to higher latitudes, where matter hits the star closer to the
octupolar magnetic pole (see also Romanova et al. 2011). This
has an effect in the hot spot location. In a pure dipole case, the
hot spot forms at some distance (about 20°) from the magnetic
pole. Hence, the hot spot and the cold spot, which is associated
with the magnetic pole, should not coincide in phase. However,
in the dipole+octupole case the hot spot is located much closer
to the magnetic pole, because the octupolar component redirects
the initial funnel flow to higher latitudes, which agrees with the
observational results presented in Sect. 4.1 and in Donati et al.
(2011).

Next, we calculated spectral lines from the MHD modeled
flows. We followed the same approach described in Kurosawa
et al. (2008) to obtain emission line profiles from the density,
velocity, and temperature structures of the MHD simulations.
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Fig. 12. Density slice in the xz plane for the 3D MHD simulations with
dipole-only (fop) and dipole+octupole (bottom) magnetic fields. The
parameters used in the simulations are listed in Table 4. The length
scales are in units of the stellar radius (R,) and the intensity is shown on
a logarithmic scale with an arbitrary unit.

These distributions were mapped on to the radiative transfer
grid of the TORUS code (Harries 2000; Kurosawa et al. 2006,
2011), and the corresponding line source functions were calcu-
lated. The theoretical profiles of He and HB were computed us-
ing the Sobolev escape probability method, as described in Klein
& Castor (1978) and Hartmann et al. (1994).

Our initial 3D MHD calculations were done with an adi-
abatic index of ¥y = 5/3 and, although the He and Hg line
profiles computed with the dipole-only magnetosphere were
quite similar to the observations, the profiles obtained with the
dipole+octupole magnetic field configuration were much nar-
rower than the observed ones. The 3D simulations do not in-
clude radiative cooling, but only adiabatic cooling and heating.
This leads to funnel temperatures that are too high, relative to
observational values, and generates high pressure and pressure
gradients in the funnel, which slow down the accretion. These
effects were more pronounced in the presence of the octupole
component, which, with its many loops close to the stellar sur-
face (Fig. 12, bottom panel), acted as a wall against accretion.
We then adjusted the adiabatic index of the gas in the equation
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Fig. 13. Ha model intensity maps (top panels) and the corresponding
profiles (bottom panels, solid lines) computed at rotational phases of
0.0, 0.25, 0.5, and 0.75 (from left to right) for the 3D MHD simulation
with a dipole-only magnetic field (see Fig. 12). The intensity maps are
shown in the plane perpendicular to our line-of-sight. The parameters
used in the simulations are listed in Table 4. The intensity is shown
on a logarithmic scale with an arbitrary unit. The model profiles (solid
lines) are compared with the observed mean Ha profiles (dotted lines)
obtained with HARPS that are presented in Fig. 10. The profiles are
normalized to the continuum level.
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Fig. 14. Same as in Fig. 13, but for HB.

of state to a lower value (y = 1.2 instead or 5/3) to mimic a
cooling effect. This helped to decrease the thermal pressure of
the gas near the surface, and to produce a faster flow near the
star. With the above adjustments, the flow geometry, on a large
scale, for the dipole+octupole case (Figs. 15 and 16, top pan-
els) is somewhat similar to that of the dipole-only case (Figs. 13
and 14, top panels).

In the bottom panels of Figs. 13—-16, we show the mean Ha
and Hp observed profiles at selected phases, overplotted on the
mean theoretical line profiles at the same phases. We can see
that the Balmer line profiles obtained with the models resemble
overall the observed profiles for both He and HB and for both
the dipole-only and dipole+octupole models. In Figs. 17 and 18,
we show the theoretical and observed line EWs, the full width
at half maxima (FWHM), and the width on the blue side at 10%
peak intensity for both Ho and HB. We only use the blue side
width at 10% peak intensity in our comparison, since the red side
width at 10% peak intensity is strongly affected by the redshifted
absorption component that is not very accurately modeled (see
discussion later in this section).

In Figs. 17 and 18 (top panels), we see that the Ha and HB
theoretical EWs are of the same order of magnitude as the ob-
served ones. However, the variability predicted by the models
for the EW of both lines is quite different from the observa-
tions. On the other hand, the theoretical H3 FWHM is very sim-
ilar to the observed values, both qualitatively and quantitatively,


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201118395&pdf_id=12
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201118395&pdf_id=13
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201118395&pdf_id=14

S. H. P. Alencar et al.: Accretion dynamics in the classical T Tauri star V2129 Oph

Normelized Flux (-)

200 400-400 -200 0 200 400-400 -200 o 200 400-400 -200 o 200 400
Velocity (km s7') Veloeity (km s7%) Velocity (km s7!)

Velocity (km s7')
Fig.15. Ha model intensity maps (top panels) and the corresponding
profiles (bottom panels, solid lines) computed at rotational phases 0.0,
0.25, 0.5, and 0.75 (from left to right) for the 3D MHD simulation with
a dipole+octupole magnetic field (see Fig. 12). The intensity maps are
shown in the plane perpendicular to our line-of-sight. The parameters
used in the simulations are listed in Table 4. The intensity is shown on a
logarithmic scale with an arbitrary unit. The model profiles (solid lines)
are compared with the observed mean Ha profiles (dotted lines) ob-
tained with HARPS and shown in Fig. 10. The profiles are normalized
to the continuum level.
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Fig. 16. Same as in Fig. 15, but for HB.

while the theoretical FWHM of Ha are a bit overestimated
when compared to the observations. The Ha and Hg theoret-
ical emission-line widths vary during the rotational cycle, be-
ing wider at phases 0.0 and 0.25 than at phases 0.5 and 0.75,
as observed. However, as seen in the bottom panels of Figs. 17
and 18, although the qualitative behavior of the line width is
similar between models and observations, the model profiles are
much narrower than the observed ones. This is also clearly seen
in the bottom panels of Figs. 13—16. In these figures, we can
see that the intensity and shape of the theoretical and observed
emission lines closely resemble each other, especially around
phases 0.0 and 0.25. At phases 0.5 and 0.75, the match is not
so good, the line strengths of the models being slightly weaker
and stronger than those of the observations at phases 0.5 and
0.75, respectively. The differences in the line strengths at phases
0.5 and 0.75 may be attributed to differences between the flow
geometry of the MHD models and the real system. The exten-
sion of the red wing is similar in models and observations and
both the dipole-only and dipole+octupole models display clear
redshifted absorption going below the continuum and extending
up to 300350 kms~! in HB at phase 0.5, in agreement with the
observations. In the dipole-only models, we also see some hint
of redshifted absorption in HB at phase 0.75, as observed, while
no absorption is seen at these phases in the dipole+octupole
models. Most of the line variability and the appearance of red-
shifted absorption in the Balmer lines can therefore be attributed

(R U N LA R AR ARl LN LN AR R LA R RRRRR AR RRRRNRRRRN|
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phase

Fig. 17. Ha line EW (fop), full width at half maxima (middle), and blue
side width at 10% of the peak intensity (bottom) as a function of rota-
tional phase. HARPS and ESPaDONSs data are shown as filled and open
dots, respectively. The values measured in the profiles of the dipole-only
(solid line) and dipole+octupole (dashed line) models are overplotted.
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Fig. 18. Same as in Fig. 17, but for HB.

to changes in the observer’s viewing angle of the system due to a
combination of the rotational motion of the star and its inclined
and non-aligned magnetosphere.

A noticeable difference between models and observations
is the strength and extension of the blue wings of the Balmer
line profiles (especially in Hp), as can be seen in the bottom
panels of Figs. 13—16. The emission in the blue wings ex-
tends to ~300km s~! in the observations, but it extends only to
~150kms~! in most of the HB theoretical profiles. An excep-
tion is the dipole+octupole model at a phase of around 0.25,
which shows a weak extension of the blue wing emission up
to ~300km s~!. Possible causes of this discrepancy are (1) the
uncertainty in the flow geometry; (2) the inclination angle; or
(3) the presence of non-negligible wind emission. Although the
observations do not show any clear sign of an outflow/wind, such
as a blueshifted absorption component, the wind may contribute
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to the emission. Unfortunately, the wind is not included in our
current MHD models.

Another difference is that the observations show clear red-
shifted absorption in both Ha and Hp, while in the present
model, there is clear redshifted absorption only in HB. The red-
shifted absorption in HB also appears at lower velocities in the
simulations, starting at 50 km s~!, than in the observations, start-
ing at 100 kms~!, which reflects the inflow speed of the gas in
the adopted MHD solution. Another small difference between
the models and observations is that, in the MHD simulation, the
major funnel flow is centered around the hot spot, instead of
mostly trailing it, as seen in the observations. In the dipole-only
simulations, the HB redshifted absorption appears from phases
0.40 to 0.68. In the dipole+octupole simulations, it appears from
phases 0.44 to 0.64, almost centered at phase 0.5, when the
hot spot faces the observer, while in the observations it appears
from phases 0.45 to 0.9 (see Sect. 4.2). This difference is prob-
ably caused by the magnetosphere being inside the co-rotation
radius (R. = 7.7 R,), going from about 5.5 R, to 7.5 R, in the
3D MHD simulations (Fig. 12, top). The inner radius in the sim-
ulations was estimated from the location of the edge of the funnel
flow, and the outer radius from the location of the largest closed
magnetic field line. The outer magnetosphere radius is actually
quite close to the magnetospheric radius derived by Donati et al.
(2011) (7.2 Ry). However, since it is smaller than the co-rotation
radius, it is inconsistent with a trailing funnel flow and it might
instead represent a funnel flow that leads rather than trails the hot
spot in the simulations. A way to increase the phase range where
redshifted absorption appears in the theoretical profiles would be
to either decrease the tilt of the dipole component or increase the
mass accretion rate of the system. Our MHD simulations usu-
ally show that, decreasing the tilt of the dipole component, the
magnetic funnel becomes wider in the azimuthal direction and
the width of the funnel curtain also depends on the density level
(Romanova et al. 2003). At lower density levels, the magnetic
curtain covers a wider range of azimuthal angles, even at the
present dipole tilt. Hence, at a somewhat higher mass accretion
rate, we may have a wider curtain at the density level required
to obtain the redshifted absorption in HB. This would make the
redshifted absorption appear in a more extended phase range.

The observed line profiles may come from different emit-
ting/absorbing regions, which is specially true for He, and it
is interesting to see how these different regions are correlated.
To evaluate the correlation variability across the line profile, we
computed autocorrelation matrices for Hae with the observed and
theoretical line profiles. The results are presented in Fig. 19.
Donati et al. (2007) found an anti-correlation between the red
wing (v > 100 kms™!) and the central emission peak in their
ESPaDOnS data taken over seven days, covering one rotational
cycle. They attributed the anti-correlation to the contributions
at different velocities to the Ha profile from distinct physical
regions (accretion pre-shock, winds, shock region). With the
present data, we are unable to see such an anti-correlation be-
tween the red wing and the emission peak, and the two regions
actually do not seem to be strongly correlated, which agrees with
the matrices calculated with the theoretical profiles. This could
indeed be due to the redshifted absorption component coming
from the pre-shock region of the accretion funnel, while the cen-
tral part of the emission profile might have contributions from
either a much larger volume of the accretion column or a wind.
They could then represent independent variations. The differ-
ences between the two observational sets (Donati et al. 2007
and ours) could be due to the larger number of rotational cycles
covered with the present data set that would tend to smooth out
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Fig. 19. Ha autocorrelation matrices. The gray scale represents the lin-
ear correlation coeflicient (r). White corresponds to a positive correla-
tion (r = 1) and black to an anti-correlation (r = —1). Top left: observed
data. Top right: dipole-only model with y = 5/3. Bottom left: dipole-
only model with y = 1.2. Bottom right: dipole+octupole model with
v=12

any peculiarities in a single rotational cycle. The observed Ha
autocorrelation matrix bears some resemblance to the dipole-
only autocorrelation matrix (especially the y = 5/3 model).
Although the degree of correlation is not exactly the same across
the line in both matrices, most of the correlated/anti-correlated
regions appear in both the dipole-only and the observed ma-
trices. Alternatively, the dipole+octupole matrix contains many
correlated/anti-correlated regions that are not present in the ma-
trix obtained with the observed data.

None of our theoretical models have included a wind com-
ponent, which is expected to be present in these systems, even
if it does not always contribute significantly to the line pro-
file (Kurosawa et al. 2006; Lima et al. 2010). There are some
blueshifted features, such as a shoulder, in the observed Ha pro-
files that could be due either to an absorption, coming from a
wind, or to an emission excess, from different projections of
the accretion funnel. To verify the importance of a diskwind to
the observed Ha line, we calculated theoretical Ha profiles with
the hybrid MHD model of Lima et al. (2010), which includes
both magnetospheric and diskwind components. In this model,
the magnetosphere is an axisymmetric dipole and we aim to re-
produce the average observed profile of V2129 Oph, using the
parameters presented in Table 4. The magnetosphere extends
from 7.2 R, to 7.8 R,, where we kept the maximum tempera-
ture of the magnetosphere around Tyagmax = 9000 K and used
the photospheric temperature of Ty = 4500 K. Slight changes
in Tnagmax» as shown in Fig. 20, led to variations in the line in-
tensity and details in the line profile, such as a more pronounced
redshifted shoulder. The maximum wind temperature used in the
models was Tyingmax = 9000 K and the temperature of the hot
spot was varied from Tyjps = 5500 K to 8000 K, without there
being much change to the line profile. The diskwind starts at
7.81 R,, immediately outside the outer magnetospheric radius
and its extension was varied from 30 R, to 8 R,, while the mass
outflow rate remained constant (Mg, = 0.1M,). We therefore
increased the wind density as we decreased the outer diskwind
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Fig. 20. He profiles calculated with the dipolar and axisymmetric hy-
brid model that includes both magnetospheric accretion and diskwind
(solid lines). The dashed lines show only the diskwind contribution to
each profile. We used the parameters presented in Table 4, a maximum
wind temperature of Tyinamax = 9000 K and a photosphetric tempera-
tures of Tppoe = 4500 K. We varied the maximum temperature of the
magnetosphere from Tiaemax = 9000 K (left) t0 Tragmax = 8950 K
(right).

radius, although neither significant blueshifted absorption nor
emission were ever observed in the theoretical Ha profiles. This
agrees with the results discussed in Lima et al. (2010), where it
was shown that the wind contribution to the line profile is negli-
gible for M,e. < 107 Mg yr~! owing to very low wind densities,
which is the case in the present calculations. The mean observed
He profile is well-reproduced by the model (Fig. 20, solid lines),
and our diskwind component has no visible influence on the line
profile at the low mass-accretion rate of V2129 Oph (dashed
lines). With the parameters of Table 4 we were unable to re-
produce the redshifted absorption component in Hoe commonly
observed in V2129 Oph. We then varied the system inclination
to mimic a non-aligned magnetospheric and rotation axis. With
a lower inclination, on the order of 45—-50°, a redshifted absorp-
tion component was found to be visible, but the profile intensity
was lower than usually observed.

5. Conclusions

The magnetospheric accretion scenario predicts that the stellar
magnetic field will interact with the disk and disrupt it when the
magnetic pressure overcomes the ram pressure due to the accre-
tion process. Accretion columns will then be formed and a hot
spot/ring will result at the stellar surface where the accreting gas
hits the star. In the past few years, we have seen evidence from
observations and numerical simulations that the star-disk inter-
action is dynamic and mediated by a stellar magnetic field that
may vary in time and be composed of different multipoles that
have to be taken into account in the magnetospheric accretion
paradigm. The magnetic field moments are also generally found
to be inclined with respect to the rotation axis, creating a non-
axisymmetric circumstellar environment, whose observed char-
acteristics change on a timescale of days, owing to the system
rotation.

We have shown in this paper that the magnetic field configu-
ration proposed by Donati et al. (2011) for the classical T Tauri
star V2129 Oph, which includes dipole and octupole fields in-
clined with respect to the rotation axis, reproduces quite well the
photometric and spectroscopic variability observed over several
rotational cycles of the system.

‘We have used the magnetic field configuration obtained from
observations in the calculations of 3D MHD magnetospheric
simulations, whose density, velocity, and scaled temperature
structures were mapped on to a radiative transfer grid to obtain

line source functions from which we calculated the theoretical
line profiles. The Ha and HB observed emission profiles vary due
to rotation modulation and this variability is qualitatively well
reproduced by the computed theoretical models. The observed
profiles are however wider than the theoretical ones (especially
for HB), containing an extended emission in the blue wing and
broader-than-predicted full widths at half maximum. This indi-
cates that additional modeling is needed to fully describe the
accretion flows around CTTSs.

Spectral lines calculated for MHD model accretion flows
with pure dipole and dipole+octupole fields are similar, since
in both cases they form in funnel streams that are dominated
by the dipole component at the truncation radius. However, the
correlated variability across the emission line profiles has been
most accurately reproduced by a dipole-only model. We also cal-
culated emission line profiles with a dipolar and axisymmetric
model that included a magnetosphere and a diskwind, but our
diskwind model did not provide any significant contribution to
the He line profile of V2129 Oph.

The hot and cold spots of V2129 Oph were found to be al-
most coincident in phase and at high latitudes but are expected
to be located at different levels, the hot spot at the chromo-
sphere and the cold spot at the photosphere. The inferred cold
and hot spots are able to explain the radial velocity variations
in the photospheric and He1 (5876 A) lines. The phase coinci-
dence of the hot and cold spots is more accurately explained by
the dipole+octupole models than the dipole-only model, since
the octupolar component redirects the funnel flow towards the
magnetic pole, while in the dipole-only case the magnetic pole
and hot spots are separate.

The mass accretion rate of the system is generally around
1.5x107° My yr‘l, but accretion bursts can occur, as observed,
on timescales of days, when the mass accretion rate is higher by
as much as three times its quiescent value.

The spectroscopic and photometric variabilities observed
in V2129 Oph are thus consistent with the general predic-
tions of complex magnetospheric accretion models with non-
axisymmetric, multipolar fields.
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