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ABSTRACT

Context. Classical T Tauri stars are young low-mass systems still accreting material from their disks. These systems are dynamic
on timescales of hours to years. The observed variability can help us infer the physical processes that occur in the circumstellar
environment.
Aims. In this work, we aim at understanding the dynamics of the magnetic interaction between the star and the inner accretion disk
in young stellar objects. We present the case of the young stellar system V2129 Oph, which is a well-known T Tauri star with a K5
spectral type that is located in the ρ Oph star formation region at a distance of 130 ± 1 pc.
Methods. We performed a time series analysis of this star using high-resolution spectroscopic data at optical wavelengths from
CFHT/ESPaDOnS and ESO/HARPS and at infrared wavelengths from CFHT/SPIRou. We also obtained simultaneous photometry
from REM and ASAS-SN. The new data sets allowed us to characterize the accretion-ejection structure in this system and to investi-
gate its evolution over a timescale of a decade via comparisons to previous observational campaigns.
Results. We measure radial velocity variations and recover a stellar rotation period of 6.53 days. However, we do not recover the
stellar rotation period in the variability of various circumstellar lines, such as Hα and Hβ in the optical or HeI 10830 Å and Paβ in the
infrared. Instead, we show that the optical and infrared line profile variations are consistent with a magnetospheric accretion scenario
that shows variability with a period of about 6.0 days, shorter than the stellar rotation period. Additionally, we find a period of 8.5 days
in Hα and Hβ lines, probably due to a structure located beyond the corotation radius, at a distance of ∼0.09 au. We investigate whether
this could be accounted for by a wind component, twisted or multiple accretion funnel flows, or an external disturbance in the inner
disk.
Conclusions. We conclude that the dynamics of the accretion-ejection process can vary significantly on a timescale of just a few years
in this source, presumably reflecting the evolving magnetic field topology at the stellar surface.
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1. Introduction

Classical T Tauri stars (CTTSs) are young low-mass (<2 M�)
stellar objects surrounded by a circumstellar disk from which

? Based on observations obtained at the Canada-France-Hawaii Tele-
scope (CFHT), which is operated by the National Research Council
(NRC) of Canada, the Institut National des Sciences de l’Univers of
the Centre National de la Recherche Scientifique (CNRS) of France,
and the University of Hawaii. Based on observations obtained with
SPIRou, an international project led by the Institut de Recherche en As-
trophysique et Planétologie, Toulouse, France. Based on observations
collected at the European Southern Observatory under ESO program
2101.C-5015(A). Based on observations obtained with the robotic tele-
scope REM, operated in Chile by the Italian institute INAF.

they still accrete. Accretion channeled by the stellar mag-
netic field is the most accepted theory for describing the
observed characteristics of CTTSs (e.g., Hartmann et al. 2016;
Bouvier et al. 2007a). In this scenario, the central star has a mag-
netic field that is strong enough to disrupt the circumstellar disk
at a few radii from the star. The ionized gas in the inner disk
follows the magnetic field and hits the star at high latitudes,
forming hot spots (e.g., Camenzind 1990; Koenigl 1991). Sev-
eral studies have shown that the magnetic field at the surface of
young stars can be significantly more complicated than a sim-
ple dipole, including multipole components (Donati et al. 2007,
2008, 2019; Hussain et al. 2009; Gregory et al. 2012). However,
at ∼0.1 au from the star (i.e., about 11 R∗ for a typical CTTS with
a radius of 2 R�), the dipole component generally dominates the
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interaction with the inner disk. Thus, the star-disk interaction is
expected to be mediated by the dipole component of the star’s
magnetic field.

The stellar rotation axis and the large-scale stellar magnetic
field axis are often found to be tilted (McGinnis et al. 2020;
Donati et al. 2011; Gregory & Donati 2011). The tilt amplitude
can influence the accretion regime, producing either stable accre-
tion occurring through two main funnels, one in each stel-
lar hemisphere, or unstable accretion that takes place through
several funnels that appear and disappear on short timescales
(i.e., shorter than the stellar rotation period; Blinova et al. 2016;
Kulkarni & Romanova 2009). Other properties of the system,
however, can also help determine the accretion regime, such as
the stellar magnetic field strength and the mass accretion rate
(Kulkarni & Romanova 2008). Systems in unstable accretion
usually present higher mass accretion rates than stable systems
(Kurosawa & Romanova 2013). Systems in a stable accretion
present quasi-periodic photometric and spectroscopic variabil-
ity, which is not expected in systems in the unstable accretion
regime.

Accreting T Tauri stars present many characteristics that
can be identified through spectroscopy, spectropolarimetry,
and photometry, for example, cold spots, at the photospheric
level, due to magnetic activity and hot spots, at the chro-
mospheric level, associated with the gas accretion process
(e.g., Hartmann et al. 2016; Bouvier et al. 2007b). These stars
present intense and broad emission lines (e.g., White & Basri
2003), which are variable from night to night, such as Hα,
Hβ, and He I 5876 Å in the optical (e.g., Alencar et al. 2018;
Sousa et al. 2016; Costigan et al. 2012; Kwan & Fischer 2011;
Fang et al. 2009; Muzerolle et al. 1998) and He I 10830 Å, Brγ,
and Paβ in the infrared (Fischer et al. 2008; Kwan et al. 2007;
Folha & Emerson 2001). They also show continuum emission
excess in the ultraviolet, due to accretion shocks (Calvet et al.
2004; Herczeg & Hillenbrand 2008; Venuti et al. 2014), and in
the infrared, because of the presence of a dusty circumstellar disk
(e.g., Sung et al. 2009; Teixeira et al. 2012; Sousa et al. 2019).
T Tauri stars are also optical and infrared photometric vari-
ables (e.g., Roquette et al. 2017; Cody et al. 2014; Stauffer et al.
2014; Alencar et al. 2010; Bouvier et al. 2003) and X-ray emit-
ters (e.g., Preibisch et al. 2005; Gregory et al. 2016), which
is the result of the intense coronal activity of these objects
(Feigelson & Montmerle 1999). X-rays can also be produced in
the accretion shock (Stassun et al. 2006; Argiroffi et al. 2011),
which are less energetic than those produced in magnetic
reconnections.

The magnetospheric accretion region extends over a few stel-
lar radii around the central star, a compact volume not easily
accessible with direct imaging techniques such as interferometry
(Bouvier et al. 2020a; GRAVITY Collaboration 2020). Through
the investigation of the photometric and spectroscopic variabil-
ity in different wavelength ranges, we can infer physical pro-
cesses at work in the inner circumstellar environment (e.g.,
Pouilly et al. 2020; Bouvier et al. 2020b; Alencar et al. 2018;
Sousa et al. 2016; Cody et al. 2014; Johns & Basri 1995a). In
Sousa et al. (2016), the accretion process of a sample of CTTSs
belonging to the young star forming region NGC 2264, observed
with the Convection Rotation and planetary Transits (CoRoT)
satellite and/or from the FLAMES at the Very Large Telescope
(VLT) spectrograph, was analyzed. It was shown that in 30% of
the CoRoT sample the morphology of the light curve changed
in three years, switching from periodic to aperiodic accretion
regimes and vice versa. They also analyzed the variability of the
Hα and HeI lines of CTTSs in NGC 2264, showing that most

of the targets were not periodic in these lines. The blue and
red wings of the Hα line were, in general, dominated by dif-
ferent regions, such as the magnetosphere and/or disk wind. In
the infrared, the He I 10830 Å line commonly occurs in emis-
sion in CTTSs and often exhibits both redshifted and blueshifted
absorption components that trace accretion and outflows from
the system (e.g., Kwan et al. 2007).

In this work, we investigate the CTTS V2129 Oph (SR9,
DoAr 34, AS 207, ROX 29), a well-known young star (1−2 Myr)
with a K5 spectral type (Torres et al. 2006) and a mass of
1.35 ± 0.15 M� (Donati et al. 2007), located in the ρ Oph star
forming region at a distance of 130 ± 1 pc (Bailer-Jones et al.
2018). This is part of a binary system, with a separation of
0.59′′ (McCabe et al. 2006). The companion is a faint low-mass
object, with a K-band flux ratio of ∼0.09 (McCabe et al. 2006;
Argiroffi et al. 2011), and it is not expected to contribute signif-
icantly to the integrated optical or near-infrared spectra of the
source.

V2129 Oph accretes from its circumstellar disk at a mod-
erate rate of (1.5 ± 0.6) × 10−9 M� yr−1 (Alencar et al. 2012),
and we view the system at a inclination of about ∼60◦ from
our line of sight (Donati et al. 2011). From photometric spot
modulation, Grankin et al. (2008) used data obtained from 1986
to 2003 to derive a period of 6.55 days over the 15 seasons
covered by their full data set. Analyzing each season sepa-
rately, they found the period to vary between 6.34 and 6.59 days
over the seasons, a long-term variation that presumably reflects
latitudinal differential rotation at the stellar surface. In this
work, we adopt (and confirm) the rotational period of 6.53 days
that was initially derived using photometric data obtained from
1986 to 1993 (Shevchenko & Herbst 1998) and later confirmed
spectroscopically from spot-modulated radial velocity variations
(Alencar et al. 2012).

Previous monitoring campaigns of this star led to the deriva-
tion of its magnetic properties by Donati et al. (2007, 2011).
They measured an increase in the magnitude of the dipole and
the octupole magnetic field components over a timescale of a
few years. A change in the magnetic field intensity can signif-
icantly impact the star’s accretion properties. In this work, we
analyze the accretion-ejection process in V2129 Oph through the
variability of the circumstellar emission lines and compare our
results with previous works to investigate the dynamics of the
system on a timescale of a decade.

The paper is organized as follows. In Sect. 2, we describe
the data sets used in this work. The optical and infrared pho-
tometric analyses are presented in Sects. 3 and 4, respec-
tively. Section 5 presents the results obtained with the
CFHT/ESPaDOnS (Canada-France-Hawaii Telescope Echelle
SpectroPolarimetric Device for the Observation of Stars) and
ESO/HARPS (European Southern Observatory High Accuracy
Radial velocity Planet Searcher) spectrographs at optical wave-
lengths. In Sect. 6 we perform the analysis of the infrared data
obtained with the spectrograph CFHT/SPIRou (CFHT SPec-
tropolarimétre InfraROUge). In Sect. 7, we derive the mass
accretion rate onto the star. In Sect. 8, we discuss the structure of
the star-disk interaction region that can yield the observed vari-
ability and compare it to previous results. In Sect. 9, we draw
our conclusions.

2. Observations

We observed V2129 Oph during a campaign that included
observations from the optical to the near infrared. We
obtained data at optical wavelengths with two spectrographs:
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Table 1. Observations of V2129 Oph used in this work.

Telescope Instrument Dates Bands

REM REMIR 2018-Jun-25 to 2018-Jul-9 JHK
CFHT ESPaDOnS 2018-Jun-20 to 2018-Jul-4 3700−10000 Å
ESO HARPS 2018-Jun-28 to 2018-Jul-13 3780−6910 Å
CFHT SPIRou 2018-Jul-25 to 2018-Aug-6 9650−25000 Å

Fig. 1. Chronological scheme of the observing runs from Table 1 and the
ASAS-SN data covering the span of our observations. Colors represent
different rotation cycles.

CFHT/ESPaDOnS (ten observations at a resolving power of
65 000) and ESO/HARPS (nine observations at a resolving
power of 115 000). The CFHT/ESPaDOnS data were reduced
using the pipeline Libre-ESpRIT (Donati et al. 1997). The
HARPS data were automatically reduced by the HARPS data
reduction software (Mayor et al. 2003). We obtained infrared
observations with CFHT/SPIRou (nine observations at a resolv-
ing power of 75 000). Telluric corrected SPIRou spectra were
produced using the data reduction system APERO, version
0.6.131 (Cook et al., in prep.).

We also analyzed photometric observations obtained with
the Rapid Eye Mount (REM) telescope. REM is a 60 cm diame-
ter fast reacting telescope located at ESO La Silla. The telescope
hosts two instruments: REMIR, an infrared imaging camera, and
ROS2, a visible imager with four simultaneous passbands. The
two cameras can also simultaneously observe the same field of
view, of 10× 10 arcmin, thanks to a dichroic placed before tele-
scope focus. Thus, five images are obtained at the same time:
g, r, i, z, J,H,K. The Observatory is operated for the Italian insti-
tute INAF by the REM team. Here we only used the JHK images
of REM as the optical ones do not contain enough reference
stars to calibrate the image. The images were preprocessed by
the telescope team, including precise World Coordinate Sys-
tem (WCS) information. Photometry extraction was performed
using the AstrOmatic package1. For each filter, the images were
aligned and used to create a master frame by stacking all the
images using the tool SWARP (Bertin et al. 2002). We used the
Source Extractor (SExtractor; Bertin & Arnouts 1996) to per-
form source detection in the master frame.

We present a summary of the observations in Table 1, and in
Fig. 1 we show a chronological scheme of the observations used
in this work. To measure the rotation phases (E), we used the
same ephemeris that was adopted by Alencar et al. (2012) and
Donati et al. (2007):

1 https://www.astromatic.net/

(a)

(b)

Fig. 2. Photometric JHK light curves obtained with the REM telescope
as a function of observing date (a) and phase (b). We calibrated the
magnitudes using the 2MASS JHK magnitudes of a reference star (see
text). The statistical uncertainties on the magnitudes are smaller than
the symbols.

HJD = 2 453 540.0 + ProtE, (1)

where Prot = 6.53 days is the stellar rotational period. However,
due to the uncertainty in the period measurement and the long
time span between the two data sets, the phases computed here
have no correspondence to the phases in Alencar et al. (2012).

3. Infrared photometry

V2129 Oph was monitored in the J-, H- and K-bands using the
REM telescope. With the small field of view of the REMIR,
only two reference stars were visible along with V2129 Oph
on each observed night, and we adopted the brightest one,
2MASSJ16274987–2425402, as the reference star for differen-
tial photometry. The light curve for V2129 Oph is shown in
Fig. 2, and the mean magnitude of each night is listed in Table 2.

We used the modified Lomb-Scargle periodogram from
Horne & Baliunas (1986) to investigate the periodicity in the
JHK light curves. Unfortunately, we could not identify any peri-
odic signal in the light curves, which is likely due to the small
number of observations obtained over only seven nights between
June 25 and July 9, 2018. In Fig. 2, we tentatively fold the JHK
light curves in phase with the stellar rotation period of 6.53 days
for V2129 Oph.
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Table 2. Infrared photometric mean magnitudes of each night obtained
with REM.

JD (a) J H K

8294.1 – – 7.014± 0.003
8296.1 8.451± 0.005 7.585± 0.003 7.053± 0.003
8297.1 8.515± 0.005 7.646± 0.003 7.094± 0.003
8298.1 8.447± 0.005 7.594± 0.003 7.051± 0.003
8299.1 8.418± 0.006 7.577± 0.003 7.059± 0.004
8307.1 8.446± 0.005 7.583± 0.003 7.060± 0.003
8308.2 8.486± 0.005 7.613± 0.003 7.073± 0.003

Notes. (a)JD–2 450 000.

4. Optical photometry

We used the optical light curve provided by the ASAS-SN survey
(Shappee et al. 2014; Kochanek et al. 2017) to further explore
the photometric behavior of V2129 Oph. We retrieved from the
ASAS-SN database the source’s V-band light curve from Modi-
fied Julian Date (MJD) 8309 to MJD 8385, which partly covers
the time span of our spectroscopic observations (see Table 3).
The V-band light curve is shown in Fig. 3. The amplitude of
variability reaches about 0.15 mag in the V-band. The light
curve folded in phase using the ephemeris of Eq. (1) displays
a smooth modulation of the brightness level at the rotational
period of 6.53 days. We note the existence of two photometric
minima along each rotational cycle, one located around phase
0.15 and the other around phase 0.55, which suggests that the
star’s brightness is modulated by two cold spots located at nearly
opposite longitudes. A polar spot extending at lower latitudes at
phases 0.15 and 0.55 can, however, produce similar light curve
characteristics. The cold spot configuration at the stellar surface
of T Tauri stars is often found to be quite complex, consisting of
several groups of spots (e.g., Yu et al. 2019). Therefore, we can
interpret the optical light curve variability as being due to two
main spot groups at opposite longitudes or to an elongated polar
spot with latitudinal extensions located at opposite azimuths at
the time of our observations.

The ASAS-SN monitoring of this source extends over a
much longer timescale than shown here, from Julian date (JD)
6800 to JD 8385. Here we used only the last observing season,
which is concurrent with the other data sets presented in this
paper. The longer-term ASAS-SN light curve (not shown) indi-
cates that the amplitude of variability can reach up to 0.3 mag in
the V-band. It also shows that the maximum brightness level can
lie at V = 11.30, that is to say, 0.05 mag brighter than what it
was at the time of our campaign. Indeed, the V-band light curve
obtained in 2009 by Alencar et al. (2012) exhibits an amplitude
of 0.4 mag and a maximum brightness level of V = 10.7. It also
displays a single photometric minimum, which suggests a sin-
gle cold spot dominating the rotational modulation of the stellar
brightness at that time. At the time of our observation, both the
lower amplitude of variability and the fainter maximum bright-
ness level were consistent with the star’s brightness being mod-
ulated by two sets of spots located at nearly opposite longitudes.
In this configuration, one set of spots is always in view, and this
effectively reduces both the photometric amplitude and the max-
imum brightness level.

Finally, we note that Cody & Hillenbrand (2018) analyzed
the Kepler K2 light curve of V2129 Oph obtained in 2014 and
found it to be stochastic, with no discernible period, even though
the light curve is continuous over 80 days. This suggests that the

variability pattern of the source may drastically change over a
timescale of a few years.

5. Optical spectroscopy

5.1. Optical veiling and radial velocity

Optical veiling of the photospheric lines is one of the accre-
tion effects seen in a spectroscopic analysis. The photospheric
lines become shallower than in a non-accreting system when the
hot spot is in our line of sight and adds an extra contribution to
the stellar continuum (e.g., Rei et al. 2018; Hartigan et al. 1991).
The infrared veiling can have different origins (Edwards et al.
2006).

We used the weak line T Tauri star V819 Tau (SpT = K4,
M = 1.00±0.05 M�, and v sin i = 9.5 km s−1; Donati et al. 2015)
as a template to measure the veiling of V2129 Oph. We have
observations of V819 Tau with both the ESPaDOnS and HARPS
spectrographs. We used six photospheric line regions between
4590 and 6400 Å to compare the spectra of the template to
V2129 Oph. We chose spectral regions that do not have many
blends between different lines. To compare the spectra of V819
Tau with our system, we broadened the template spectra with
the projected rotation velocity of V2129 Oph (v sin i = 14.5 ±
0.3 km s−1; Donati et al. 2007; Alencar et al. 2012). We mea-
sured the velocity shift between the spectra, cross-correlating the
target spectra and the template. We corrected the template and
the target spectra from barycentric velocities before computing
the velocity shift between both spectra. After that, we computed
the veiling in each spectrum, using the ratio of the continuum
excess flux to the stellar photospheric flux as the definition of
veiling.

We independently measured the veiling and radial velocity of
V2129 Oph using data from ESPaDOnS and HARPS. We found
a systematic error between the veiling obtained by the different
data sets, which is due to the difference of resolution between
the spectrographs or an instrumental effect, which, in turn, is
due a long time delay between the HARPS template spectrum
(2004) and the observations (2018). To correct this systematic
error, we measured the veiling between the V819 Tau spectra
from HARPS and ESPaDOnS (it is not a true veiling as the star is
a non-accreting system). We found an offset value of 0.11± 0.03
between the HARPS and ESPaDOnS data, which corresponds
to a mean and standard deviation of all spectral regions used to
measure the veiling. We applied this value to correct the veil-
ing from the HARPS data. We show the individual value of the
veiling and radial velocity of each observation in Table 3.

In Fig. 4 we present the veiling and radial velocity obtained
for V2129 Oph as a function of the rotational phase. Since we
did not see a significant veiling variation with wavelength in
the analyzed spectral regions, we only show the mean veiling
of all the spectral regions. V2129 Oph presented a low veiling
with modest variations from night to night, except on the first
three nights observed by ESPaDOnS (black triangles in Fig. 4a),
which show the largest veiling values. The radial velocity seems
to vary in phase with the rotation of the star, and it shows two
minima at different phases, which can be associated with two
sets of spots at different longitudes that appear in our line of sight
as the star rotates. We computed the periodogram of the radial
velocities and found a period of 3.26 days (false alarm probabil-
ity [FAP] = 0.05), that is, half of the stellar rotation period.

We analyzed the asymmetry of the photospheric lines using
the bisector of the line to determine the origin of the radial
velocity variations (e.g., Queloz et al. 2001). We used the
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Table 3. Observational parameters measured in the V2129 Oph optical and infrared spectra.

Inst. JD (a) φ vrad Veil (b) vrad HeI EWHα
(c) EWHβ

(c) EWHeI
(c) EWNaI

(c) EWCaII
(c) EWHeI

(c) EWPaβ
(c) EWPaγ

(c) ṀHα
(d) ṀHeI

(d) ṀPaβ
(d)

phot. (5876 Å) (5876 Å) doublet (10830 Å) (5876 Å)
(km s−1) (km s−1) (Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å) (M� yr−1) (M� yr−1) (M� yr−1)

ESPaDOnS 8290.82 0.54 −6.8± 0.2 0.12± 0.03 1.7± 0.2 15.92 3.41 0.35 1.62 0.50 – – – 2.17 1.55 –
ESPaDOnS 8291.84 0.69 −7.2± 0.2 0.17± 0.03 2.4± 0.1 18.92 4.59 0.38 1.92 0.97 – – – 2.64 1.68 –
ESPaDOnS 8292.79 0.84 −6.6± 0.3 0.17± 0.03 0.9± 0.1 16.13 3.59 0.34 1.70 0.74 – – – 2.20 1.50 –
ESPaDOnS 8296.89 1.47 −5.7± 0.2 0.08± 0.04 1.5± 0.2 10.90 1.47 0.31 1.33 0.31 – – – 1.41 1.32 –
ESPaDOnS 8297.87 1.62 −7.4± 0.2 0.11± 0.03 3.3± 0.2 11.06 1.30 0.29 0.52 0.11 – – – 1.44 1.23 –
HARPS 8298.11 1.65 −8.9± 0.3 0.08± 0.03 5.6± 0.2 9.87 2.63 0.40 0.67 – – – – 1.26 1.78 –
ESPaDOnS 8298.81 1.76 −7.7± 0.2 0.08± 0.03 3.8± 0.2 10.43 2.03 0.32 1.37 0.27 – – – 1.34 1.39 –
HARPS 8299.21 1.82 −7.0± 0.1 0.05± 0.02 5.2± 0.3 10.61 2.04 0.22 1.21 – – – – 1.37 0.92 –
ESPaDOnS 8299.85 1.92 −6.6± 0.2 0.05± 0.03 4.9± 0.2 11.97 1.90 0.18 1.84 0.34 – – – 1.57 0.71 –
ESPaDOnS 8300.78 2.06 −6.3± 0.2 0.05± 0.03 1.9± 0.3 13.07 2.39 0.15 1.87 0.35 – – – 1.74 0.56 –
ESPaDOnS 8303.82 2.53 −7.2± 0.3 0.06± 0.03 1.5± 0.2 7.00 0.49 0.18 0.92 0.02 – – – 0.86 0.70 –
ESPaDOnS 8304.89 2.69 −7.7± 0.2 0.05± 0.03 3.2± 0.2 8.15 0.88 0.14 1.36 0.17 – – – 1.02 0.55 –
HARPS 8306.22 2.90 −6.6± 0.2 0.05± 0.02 3.7± 0.3 10.41 2.83 0.24 1.19 – – – – 1.34 0.98 –
HARPS 8307.22 3.05 −6.2± 0.1 0.05± 0.02 0.2± 0.3 9.71 2.70 0.27 1.17 – – – – 1.24 1.15 –
HARPS 8308.04 3.17 −8.7± 0.4 0.07± 0.02 0.1± 0.4 13.23 3.18 0.30 0.66 – – – – 1.76 1.27 –
HARPS 8309.10 3.34 −6.4± 0.1 0.04± 0.02 2.5± 0.3 15.96 3.27 0.33 1.55 – – – – 2.17 1.45 –
HARPS 8311.03 3.63 −8.1± 0.2 0.06± 0.02 6.5± 0.3 12.09 2.87 0.30 1.32 – – – – 1.59 1.30 –
HARPS 8312.06 3.79 −7.0± 0.1 0.05± 0.02 4.9± 0.3 8.01 1.70 0.24 1.25 – – – – 1.00 0.97 –
HARPS 8313.06 3.94 −6.6± 0.1 0.05± 0.02 2.4± 0.4 6.06 1.62 0.23 1.00 – – – – 0.73 0.97 –
SPIRou 8324.36 5.67 −7.4 ± 0.1 – – – – – – – 0.42 0.66 1.42 – – 0.89
SPIRou 8327.30 6.12 −7.66± 0.02 – – – – – – – 2.19 0.79 1.49 – – 1.07
SPIRou 8328.30 6.28 −6.80± 0.08 – – – – – – – 1.85 0.89 1.43 – – 1.22
SPIRou 8329.34 6.44 −6.20± 0.07 – – – – – – – 0.37 0.70 1.47 – – 0.95
SPIRou 8331.28 6.73 −6.78± 0.07 – – – – – – – 1.57 0.90 1.51 – – 1.23
SPIRou 8332.30 6.89 −6.11± 0.02 – – – – – – – 1.54 0.82 1.52 – – 1.12
SPIRou 8333.25 7.04 −6.40± 0.09 – – – – – – – 3.04 1.49 1.67 – – 2.10
SPIRou 8335.26 7.34 −6.23± 0.09 – – – – – – – −0.53 1.23 1.54 – – 1.72
SPIRou 8336.25 7.50 −7.3 ± 0.2 – – – – – – – −0.95 0.56 1.59 – – 0.74

Notes. The table is ordered according to the observation date. (a)JD-2 450 000. (b)The veiling obtained with the SPIRou data at different wavelengths
is listed in Table 4. (c)We used the convention of positive equivalent width for emission lines and negative values for absorption lines. The equivalent
width errors are 0.02 Å for the Hα and Paβ lines, 0.03 Å for the Hβ line, 0.01 Å for the HeI 5876 Å, Ca II 8542 Å, and NaI doublet lines, 0.08Å for
the HeI 10830 Å line, and 0.05 Å for Paγ. (d)×10−9.

photospheric lines obtained through least-squares deconvolution
(LSD) profiles for the ESPaDOnS data and cross-correlation
function (CCF) profiles for the HARPS data; these photospheric
lines are shown in Fig. 5. We measured the bisector in each
observation and selected two regions at the top and bottom of
the bisector line to measure the bisector slope, which is the dif-
ference in the velocity between the upper and lower parts of
the bisector. In Fig. 4 we show the bisector slope as a function
of radial velocity. The bisector slope is found to vary inversely
with the photospheric line radial velocity, which confirms that
the radial velocity modulation is due to stellar spots.

The bisector slope varies with a period of 3.26 days (FAP =
0.08), similar to the period of the radial velocity modulation.
We conclude that the stellar surface is covered by two main sets
of cold spots or polar spot extensions to lower latitudes lying
at nearly opposite longitudes, which is in agreement with the
photometric minima seen in the optical light curve. We therefore
confirm the rotation period of the star (P = 6.53 days) from both
the photospheric radial velocity variations and the optical light
curve of the system at the time of our observations.

5.2. Optical emission lines

We applied the veiling and the photospheric radial velocity
of V2129 Oph described in the last section to the spectra of
V819 Tau, which we used as a template to subtract the pho-
tospheric component of the spectra of V2129 Oph and obtain
residual profiles. As pointed out in the last section, we mea-
sured a systematic veiling difference between the HARPS and
ESPaDOnS data. For analyze these data sets together, we cor-
rected the HARPS data from this systematic veiling offset. We
show the mean line profiles before and after subtracting the

photospheric contribution, together with the mean template pro-
files, in Fig. A.1.

We present the residual profiles of the Hα, Hβ, HeI 5876 Å,
and NaI D lines, obtained with HARPS and ESPaDOnS, in
Figs. 6–9. We corrected all the profiles from the mean radial
velocity, vrad = (−7.1±0.8) km s−1, and organized the profiles by
rotational phase defined by Eq. (1). V2129 Oph presents a chro-
mospheric emission contribution that affects some emission lines
of interest, such as Hα, Hβ, and Ca II (8542 Å). For the Balmer
lines, the chromospheric component, if present, is fainter than
the emission due to accretion. We did not attempt to disentan-
gle the chromospheric and emission components in these lines.
When subtracting the V819 Tau spectrum from the Balmer line
profiles, we set the narrow chromospheric emission present in
the Balmer lines of V819 Tau to the continuum level since we
do not know whether or not it is the same as in our target (see
Appendix A). Therefore, the residual profiles of the V2129 Oph
Balmer lines are a composition of chromospheric and circum-
stellar emission. On the other hand, the narrow chromospheric
emission is significant, compared to the broad emission compo-
nent, in the observed Ca II (8542 Å) line profiles. In this case,
we fitted the Ca II (8542 Å) emission line with two Gaussians
and subtracted the narrow chromospheric component from the
observed profiles.

The Hα and Hβ emission lines of V2129 Oph (Figs. 6
and 7, respectively) are broad, intense, and variable from night
to night, which are characteristics of accreting systems (e.g.,
Muzerolle et al. 2001). The lines present redshifted absorptions
below the continuum at some rotational phases, commonly asso-
ciated with the passage of the accretion funnel across our line of
sight. It is easier to see the redshifted absorption in the Hβ line
as this line profile presents less intense emission than that of Hα
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Fig. 3. V-band light curve of V2129 Oph from ASAS-SN photome-
try. Top: direct light curve. Bottom: light curve folded in phase with
the ephemeris given in Eq. (1). The colors represent different rotation
cycles.

(e.g., Kurosawa & Romanova 2013). The redshifted absorptions
appear continuously from phases 0.47 to 0.79 and then sporadi-
cally at phases 0.17 and 0.94, which suggests that several inde-
pendent funnel flows cross our line of sight.

In Fig. 8 we show the He I emission line. This line
can present both a narrow and a broad component (e.g.,
Beristain et al. 2001). It is believed that the narrow component
forms in the post-shock region, and its detection is an accre-
tion diagnostic; the broad component, when present, is associ-
ated with the accretion column or the base of a hot wind (e.g.,
Beristain et al. 2001). The He I line of V2129 Oph shows mostly
a narrow component (full width at half maximum [FWHM] =
36 ± 7 km s−1). At the base of the profile, there is some sign of
a broad component, especially in the profiles shown in black in
Fig. 8; these profiles correspond to the first observed rotational
cycle, which also presents the highest veiling values. We prob-
ably witnessed an accretion burst episode in the first cycle that
might also have affected the inner disk wind and the magneto-
sphere. However, as the intensity of the broad emission compo-
nents in the He I line is very low, we treated this line as if it only
had a narrow component. In Alencar et al. (2012), this line also
presents mostly a narrow component.

We fitted a Gaussian function to the narrow component of the
He I line to get the parameters of the line. We used the position
of the maximum intensity of the Gaussian profile as the radial
velocity of this line in the stellar rest frame, and we show its
night-to-night variability in Fig. 4c. The mean radial velocity of
the He I line is vradHeI = (3 ± 2) km s−1; this is a similar result
to that obtained by Donati et al. (2007, 2011), which shows that
the profile is redshifted. In the literature, this line often appears
redshifted, which is in agreement with a formation in the post-
shock region (e.g., Beristain et al. 2001).

(a)

(b)

(c)

(d)

Fig. 4. Veiling (a) and the radial velocity (b) of photospheric lines in
phase with the ephemeris from Alencar et al. (2012) and Donati et al.
(2007). The veiling and radial velocity correspond to mean values
obtained from all spectroscopic regions used in the calculations. The
error bars come from the standard deviations. (c) He I 5876 Å line radial
velocities. (d) Bisector slope as a function of the radial velocities. The
colors represent different cycles: black – cycle 0; green – cycle 1; red –
cycle 2; and light blue – cycle 3. The dashed line is the mean value of
all observations. Triangles are ESPaDOnS data, and circles are HARPS
data.

The NaI doublet lines (5889.950 Å and 5895.924 Å) present
a deep and broad photospheric contribution, which masks most
of the circumstellar emission. As for the previous lines, we
removed the photospheric absorptions, using the V819 Tau spec-
tra as a template. We also corrected the lines of telluric absorp-
tions using the TAPAS web-based tool (Bertaux et al. 2014).
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Fig. 5. LSD and CCF mean photospheric lines. The blue points are the
bisectors, and the red squares represent the points of reference used to
measure the bisector slope. The profiles are organized by phase, and the
gray profile is the average line over all the observations.

The NaI D line can form in distinct locations in the sys-
tem, such as the accretion funnels, outflows, or stellar photo-
sphere, and it can also be present in interstellar components
(e.g., Pascucci et al. 2015). Figure 9 shows that the residual
NaI 5889.950 Å profile appears in emission and is variable in
intensity. The NaI 5895.924 Å line exhibits a similar behavior.
The center of the NaI line displays a narrow, deep, and sta-
ble absorption component, most likely due to absorption by
the interstellar medium (Pascucci et al. 2015). The blue wing of
the line exhibits several absorption components that are clearly
variable. These blueshifted absorptions are also present in sev-
eral active T Tauri stars (e.g., Mundt 1984; Chou et al. 2013;
Pouilly et al. 2020). Mundt (1984) analyzed a sample of T Tauri
stars that showed small blueshifted absorptions at high veloci-
ties, which indicates the presence of an accelerated wind with
a velocity of up to a few hundred km s−1. In the NaI line of
V2129 Oph, we see at least two blueshifted absorption compo-
nents, located around −40 and −80 km s−1, among other higher-
velocity components (<−100 km s−1) that only appear on some
nights, as well as may represent transient outflows.

We also analyzed the residual profiles of the Ca II 8542 Å
line. This line presents two components: a broad component
commonly associated with the magnetosphere and a narrow
stable component of chromospheric origin. The intensity of
the broad component varies from night to night without any
detectable periodicity, and, at some phases, the profile presents a
redshifted absorption component.

Fig. 6. Hα residual line profiles obtained with the ESPaDOnS and
HARPS spectrographs. We organized the profiles by phase. The phase
and the JD of the observations are written in each panel. The colors rep-
resents different rotational cycles: black – cycle 0; green – cycle 1; red
– cycle 2; and light blue – cycle 3.

The equivalent width of the emission lines carries accre-
tion diagnostics and is frequently used to distinguish between
accreting and non accreting systems (e.g., White & Basri 2003;
Fang et al. 2009). We measured the equivalent widths of the
emission lines using both ESPaDOnS and HARPS data. We esti-
mated the equivalent width uncertainties caused by the quality
of the data and the uncertainty on the continuum level of the
spectra (Ebbets 1995; Cayrel 1988). The values are listed in
Table 3, where we adopted the convention that positive and neg-
ative equivalent widths represent emission and absorption lines,
respectively. The line equivalent widths do not vary in phase
with the stellar rotation period (see Fig. 10). They also do not
present a significant correlation with the veiling, probably due
to the small veiling variation along the observational campaign,
with the exception of an increase in equivalent width in most
lines during the first three observations, which also corresponds
to the highest veiling measurements in our data.

5.3. Circumstellar line periodicity

We degraded the HARPS data to the ESPaDOnS resolution
to analyze the variability of the 19 observations all together.
With this data set, we computed the emission line bidimen-
sional periodograms to check if the variability of the circum-
stellar lines were periodic or not across the line profiles (e.g.,
Johns & Basri 1995b; Oliveira et al. 2000; Alencar & Batalha
2002; Kurosawa et al. 2005; Bouvier et al. 2007b; Sousa et al.
2016). We divided each emission line into small velocity inter-
vals (0.5 km s−1 each), and for each interval we applied the
Lomb-Scargle periodogram, as modified by Horne & Baliunas
(1986). We searched for periodicity from 2 to 10 days to com-
pare with the rotational period of V2129 Oph, which is 6.53 days
(Alencar et al. 2012).
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Fig. 7. Hβ residual line profiles obtained with the ESPaDOnS and
HARPS spectrographs. We organized the profiles by phase. The phase
and the JD of the observations are written in each panel. The colors rep-
resent different rotational cycles: black – cycle 0; green – cycle 1; red –
cycle 2; and light blue – cycle 3.

We display the bidimensional periodograms in Fig. 9, where
the periodogram’s power is shown in colors. We also show a con-
tour plot that represents the FAP level of about 95% confidence.
To check if the periodicities obtained for these lines are true or
not, we performed two tests: We randomly removed two observ-
ing nights, and we randomly removed seven spectra over the 19
and redid the periodogram analysis. We repeated both processes
50 times for each line. Although these tests increased the peri-
odogram noise, in almost all of these cases the periodograms
still have the maximum power on the period seen on the plots in
Fig. 9.

The HeI line variability shows a periodicity (∼6 days; see
Fig. 9e) close to the stellar rotation period, although smaller by
0.5 days. The narrow component of the HeI line is supposed to
form in the post-shock region; therefore, we would expect the
helium line to present a periodicity at the stellar rotation period
if the system were in a stable accretion process, where accre-
tion occurs through two main accretion funnels, one in each
hemisphere (e.g., Kurosawa et al. 2008; Kurosawa & Romanova
2013).

The Hα and Hβ lines can form in different places as the
accretion column and disk wind. The periodicity of these lines
therefore reflects the variability of these regions. The Hα line
shows a period of ∼8.5 days along the profile, with the strongest
power near the line center from ∼−100 to 100 km s−1. This
period is longer than the star’s rotation period, indicating that the
region where the line forms rotates more slowly than the star and
should be outside the corotation radius (Rco = 7.7 R∗ = 0.07 au;
Alencar et al. 2012) of the star-disk system.

The periodogram of the Hβ line shows several periods. The
central emission of the line, from −50 to 25 km s−1, presents a
periodicity of ∼6 days, which is the same period seen in the He I
line. We can associate this period with the hot spot, as in the
He I line. Another period is detected in the redshifted wing of

Fig. 8. He I 5876 Å residual line profiles obtained with the ESPaDOnS
and HARPS spectrographs. We organized the profiles by phase. The
phase and the JD of the observations are written in each panel. The col-
ors represent different rotational cycles: black – cycle 0; green – cycle
1; red – cycle 2; and light blue – cycle 3.

the line. The maximum power of the periodogram goes from
∼8.5 days (the same period seen in the Hα line) close to the cen-
ter of the line to ∼6.5 days (the stellar rotation period) in the
redshifted absorption. The chromospheric component of V2129
Oph probably contributes to the central emission of the Hα and
Hβ. Although this component is typically faint and narrow, com-
pared to the broad and intense emission due to accretion in
CTTSs, it could interfere with the measured periodicity in the
center of these lines (see Appendix A).

In Fig. 9 we present the periodogram of the Na I 5889.950 Å
line. This component only shows a period, with broad power, of
around 9 days in a small part of the blue wing. This region cor-
responds to a narrow variable absorption of unknown origin that
disappears in some observations. This higher-velocity absorption
commonly appears in the blue wing of the NaI of T Tauri stars
(Mundt 1984) as a result of stellar and disk winds. We highlight
this region in Fig. 9. The periodogram of the other component
of the NaI line (5895.924 Å) shows the same periodicity at the
same velocity range but with lower power.

Alencar et al. (2012) also analyzed the periodogram of the
Hα line of V2129 Oph. They found a periodicity at the stellar
rotation period in the redshifted absorptions. On the blue side of
the line, they found a more extended period of 8.3 days, similar
to our results. In Appendix C, we show the periodogram and
the circumstellar lines of V2129 Oph from the data analyzed by
Alencar et al. (2012), including the periodograms of He I and Hβ
lines, which they did not present in their paper. The He I and
Hβ lines from the observations of Alencar et al. (2012) present
variability at the star’s rotational period.

The comparison between the line periodograms obtained
from the Alencar et al. (2012) data and the ones presented here
show that something changed in the circumstellar environment
of V2129 Oph between the two epochs of observation. The
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Fig. 9. Time series analysis of circumstellar emission lines. Left: bidimensional periodograms. The color range corresponds to the power of the
periodogram, and the horizontal line represents the star’s rotation period, P = 6.53 days. The white contour represents the FAP level of about 95%
confidence. Middle: line profiles obtained with the ESPaDOnS and HARPS spectrographs. The colors correspond to different rotation cycles. The
two blue vertical lines delimit the periodic region of the Na I line. Right: correlation matrices. The color range corresponds to the value of the linear
correlation coefficient. Perfect anticorrelation corresponds to −1 (black), no correlation to 0 (light blue), and a perfect correlation to 1 (orange).

lines present the same shape as before, but the profiles are less
intense in our observations. The periods measured in the He I
line in both works are different, which is surprising since they
should correspond to the hot spot period and the star’s rota-
tion period is not expected to vary on a timescale of 9 years
(e.g., Hartmann & Stauffer 1989). We used photometric data
obtained at the Maidanak observatory between 1986 and 2003
(Grankin et al. 2008) and ASAS data secured between 2001
and 2009 to check the long-term photometric variability of the
system. By examining phase-folded light curves, we find the

photometric modulation to be consistent with a period of
6.53 days at all epochs, and we do not find evidence for a period
as short as 6.0 days at any epoch. The extended period around
8.5 days seen in Hα was already present in the previous work,
although only close to the line’s center. It indicates that the peri-
odic structure beyond the corotation radius was already con-
tributing to the line profile. We discuss possible explanations for
the origin of the 8.5-day period in Sect. 8.

As mentioned above, the equivalent widths of the emission
lines do not show a clear modulation at the rotational period of
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(a) (b) (c)

(d) (e) (f)

Fig. 10. Equivalent widths of emission lines as a function of the rota-
tional phase. Top: phases computed with the stellar rotational period
(6.53 days). Bottom: periods of 8.5, 8.0, and 6.0 days used to reconstruct
the cycles for, respectively, Hα, Hβ, and He I 5876 Å. Colors represent
different rotational cycles. We note that the phase and the duration of a
cycle are different in the top and bottom plots. The error bar on the plots
are the mean of the 3σ equivalent width uncertainties (see text).

the star. We recalculated the rotational phase (Eq. (1)) using the
strongest periodicity of each line (8.5, 8.0, and 6.0 days, respec-
tively, for Hα, Hβ, and He I), instead of the stellar rotational
period. The results are shown in Fig. 10, where the equivalent
widths seem to vary approximately in phase.

5.4. Circumstellar line correlation matrices

Analyzing the circumstellar line variability can help us under-
stand the physical processes occurring in the CTTSs, and we can
find out where the line have formed. One procedure to inves-
tigate the line variability is through the analysis of correlation
matrices (Johns & Basri 1995a; Alencar et al. 2005; Sousa et al.
2016).

We divided each emission line into small velocity intervals
(1.5 km s−1 each) and computed the linear correlation coefficient,
r(i, j), between each i and j velocity interval. The results go
from a perfect correlation between i and j velocity intervals if
r(i, j) = 1 to no correlation for r(i, j) = 0 and r(i, j) = −1 for a
perfect anticorrelation. If i = j, r(i, j) = 1 and correlation matri-
ces present correlation along the main diagonal. The autocorre-
lation matrices are also symmetric with respect to the diagonal
since r(i, j) = r( j, i). We present the results in a bidimensional
diagram where the linear correlation coefficients are shown in
color. We show the autocorrelation matrices in Fig. 9 for the Hα,
Hβ, He I, and Na I 5889.950 Å lines.

The He I line variability presents hints of a correlation along
the line profile, indicating that the same physical process should
dominate the profile. However, the red and blue parts of the pro-
file are not well correlated, indicating that at least two indepen-
dent processes control the emission and dynamics of the He I
line. The narrow component of this line is expected to form in
accretion shocks only; however, the broad component, despite
being faint, should affect the blue wing of the line. The correla-
tion matrix of the Hα line is more complex than that of the He I
line. The Hα line does not present a correlation between red and
blue wings, which is indicative that the red and blue wings are

Fig. 11. Correlation matrices between different lines. The color range
corresponds to the value of the linear correlation coefficient between
the different velocity bins of the line profiles. Perfect anticorrelation
corresponds to −1 (black), no correlation to 0 (light blue), and a perfect
correlation to 1 (orange).

dominated by different physical processes. The absorption in the
red wing of the line self-correlates well and could be associated
with the passage of the funnel flow across our line of sight.

Similar to the Hα line, the Hβ profile self-correlates well in
each wing but does not present a significant correlation between
the red and blue wings, which is an indication that the red and
blue wings are predominantly influenced by different circumstel-
lar features. Closer to the center of the line, it is possible to see a
small region that is anticorrelated with the redshifted absorption,
which indicates that when the central emission is more intense,
the high-velocity redshifted absorption is deeper. However, this
anticorrelation is too weak to be significant. Donati et al. (2007)
found this anticorrelation for V2129 Oph using eight observa-
tions obtained with ESPaDOnS.

In Fig. 9, we only present the correlation matrix of the
NaI 5889.950 Å component since the NaI 5895.924 Å compo-
nent shows similar features. The redshifted wing of the line
shows a hint of self-correlation but is polluted by an additional
unrelated process. The blueshifted wing of the line does not
show a clear correlation; this is a reflection of the complexity of
this line, which has many components, most of which are spo-
radic absorptions with unknown origin.

The correlation of the variability between different lines can
help us understand if these lines originate from the same physi-
cal process and form at the same place. We calculated the cross-
correlation matrices between different lines, observed by both
ESPaDOnS and HARPS. In Fig. 11 we can see the correlation
analysis between the Hα and Hβ lines. The blue wings of the Hα
and Hβ profiles are well correlated. The high-velocity redshifted
absorptions of both lines also correlate well. We also show the
correlation between the He I and Hβ lines in Fig. 11. The central
emission of Hβ and the He I line are correlated. The Hβ cen-
tral emission also presents the same periodicity as the He I line.
Since the He I line is thought to form in the accretion shock, the
observed correlation indicates that the central emission of Hβ
also comes from this region. We did not find significant results
in the correlation matrices between the other optical lines.

6. Infrared spectroscopy

6.1. Infrared veiling and radial velocity

Measuring the veiling and the radial velocity in the infrared
is slightly more complicated than in the optical for two rea-
sons: The photospheric lines are weak, and the veiling value
varies significantly with wavelength. Therefore, we computed
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Table 4. Infrared veiling obtained with the SPIRou data.

JD (a) φ Veil10620_10820 Veil10864_10920 Veil12830_12890 Veil22600_22690

8324.36 5.67 0.11± 0.01 0.14± 0.01 0.39± 0.02 0.61± 0.01
8327.30 6.12 0.13± 0.01 0.19± 0.01 0.38± 0.02 0.57± 0.01
8328.30 6.28 0.15± 0.01 0.19± 0.01 0.37± 0.02 0.60± 0.01
8329.34 6.44 0.12± 0.01 0.17± 0.01 0.37± 0.02 0.54± 0.01
8331.28 6.73 0.15± 0.01 0.12± 0.01 0.38± 0.02 0.57± 0.01
8332.30 6.89 0.10± 0.01 0.03± 0.01 0.37± 0.02 0.57± 0.01
8333.25 7.04 0.23± 0.01 0.19± 0.01 0.33± 0.02 0.51± 0.01
8335.26 7.34 0.04± 0.01 0.15± 0.01 0.35± 0.02 0.42± 0.01
8336.25 7.50 0.15± 0.01 0.18± 0.01 0.30± 0.02 0.52± 0.01

Notes. This table is ordered according to the observation date. (a)JD–
2 450 000.

Fig. 12. Radial velocity of photospheric lines obtained with SPIRou
data and in phase with the same ephemeris from Alencar et al. (2012)
and Donati et al. (2007). The radial velocity is the mean of all the radial
velocities measured on the same night, and the error bar is its respective
standard deviation. The colors represent different cycles: dark green –
cycle 5; purple – cycle 6; and blue – cycle 7. The dashed line is the
mean value of all observed nights.

the radial velocity using the CCF profiles generated by the
SPIRou pipeline, employing a numerical mask corresponding
to a K2 spectral type. This target is sufficiently bright, and the
telluric OH emission lines do not affect our results. The radial
velocity obtained for each night is the average of four mea-
surements taken per night, and the uncertainty is its standard
deviation. We followed the method described in Sect. 5.1 to cal-
culate the veiling in the infrared. We used an observation obtained
with SPIRou of the weak-line T Tauri star (WTTS) V819 Tau
(spectral type K4 and v sin i = 9.5 km s−1; Donati et al. 2015)
as a template to compare with the infrared spectra of V2129 Oph.
We applied the velocity shift between the template and the stellar
spectra to the standard before estimating the veiling. We measured
veiling values in adjacent regions to each emission line of interest.
We used the spectral ranges 10620−10820 Å, 10864−10920 Å,
12830−12890 Å, and 22600−22690 Å, which are close to the
He I, Paγ, Paβ, and Brγ lines, respectively.

In Table 4, Figs. 12 and 13, we show the results of the
mean radial velocity and veiling we obtained for each region.
We derived vrad = (−6.8 ± 0.6) km s−1, which corresponds to
the mean radial velocity over all the observed nights and its
respective standard deviation. The shape of the infrared radial
velocity variations is similar to the radial velocity variations
we obtained from optical spectra (see Fig. B.1). As expected
from spot modulation, the amplitude of the radial velocity vari-
ations is much smaller in the near infrared than in the optical,
about two times smaller for V2129 Oph. The sampling of the
infrared radial velocities is relatively scarce, especially toward
the extrema. The variability of the infrared radial velocity shows

Fig. 13. Veiling of photospheric lines obtained with SPIRou data as a
function of the stellar rotation phase. Each symbol shows the veiling
measured in different spectral regions.

a period of 3.13 days (FAP = 0.2), slightly smaller than half the
stellar rotation period. We also looked for periodicities using the
infrared and optical radial velocities together, and we found con-
sistent results.

The infrared veiling seems to increases with wavelength (see
Fig. 13), as found in previous works for different T Tauri sys-
tems (e.g., Folha & Emerson 1999). The infrared veiling in the
J-band is similar to the values obtained in the optical region.
However, the veiling in the optical and infrared can have dif-
ferent origins. The optical veiling is directly associated with the
accretion process and is due to the continuum emitted by the
hot spot on the stellar surface (e.g., Calvet & Gullbring 1998;
Hartigan et al. 1991), while the infrared veiling is too high to be
explained by the accretion shock alone, and the dust in the inner-
most disk emission may contribute to the veiling in this spectral
region (Edwards et al. 2006).

6.2. Infrared emission lines

We subtracted the photospheric lines from the emission line pro-
files of V2129 Oph, using V819 Tau as a template, which we
broadened to the rotation of the target, veiled, and velocity-
shifted. We present the residual profiles of the HeI 10830 Å and
Paβ line profiles in Figs. 14 and 15. In Fig. A.1 we show the
emission lines before and after removing the photospheric con-
tributions.

The He I infrared triplet line around 10830 Å2 that is
seen in young stars carries traces of accretion and ejection
processes (e.g., Thanathibodee et al. 2020; Fischer et al. 2008;
Edwards et al. 2006). In Fig. 14 we present the He I profiles
obtained with SPIRou data, organized by phase. This line is vari-
able from night to night and presents a broad redshifted absorp-
tion below the continuum level in most of the observations. The
line also presents a blueshifted absorption component, which is
persistent in all phases and varies in depth and width as the sys-
tem rotates. Usually, the redshifted absorptions are associated
with the accretion funnel (e.g., Fischer et al. 2008), while the
blueshifted absorptions are characteristic of ejection processes,
such as a disk or stellar wind. The stellar wind contribution is
generally more significant in high mass accretion rate systems
(e.g., Kwan et al. 2007).

The maximum radial velocity of the blueshifted absorption
of the He I line varies from −65 to −93 km s−1, while the maxi-

2 In the paper we quote the air wavelength of the infrared lines despite
the fact that SPIRou data are calibrated on vacuum wavelengths.
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Fig. 14. He I 10830 Å emission line profiles obtained with the SPIRou
spectrograph, ordered by phase. The phase and the JD of the observa-
tions are written in each panel. The colors represent different rotational
cycles.

mum radial velocity of the redshifted absorption varies from 90
to 160 km s−1. This shows that the redshifted absorption comes
from gas accelerated to higher velocities than the blueshifted
one, which is compatible with the free-fall velocity expected in
the magnetosphere (Koenigl 1991). The blueshifted absorption
may be a mix of stellar and disk wind components.

As in the optical spectra that we discussed in the previous
sections, in the infrared we also find emission lines from the
hydrogen series. In the SPIRou wavelength range, T Tauri stars
usually present Paβ 12818 Å, Paγ 10938 Å, and Brγ 21660 Å
emission lines (e.g., Bouvier et al. 2020b; Edwards et al. 2006;
Folha & Emerson 2001). The residual spectra of V2129 Oph,
however, do not present a Brγ signature, not even in absorp-
tion. V2129 Oph does show Paβ and Paγ in emission, and the
Paβ profile is shown organized by phase in Fig. 15. The spectral
region of the Paγ line is noisier than the Paβ region, and we do
not show the results of this line.

The Paβ line presents a central absorption on most of the
observed nights. However, the line center is affected by chro-
mospheric emission, which is also present in the template that
we used to remove the photospheric contribution. For this rea-
son, we preferred not to analyze the central region of Paβ. The
residual Paβ profile shows a redshifted absorption that is com-
patible with an accretion signature between phases 0.34 and
0.50. At these phases, the He I line shows the deepest redshifted
absorptions.

We measured the equivalent width of the infrared lines and
present the results in Table 3 and in Fig. 16 as a function of JD,
rotational phase, and the veiling measured close to each line.
Only the equivalent width of the He I line seems to vary in phase
with the rotation of the star. It also increases with the veiling,
probably driven by the absorption components. The absorption
components of this line are so strong that they dominate the
emission profile in some observations and the equivalent width
becomes negative.

We analyzed the parameters of the absorption components of
the He I line and show the results in Fig. 17. We considered only
the line below the continuum level to compute the blueshifted
and redshifted absorptions equivalent widths and the FWHM.

Despite the limited number of observations, we find a poten-
tial relationship between the veiling and the equivalent width
of the redshifted absorption of He I. The infrared veiling is the

Fig. 15. Paβ emission line profiles obtained with the SPIRou spectro-
graph, organized by phase. The phase and the JD of the observations are
written in each panel. The colors represent different rotational cycles.

Fig. 16. Equivalent widths of infrared emission lines as a function of the
observational date (left), rotational phase (middle), and veiling (right).
The error bars correspond to 2σ equivalent width uncertainties. Colors
represent different rotational cycles: dark green – cycle 5; purple – cycle
6; and blue – cycle 7.

Fig. 17. Parameters of the He I 10830 Å line. Left: equivalent width of
redshifted absorption as a function of the veiling measured close to the
line. Right: FWHM of the blueshifted absorption. Colors represent dif-
ferent rotational cycles: dark green – cycle 5; purple – cycle 6; blue –
cycle 7.

lowest when the redshifted absorption is the deepest (i.e., when
the hot spot is on our line of sight), while the infrared veil-
ing is at its maximum when the redshifted absorption vanishes
(i.e., the hot spot disappears from view). Additional data points
would be necessary to confirm this relationship. Nonetheless,
this result supports the idea that the infrared veiling comes from
the inner disk that is irradiated by the hot spot (Edwards et al.
2006). When the shock-illuminated inner disk edge faces us,
(i.e., when the accretion hot spot is opposite to our line of sight),
we observe maximum infrared veiling. We emphasize that this

A68, page 12 of 19

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140346&pdf_id=14
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140346&pdf_id=15
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140346&pdf_id=16
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140346&pdf_id=17


A. P. Sousa et al.: Star-disk interaction in V2129 Ophiuchi

(a) (b) (c)

(d) (e) (f)

Fig. 18. Time series analysis of infrared circumstellar emission line variability. Shown are the bidimensional periodogram (left), the corresponding
line profiles (middle), and the correlation matrices (right). Right panels: the color range corresponds to the normalized power of the period, and the
horizontal solid line represents the rotation period of the star, P = 6.53 days. Middle panels: different colors correspond to different rotation cycles:
black – cycle 0; green – cycle 1; red – cycle 2; and light blue – cycle 3. Left panels: the color range represents the linear correlation coefficient
between different velocity bins of the line profiles. Perfect anticorrelation corresponds to −1 (black), no correlation to 0 (light blue), and perfect
correlation to 1 (orange).

effect is opposite to what occurs in the optical, where the veil-
ing is at its maximum when the hot spot faces the observer (see
Sect. 5.1) since the optical veiling is due the extra continuum
emitted by the hot spot itself.

Another interesting and even tighter relationship between the
FWHM of the blueshifted absorption component and the equiv-
alent width of the redshifted absorption component is seen in
Fig. 17: the stronger the redshifted absorption, the wider the
blueshifted absorption. This behavior is also clearly seen in
Fig. 14. This indicates that, as the funnel flow crosses the line
of sight, we simultaneously probe a deeper path along the veloc-
ity gradient of the outflow that is responsible for the blueshifted
absorption component. In other words, this relationship suggests
that the outflow arises from a region that is closely connected to
the accretion funnel flow, such as an inner disk or an interface
wind (Kwan et al. 2007).

6.3. Infrared circumstellar line periodicity

We only have nine observations obtained with the SPIRou spec-
trometer, which is not ideal for measuring a periodicity of a few
days. Using the same methodology to get the period in opti-
cal lines, we computed the bidimensional periodogram of the
infrared lines. We present the results in Fig. 18 for He I and Paβ.

The He I shows a period of about 6.0 days in the redshifted
wing. However, this period presents a wide spread in the peri-
odogram, which reaches the stellar rotation period, due to the
small number of observations. This periodic region corresponds
to the redshifted absorption below the continuum level. The

period is similar to that detected in the optical He I line and in
the central emission of the Hβ line (see Sect. 5.3). The red wing
of the Paβ lines exhibits a period close to the 6.53-day stellar
rotation period, apparently decreasing down to 6.0 days at the
reddest velocities. We did not detect periodicity in the blue wing
of the He I and Paβ line profiles.

6.4. Infrared circumstellar line correlation matrices

We measured the correlation coefficients of the variability along
the infrared lines, applying the same methodology explained in
Sect. 5.4, and we present the results in Fig. 18.

The red wing of He I is composed of a broad absorption and
presents a self-correlated behavior that is dominated by a single
physical process. The high velocity part of the blue wing (from
−70 to −150 km s−1) seems to predominantly form in a different
region of the system and is not correlated with the main source of
variability of the red wing. However, the blue wing close to zero
velocity (from 0 to −70 km s−1), which corresponds to part of the
blueshifted absorption component below the continuum level,
correlates well with the redshifted absorption. We have presented
evidence for a relationship between the width of the blueshifted
absorption component and the equivalent width of the redshifted
absorptions (Fig. 17). The redshifted absorption is expected to
come from the hot spot emission being absorbed by the accre-
tion column as it crosses our line of sight. As reported above, the
blueshifted absorption becomes wider as the redshifted absorp-
tion deepens. The wings of the blueshifted absorption thus fol-
low the variation of the redshifted absorption. The correlation
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between the variability of the redshifted absorption and part of
the blueshifted components would then reflect the topology of
the magnetic field in the inner disk region, simultaneously driv-
ing accretion funnel flows and an inner magnetized wind.

The correlation matrix of the Paβ line is reminiscent of that
of Balmer lines. The red and blue wings are each self-correlated,
but there is no correlation between them. The high-velocity red-
shifted absorption (v > 150 km s−1) slightly anticorrelates with
the blue wing, as could be expected by a transiting funnel flow.
It is likely that most of this line profile forms in the accretion
column, with the red wing variability being dominated by funnel
flow self-absorption, as indicated by the inverse P Cygni profiles
observed at specific phases.

7. Mass accretion rates

Using the equivalent width of the optical and infrared emis-
sion lines, we estimated the mass accretion rate of V2129 Oph.
We do not have photometric observations obtained simultane-
ously for all the observation nights of ESPaDOnS and HARPS,
and we have none with the SPIRou data. The V magnitudes
of this system do not vary considerably (see Sect. 4); there-
fore, we estimated the continuum flux of the He I 5876 Å line
using the mean V magnitude of the photometry from ASAS-SN.
For Hα we computed the continuum flux using R magnitudes
obtained from the color (V−R) relation in Grankin et al. (2008)
and converted to the Cousins system (Fernie 1983). For the
infrared, we used the mean J magnitude from REM, discussed
in Sect. 3. We corrected the magnitudes from reddening using
Av = 0.6 mag (Donati et al. 2007). We then used the appropriate
relations obtained by Alcalá et al. (2017) to derive the accretion
luminosity from Hα, He I 5876 Å, and Paβ lines and obtained
the mass accretion rates. We found the mean accretion rates of
(1.2±0.4)×10−9 M� yr−1 using the He I 5876 Å line, (1.5±0.5)×
10−9 M� yr−1 using the Hα line, and (1.2 ± 0.4) × 10−9 M� yr−1

using the Paβ line. Taking the errors into account, these accre-
tion rates agree with the mean value of (1.5±0.6×10−9 M� yr−1)
obtained by Alencar et al. (2012).

8. Discussion

In this section we discuss the circumstellar environment of
V2129 Oph and the dynamics of the system over almost one
decade, comparing our results with previous works.

8.1. Previous campaigns on V2129 Oph

The accretion process and the magnetic field of V2129 Oph
were previously studied by various authors (e.g., Alencar et al.
2012; Donati et al. 2011, 2007; Romanova et al. 2011). The
magnetic field of V2129 Oph is more complex than a sim-
ple dipole. Some previous works (e.g., Gregory et al. 2008;
Romanova et al. 2011) found that the dipole component trun-
cates the disk, while the octupole dominates on a smaller scale
and at the surface of the star. The magnetic field intensity
changed between the ESPaDOnS spectropolarimetric campaigns
of 2005 (Donati et al. 2007) and 2009 (Donati et al. 2011): The
magnitude of the octupole and dipole components increased by
factors of 1.5 and 3.0, respectively. A variation in the magnetic
field strength can change the accretion properties of the young
system considerably. The full derivation of the magnetic proper-
ties of the system will be presented in an accompanying paper
(Donati et al., in prep.).

The time series analysis performed by Alencar et al. (2012)
is reproduced and completed in Appendix C. Using optical spec-
troscopic data, they recover the 6.53-day stellar rotation period
in the redshifted absorption components of the Balmer emis-
sion lines, as well as in the narrow component of the optical
HeI line. These results indicate that, in 2009 when this data set
was obtained, the accretion was channeled along one main accre-
tion column. Accordingly, the emission lines vary in phase with
the stellar rotation period. They additionally found a period of
around 8.3 days close to the line center in the periodogram of the
Hα line, with a smaller power than that of the signal seen at the
stellar rotation period in the red wing of the line profile. As this
period is longer than the stellar rotation period, they tentatively
associated it with a disk wind contribution to line emission.

Alencar et al. (2012) modeled the Hα and Hβ profiles using a
magnetohydrodynamic (MHD) model that computes line emis-
sion from an inclined magnetosphere. They computed the emis-
sion lines for different rotational phases, modeling the magnetic
field as only a dipole or as a dipole plus octupole components.
For both magnetic field configurations, they obtained Hα and
Hβ profiles with characteristics consistent with the observations,
although the redshifted absorptions did not appear at the same
phases as in the observations. The theoretical profiles also pre-
sented a less extended blue wing than the observed ones, and this
difference was initially attributed to the absence of a disk wind
component in the code. To test the influence of the wind on the
profiles, they modeled the Hα line with an MHD code that com-
bines both magnetospheric and disk wind components. However,
the results showed that the disk wind component does not con-
tribute significantly to the Hα profile of V2129 Oph due to the
low mass-loss rate of the system. Theoretical models of circum-
stellar emission lines show that the disk wind component con-
tributes to the intensity of the line in cases of high mass accretion
rates (>10−8 M� yr−1; e.g., Lima et al. 2010) and, consequently,
high mass-loss rates. In other words, only a dense disk wind can
contribute significantly to the emission line profile.

To summarize, the variability of the circumstellar lines of
V2129 Oph in previous works can be explained by stable mag-
netospheric accretion, even taking the complexity of its surface
magnetic field into account. Indeed, except for the central part
of the Hα line, most of the line profile variability was modulated
on a period consistent with the 6.53-day rotational period of the
central star, as expected if the magnetosphere truncates the disk
close to the corotation radius.

8.2. Long-term stability of the magnetosphere of V2129 Oph

The spectroscopic time series analysis we performed in this work
on the photospheric and circumstellar lines of V2129 Oph shows
that the system presented multiples periods during our observa-
tions. The stellar rotation period of 6.53 days is recovered in pho-
tospheric lines, being clearly modulated by cold surface spots
(see Sect. 5). We detected a period of 6.0 days in the circum-
stellar emissions lines, which is shorter than the stellar rotation
period by about ∼0.5 days, as well as another period that was
longer than the stellar rotation period, close to ∼8.5 days, in var-
ious components of the emission line profiles.

This longer periodicity was already present in the peak of the
Hα line in the previous analysis of V2129 Oph (Alencar et al.
2012). While the origin of this 8.5-day period is unclear, it
appears to be stable on a timescale of 9 years. In contrast, the
stellar rotation period of 6.53 days disappeared almost entirely
from the emission line periodograms between the 2009 and 2018
campaigns. We find hints for the stellar rotational period only in
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part of the red wing of the Paβ line profile, and marginally in the
reddest velocity channels of the Hβ profile. Yet, the mass accre-
tion rate did not change significantly between these two epochs
(see Sect. 7), and the shape of the Balmer and He I 5876 Å line
profiles was extremely similar between the two campaigns; the
lines were only slightly more intense during the former. It is
therefore likely that the contrasting periodicity patterns the emis-
sion lines display between the two epochs result from a magnetic
structure changing on a timescale of years, as was previously
reported for this source (Donati et al. 2011).

8.3. New environment configuration

A new configuration of the circumstellar environment of V2129
Oph seems therefore necessary to explain the line variability
observed in our data set. We explore below a few possible inter-
pretations.

One possibility to explain the system’s observed variability
is to assume that the magnetospheric truncation radius is larger
than the corotation radius of the disk. In this case, the funnel
flow would rotate more slowly than the star at its base, where the
low-velocity Balmer line emission originates. As the funnel flow
approaches the stellar surface, it is dragged by the faster stellar
rotation. A trailing accretion funnel flow thus develops, where
the high-velocity redshifted absorption components, which form
closer to the star, would rotate faster than the base of the flow.
This could account for the continuous decrease in the periodic-
ity, from 8.5 to 6.5 days, seen from the center to the red wing
of the Hβ line profile (see Fig. 9). At the stellar surface, the
accretion shock seems to rotate even faster, with a period about
10% shorter than that of the star itself, as suggested by the 6.0-
day periodicity seen in the post-shock HeI emission line. As the
long-term photometric monitoring of V2129 Oph has shown the
stellar period to vary between 6.34 and 6.59 days (Grankin et al.
2008), it would be tempting to assign the shorter 6.0-day period
to latitudinal differential rotation at the stellar surface, with a
high latitude hot spot rotating more rapidly than the stellar equa-
tor. However, neither the magnitude nor the direction would be
consistent with the differential rotation previously measured for
V2129 Oph (Donati et al. 2011).

The environment of a CTTS can be more complex than a sin-
gle accretion column in each hemisphere, with several compo-
nents contributing to the line profile. Thanathibodee et al. (2019)
analyzed the accretion process of the CTTS CVSO 1335. The
Hα and Hβ lines of this system present two redshifted absorp-
tions, one close to the line center and another at high velocity. By
modeling the circumstellar lines, they constructed an empirical
scenario that can explain the system, namely a magnetosphere
consisting of two major funnel flows originating at different
radii in the inner disk. In such a two-flow magnetosphere, the
lower-velocity redshifted absorption component is formed in the
outer funnel flow, while the high-velocity redshifted absorp-
tion component arises from the more compact magnetospheric
component.

Unlike CVSO 1335, V2129 Oph presents only one redshifted
absorption component and has a moderate mass accretion rate,
while CVSO 1335 is a weak accretor (≤9 × 10−10 M� yr−1).
Nevertheless, a two-shell accretion scenario could potentially
explain some of the results we obtained for V2129 Oph since
both accretion funnels could then contribute to the emission
lines. The longer period of ∼8.5 days seen in the Balmer emis-
sion lines would then be assigned to the external funnel flow,
which would have to extend up to ∼9.2 R∗ (∼0.09 au) from the

star, beyond the corotation radius located at 7.7 R∗ (0.075 au),
assuming Keplerian rotation. The compact accretion funnel flow
would be responsible for the high-velocity redshifted absorp-
tions seen in the optical and infrared profiles, which exhibit a
period closer to that of the star. The gas in the inner funnel flow
would hit the star at lower latitudes than the gas in the outer fun-
nel. The optical He I line forms in this region, and this could
explain the periodicity of ∼6 days seen in this line, which is
smaller than the rotation period of the star. The red wing of the
He I 10830 Å and Paβ lines as well as the redshifted absorptions
in the Hα and Hβ lines could arise from the inner accretion col-
umn. A Keplerian period of 6.0 days would locate the base of
the inner accretion column at ∼7.3 R∗ (∼0.071 au) from the star,
that is, slightly below the corotation radius. As pointed out by
Thanathibodee et al. (2019), a configuration with two accretion
flows may still be a simplification of a more complex accretion
topology governed by different magnetic field components.

V2129 Oph was observed with the VLTI/GRAVITY inter-
ferometer in the K-band at the time of our campaign (GRAVITY
Collaboration: Perraut et al., in prep.). Assuming a flux contri-
bution from the disk to the system ranging from 0.30 to 0.38, as
follows from the estimate of the veiling in the K-band, Perraut
et al. derived a half-flux radius for the K-band continuum emis-
sion of 0.79+0.14

−0.13 mas, that is, 0.103 ± 0.017 au (∼10 ± 2 R∗), at
a distance of 131.9 pc. The half-flux radius is an estimate of the
location of the disk’s dusty inner edge and is consistent with a
magnetospheric radius of 0.09 au.

In these two proposed scenarios, the system is dominated
by the magnetosphere (two accretion columns or only a sin-
gle extended one), and we expect the disk truncation (rm) to
occur beyond the corotation radius of the star-disk system (Rco =
7.7 R∗; Alencar et al. 2012). Accretion is facilitated if rm < Rco
(e.g., Romanova & Owocki 2015), and a system with rm > Rco
is expected to be in the propeller regime (e.g., Lovelace et al.
1999), where the star rotates faster than the inner disk. In the
propeller regime, accretion is still present (e.g., Romanova et al.
2018), but the accretion column created outside the corotation
radius is unstable and should disappear after a few stellar rota-
tions. A concern for this configuration is the dipole magnetic
field intensity required to disrupt the disk at such a distance from
the star. If we assume that the truncation radius lies at 9.3 R∗,
the relationship between the truncation radius and the magnetic
field intensity from Bessolaz et al. (2008) yields a dipole mag-
netic field strength of ∼2.8 kG, which is about three times more
intense than the value obtained during the previous campaign
(Donati et al. 2011).

Another proposal for the observed line variability takes into
account a possible evolution in the accretion regime between
the two campaigns, where the system would switch from sta-
ble accretion – driven by one major accretion funnel on each
stellar hemisphere – to an unstable accretion regime – where
accretion can occur through multiple random accretion tongues
(Kurosawa & Romanova 2013; Blinova et al. 2016). In the 2018
observations, the emission lines show some characteristics that
support this scenario. For example, the redshifted absorptions,
best seen in the Hβ line, appear continuously from phase 0.47
to 0.79, as expected from a primary accretion funnel, but they
also appear sporadically at different phases, indicative of unsta-
ble accretion funnels that can appear and disappear in a sin-
gle rotation cycle. In the near-infrared He I 10830 Å line, a red-
shifted absorption component appears continuously below the
continuum from phase 0.28 to 0.89, and it is the deepest between
phases 0.34 and 0.67. The intensity of the He I 5876 Å line in
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the 2018 data is not modulated at the stellar rotation period (see
Fig. 8), as was observed in the 2009 data set (Alencar et al.
2012). Unstable accretion is actually facilitated for a small
magnetospheric radius (Blinova et al. 2016). Additionally, the
mass accretion rate of V2129 Oph did not change between the
two data sets; as such, if the magnetic field dipole component
decreased in 2018, the inner disk could reach closer to the star,
resulting in a smaller magnetosphere. This configuration, how-
ever, does not explain the period of 8.5 days seen in the Hα and
Hβ lines.

Finally, we cannot exclude that an external disturbance to the
magnetospheric accretion-ejection process could be responsible
for the occurrence of more than one period in the system. Recent
studies reported the detection of orbiting hot Jupiters around
weak-line T Tauri stars (e.g., Donati et al. 2017; Yu et al. 2017;
Klein et al. 2021) and around the accreting T Tauri star CI Tau
(Johns-Krull et al. 2016). Short orbit planetary mass companions
could contribute to the flux in the emission lines of accreting
systems, either directly through accretion onto the protoplanet
or indirectly via the gravitational perturbation they may induce
on the star-disk interaction. The longer period detected in V2129
Oph, which is significantly longer than the stellar rotation period,
could be attributed to such a disturbance. However, we have so
far found no independent evidence supporting this interpretation.
We do measure radial velocity variations with an amplitude of a
few km s−1 in the system, but, as shown in Sect. 5 from a bisector
analysis, these radial velocity variations are best accounted for
by stellar spots. Indeed, the dynamical accretion-ejection pro-
cess in CTTSs makes it quite challenging to detect a possible
contribution from an inner embedded planet to the variability of
the system.

9. Conclusions

In this work we revisited the variability pattern of the CTTS
V2129 Oph on a timescale of a few rotational periods to probe
the star-disk magnetospheric interaction region. Using high-
resolution spectroscopic time series, we analyzed veiling vari-
ations, as well as the changing shape and strength of optical and
infrared emission lines.

From the photospheric spectrum, we measured the stellar
radial velocity and got consistent results from optical (vrad =
−7.1 ± 0.8 km s−1) and infrared (vrad = −6.8 ± 0.6 km s−1) data.
We find the radial velocity to be rotationally modulated by either
two sets of cold spots located at nearly opposite longitudes at the
stellar surface or an elongated polar spot with latitudinal exten-
sions at opposite azimuths. We recover the stellar rotation period
of 6.53 days. These spots also dominate the photometric vari-
ability of the system. Furthermore, we derived the wavelength-
dependent veiling across the optical and near-infrared ranges.
Our results support the idea that optical veiling arises from a hot
spot and that infrared veiling originates from dust in the illumi-
nated inner disk.

The optical emission lines are broad and variable on a night-
to-night basis and support the idea of magnetically controlled
accretion close to the star. High-velocity redshifted absorptions,
most conspicuous in the Hβ and He I 10830 Å lines and also seen
in the Hα and Paβ profiles, appear below the continuum level at
some phases, which is a result of the main accretion funnel flow
crossing the line of sight. V2129 Oph presents only a narrow
component in the He I 5876 Å line, redshifted by about vradHeI =
(3± 2) km s−1, which is commonly associated with the accretion
post-shock region. The He I 10830 Å line additionally provides
evidence for outflowing gas as it presents blueshifted absorp-

tions below the continuum level at all rotational phases. The
NaI D lines exhibit transient high-velocity blueshifted absorp-
tions, indicative of episodic outflows.

We applied a Lomb-Scargle periodogram analysis to all
emission lines, and, surprisingly, different lines exhibit different
periodicities and sometimes even a varying period across the line
profile. A period of 6.0 days, shorter than the 6.53-day rotational
period, is measured in the He I 5876 Å line profile. Conversely, a
longer period of 8.5 days is measured in the Hα profile and in the
red wing of the Hβ profile. The longer period suggests that the
emission arises from a structure located beyond the disk corota-
tion radius. While the origin of the multiple periods seen in the
line profiles remains puzzling, we discuss various possibilities
for the circumstellar configuration, including a trailing funnel
flow, multiple accretion flows, and an external disturbance.

The combination of quasi-simultaneous optical and near-
infrared spectroscopy allows for a detailed characterization of
the system’s properties and variability. Comparing our results to
those obtained from previous campaigns performed on V2129
Oph over the last 12 years, we find that the mass accretion rate
onto the star hardly varied and that both the shape and inten-
sity of the emission line profiles remained fairly stable on this
timescale. However, the variability pattern of the lines changed
drastically, with new periodicities appearing that were either not
seen or were not dominant during previous monitoring cam-
paigns. Our data provide further evidence that the environment
of CTTSs can be highly dynamic on a timescale of a few years
and suggest that the topology of CTTS surface magnetic fields
may evolve significantly over this period.
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Appendix A: Residual emission line profiles

We show here the residual profiles obtained after removing the
photospheric lines, using the WTTS V819 Tau as a template
(see Sect. 5.2 for ESPaDOnS and HARPS data and Sect. 6.2
for SPIRou data). Before computing the residual profiles, by
subtracting the template spectra from the V2129 Oph profiles,

we removed any chromospheric emission component seen in the
template line profiles. This was done by simply putting the chro-
mospheric emission component back to the continuum level.
Indeed, the chromospheric emission level may differ between
V2129 Oph and the template, and, comparing the ESPaDOnS
and HARPS template spectra taken at different epochs, it even
appears to be variable in the template.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

Fig. A.1. Mean profiles of optical and infrared circumstellar lines. Shown is a comparison of the lines before (red) and after (black) removing the
photospheric contribution. The template used, V819 Tau, is shown in blue. Before computing the residual profiles, we removed the chromospheric
emission of the template by setting it to the continuum level (solid blue curve). The original template spectra are also shown (dashed blue line).
The narrow emission lines in the Paβ template are sky emission components.

A68, page 18 of 19

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140346&pdf_id=19


A. P. Sousa et al.: Star-disk interaction in V2129 Ophiuchi

Appendix B: Optical and infrared radial velocities

Fig. B.1. Radial velocity of photospheric lines measured with
ESPaDOnS (triangles), HARPS (circles), and SPIRou (diamonds) spec-
tra and plotted in phase with the ephemeris from Alencar et al. (2012)
and Donati et al. (2007). The colors represent different cycles.

In Fig. B.1 we show, on the same plot, the optical and infrared
radial velocities computed in Sects. 5.1 and 6.1, respectively.
The shape of the optical and infrared radial velocity variations
is similar. The amplitude of the infrared radial velocity curve
appears to be about twice as small as the amplitude of the opti-
cal one, though SPIRou measurements are lacking toward the
radial velocity minimum.

Appendix C: Times series analysis of the data from
Alencar et al. (2012)

We present the time series analysis of the V2129 Oph data used
by Alencar et al. (2012). The data set consists of 52 observations
obtained in 2009: 24 from ESPaDOnS and 28 from HARPS (see
their paper for more information). We measured the periodogram
using these 52 nights together. In 2009, all the lines were more
intense than during our observational campaign, and the period-
icity in the redshifted absorptions and the He I line corresponded
to the rotational period of the star (6.53 days). The Hα line also
presented a longer period (∼8.5 days), similar to what was seen
in our data (see Sect. 5.3).

Fig. C.1. Time series analysis of optical emission lines of the V2129
Oph data from Alencar et al. (2012). Shown are bidimensional peri-
odograms (left) and the corresponding line profiles (right). Left pan-
els: the color range corresponds to the normalized power of the peri-
odogram, and the horizontal solid line represents the rotation period of
the star, P = 6.53 days. Right panels: different colors correspond to dif-
ferent rotation cycles.
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