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ABSTRACT
Context. Models of magnetically-driven accretion and outflows reproduce many observational properties of T Tauri stars. This concept
is not well established for the more massive Herbig Ae/Be stars.
Aims. We intend to examine the magnetospheric accretion in Herbig Ae/Be stars and search for rotational modulation using spectroscopic signatures, in this first paper concentrating on the well-studied Herbig Ae star HD 101412.
Methods. We used near-infrared spectroscopic observations of the magnetic Herbig Ae star HD 101412 to test the magnetospheric
character of its accretion disk/star interaction. We reduced and analyzed 30 spectra of HD 101412, acquired with the CRIRES and
X-shooter spectrographs installed at the VLT (ESO, Chile). The spectroscopic analysis was based on the He i λ10 830 and Paγ lines,
formed in the accretion region.
Results. We found that the temporal behavior of these diagnostic lines in the near-infrared spectra of HD 101412 can be explained
by rotational modulation of line profiles generated by accreting gas with a period P = 20d.53 ± 1d.68. The discovery of this period,
about half of the magnetic rotation period Pm = 42d.076 previously determined from measurements of the mean longitudinal magnetic
field, indicates that the accreted matter falls onto the star in regions close to the magnetic poles intersecting the line-of-sight two times
during the rotation cycle. We intend to apply this method to a larger sample of Herbig Ae/Be stars.
Key words. stars: pre-main sequence – accretion, accretion disks – stars: magnetic field – stars: individual: HD101412

1. Introduction
Herbig Ae/Be stars (HAeBes) are pre-main-sequence (PMS) objects with pronounced emission line features and an infrared
(IR) excess indicative of dust in their circumstellar (CS) disks
(Herbig 1960; Finkenzeller & Mundt 1984; Thé et al. 1994). It
is now recognized that these stars are intermediate-mass analogues of T Tauri stars, but with convectively stable interiors
that do not support dynamo action as found in the fully convective T Tauri stars (Gullbring et al. 1998). For this reason, unlike for the T Tauri stars, strong magnetic fields of the order of
1 kG are usually not expected in HAeBes. On the other hand, in
recent years a number of magnetic studies revealed that some
Herbig Ae/Be stars have globally organized magnetic fields
of the order of 100 G (Hubrig et al. 2004, 2009, 2013, 2015;
Wade et al. 2005; Alecian et al. 2008, 2013). From detailed
?
Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under programme IDs 087.C-0124(A), 088.C0218(A,B,C,E), 090.C-0331(A), and 092.C-0126(A).

magnetohydrodynamical models, it is expected that magnetic
fields in low-mass PMS objects funnel material from the disk
towards the star and launch a collimated bipolar outflow (Shu
et al. 2000). The star/CS interaction in classical T Tauri stars
is well described by the magnetospheric accretion (MA) model
(Bouvier et al. 2007), where the field truncates the disk at a distance of between five and ten stellar radii. However, it is still
unclear how well this model can be applied to HAeBes, whose
magnetic fields are roughly one order of magnitude weaker.
Recently, Cauley & Johns-Krull (2014) presented results of
an analysis of the He i λ10 830 profile morphologies for a significant sample of more than 50 HAeBes in a wide range of spectral
types. They concluded that objects of early B types show no sign
of the MA process. The matter infall from their disks onto the
star takes place near the equatorial plane. On the other hand, the
He i λ10 830 profile shape in the spectra of objects of late B and
A types indicates that they are surrounded by magnetospheres,
but with radii much smaller than in the case of T Tauri stars. This
result is not surprising, taking into account the lower values of
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their magnetic fields (Hubrig et al. 2015). Clearly, important diagnostics of the star/CS interaction region of individual objects
are accessible by examining the temporal behavior of near-IR
spectral lines of these objects.
In our studies, we aim to investigate the accretion process
and test the applicability of the MA model to selected Herbig
Ae/Be stars with previously detected magnetic fields, concentrating in this first paper on the well-studied Herbig Ae star
HD 101412. Our method is based on monitoring the variability
detected in the red part of line profiles originating in (or close to)
the region of the star/CS interaction. If the orientation of the disk
deviates from an edge-on orientation, then the detected variability can be considered as a signature of the accretion flows intersecting the line-of-sight at intermediate and high latitudes. This
can take place only for MA accretion, when the accreted material
is carried out from the equatorial plane along closed magnetic
field lines inside the magnetosphere to higher latitudes.
We also intend to search for rotational modulation in spectral
line profiles. If the star has a significant magnetosphere and the
magnetic axis is not aligned with the rotation axis, the accreted
flow will be governed by the magnetic field inside the magnetosphere and the accretion shock on the stellar surface near the
magnetic pole will be observed as an azimuthal inhomogeneity.
Such an inhomogeneity rotates together with the star and modulates the line shape with a period equal to the rotation period of
the star.
More specifically, we investigate the variability observed in
two near-IR lines, He i λ10 830 and Paγ (at 10 938 Å), in the
spectrum of the strongly magnetic Herbig Ae star HD 101412.
The important role of these lines in probing the structure of the
accretion region of PMS objects has already been discussed by
Edwards et al. (2006).
Hubrig et al. (2010) studied spectra of HD 101412 obtained
with UVES and HARPS and identified resolved magnetically
split lines indicative of a variable magnetic field modulus, changing from 2.5 to 3.5 kG. Such a strong field is typical for T Tauri
stars, but is rarely measured in HAeBe stars. A study of the
magnetic variability of HD 101412 found a cyclical variation of
the mean longitudinal magnetic field hBz i with an amplitude of
AhBz i = 465 ± 27 G around a mean value of hBz i = 9 ± 18 G
(Hubrig et al. 2011). HD 101412 rotates very slowly, with a projected rotation velocity of v sin i ≈ 3 km s−1 (Cowley et al. 2010).
Using the stellar fundamental parameters and the detected magnetic rotation period of Pm = 42d.076 ± 0d.017, the inclination
angle of the rotation axis relative to the line-of-sight was estimated as i = 80 ± 7◦ , and the angle between the magnetic and
the rotation axis was determined as β = 84 ± 13◦ (Hubrig et al.
2011). This means that the magnetic axis lies close to the plane
of the equatorial disk, and that the regions close to the magnetic
poles, where the accreted matter falls onto the star, intersect the
line-of-sight two times during one rotation period.

2. Observations and data reduction
The spectra of HD 101412 were acquired with CRIRES (CRyogenic high-resolution InfraRed Echelle Spectrograph) in short
wavelength ranges around the He i λ10 830 and Paγ lines with a
spectral resolution of R ∼ 100 000, and using X-shooter (R ∼
11 000) to obtain spectral data simultaneously over the entire
spectral range from the near-UV to the near-IR in three different
arms. Both instruments are operated by the European Southern
Observatory (ESO) on the Very Large Telescope (VLT) on Cerro
Paranal, Chile. In total, 30 spectra were obtained from 2011 to
A50, page 2 of 8

Fig. 1. Line profiles of the He i λ10 830 and Paγ lines in HD 101412
CRIRES spectra. Rotation phases of the observations assuming the
magnetic rotation period Pm = 42d.076 are presented close to the
Paγ lines. From top to bottom, these phases correspond to observations obtained at MJD 55 662.082, 55 667.174, 55 681.023, 55 683.058,
56 361.178, 56 367.283, 55 654.085, 55 656.062, and 56 372.185 (see
Table B.1). The epoch MJD 52 797.4 corresponds to phase ϕ = 0, as
presented in Fig. 4 of Hubrig et al. (2011). Synthetic Paγ profiles assuming the atmospheric parameters T eff = 8300 K and log g = 3.8 are
indicated by the dotted lines.

2014. The full list of observations is presented in Table B.1,
where Col. 1 gives the modified Julian date (MJD) at the middle time of observation, Col. 2 the instrument used, Col. 3 the
signal-to-noise ratio (S/N) reached in the continuum between the
He i λ10 830 and Paγ lines, and Col. 4 the phase corresponding
to the ephemerides presented by Hubrig et al. (2011). A S/N of
100–500 was achieved for all spectra observed. Both CRIRES
and X-shooter spectra were reduced using the respective ESO
pipeline. The normalization of the spectra near Paγ was carried
out using a photospheric synthetic spectrum calculated with the
code SYNTH3 (Kochukhov 2007). We assumed the atmospheric
parameters T eff = 8300 K and log g = 3.8 (Cowley et al. 2010)
and made use of the VALD atomic line database (Kupka et al.
1999).

3. Spectroscopic signatures of magnetospheric
accretion
The profiles of the He i λ10 830 and Paγ lines observed in the
CRIRES spectra of HD 101412 are presented in Fig. 1; a presentation of the X-shooter data can be found in Fig. A.1. The
He i line appears as an emission profile with two separate redshifted absorptions. The first of them, narrow and deep, shows a
small velocity shift towards the red, typically at locations between 20 and 70 km s−1 . The second absorption in the red is
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much wider. It is rather flat and demonstrates a large velocity shift, starting as low as 100 km s−1 and ending as high as
500 km s−1 . Similar wide redshifted absorptions are observed
also in the Paγ profiles on a few observing epochs. All components in both line profiles are variable in intensity, shape and
velocity. Only the central absorption component in the Paγ profile shows no velocity shift.
The behavior of the near-IR lines in the spectrum of
HD 101412 is closely related to the edge-on orientation of the
accretion disk and the matter flows falling onto the star from
the inner edge of the disk. Applying the magnetic field model of
Hubrig et al. (2011), it follows that the accretion onto the star occurs as a flow with two components related to the two magnetic
polar regions. The broad redshifted absorption is formed in the
infalling flows screening the stellar disk near these magnetic polar regions. The central absorption originates from the inner part
of the disk. The high-temperature region of the He i formation is
geometrically thinner than in the case of Paγ. It covers the volume where the accretion is just beginning, whereas the central
Paγ absorption is generated in a spatially more extended region,
where the accreted flows are not yet significant. An illustration
of the principal components in a typical MA model is given, for
example, in Camenzind (1990).
It can be seen in Fig. 1 that the width of the emission profiles of the He i line are systematically larger than those of the
Paγ line. This phenomenon can be a result of additional emission that is present in emission wings of lines, connected with
the stellar wind and the accretion flows at higher latitudes, which
do not screen the stellar disk due to the edge-on orientation of
the object. According to the MA model, for a wind being driven
along open magnetic field lines, the field enforces corotation out
to approximately the Alfvén radius RA (Cauley & Johns-Krull
2014). Inside RA , the outflowing gas is accelerated by the magnetic centrifuge and becomes less dense due to the open field
configuration and mass conservation. A high-velocity wind of
low density at a distance near RA is much better registered in
the resonance He i line than in the subordinate Paγ line, which
is very sensitive to the gas density. Emission in Paγ can appear
only in gas with a density sufficiently higher than that in the remote wind.
Assuming the presence of two streams passing the line-ofsight and screening the star two times during one rotation period, we expect two times an increase of the broad redshifted
absorption in the line profiles and a decrease of the intensity of
the emission components. This takes place because screening the
star by a stream leads to absorption of stellar radiation by the
infalling matter. The brightness of the stream itself in the considered lines is lower than that of the stellar disk. Thus, the absorbing effect from a stream passing is sufficiently stronger than
the effect from its additional emission. As a result, the broad absorption components have to appear at large positive velocities,
where there is no emission from the disk. Further, a decrease
in the intensity of the emission profile is observed at velocities
where the disk emission overlaps with the radiation of star and
stream.
To investigate the temporal behavior of the spectral lines, we
used specific line parameters characterizing the change in the
broad red absorption component and the intensity variability of
the line emission. vr1 and vr2 are the velocities of the blue and
the red edges of the broad redshifted absorption of the He i line
at the continuum level. In the case of Paγ, this absorption component is not present in all observations. For this line, we used
the parameter vred , which is the velocity of the red edge of the
emission profile. We assume that this parameter is an analog

Fig. 2. Spectral parameters of the He i λ10 830 and Paγ line profiles
used in the quantitative analysis.

of vr1 when the broad red absorption is not detectable in our
spectra and manifests itself as a depression of the red emission
wing. The parameter EW is the equivalent width of an emission profile above the atmospheric background (determined as
Fline /Fcont − 1). Additionally, we used the parameter va , which is
the velocity of the deep central absorption of the He i line, which
is formed at the high-temperature inner boundary of the disk and
is an indicator of the origin of the accretion process. The exact locations of these parameters are illustrated in Fig. 2. The
measured values of all line parameters, together with the measurement accuracies obtained at different dates, are presented in
Cols. 5–10 of Table B.1. The determination of the EW errors follows Smith et al. (1995). The errors in velocity are deduced from
a wavelength calibration term and twice the error of the gradient
of the line profile. With CRIRES, we obtain errors of 20 mÅ
for the EW and between 1 and 30 km s−1 for the velocities. For
X-shooter, errors are typically a factor of 2 to 3 larger.
The assumption of the presence of rotating streams as a
cause for the observed variability of the line parameters implies the existence of correlations between their variations. One
can expect a direct correlation between the EWs of the He i
and Paγ lines, and between the EWs of both lines and the
parameters vr1 (He i) and vred (Paγ). An inverse correlation is expected between all these parameters and vr2 (He i). Before studying such correlations, we must eliminate long-term variabilities that are not connected with the rotation of the stream.
The temporal behavior of the EW for both IR lines is illustrated in Fig. 3. A systematic difference is detected between
values of EW(He i) obtained in the four observing periods
MJD 55 650−55 690, MJD 55 940−56 010, MJD 56 360−56 370,
and MJD 56 630−56 720. In the case of the EW(Paγ), a similar
A50, page 3 of 8
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Fig. 3. Temporal behavior of the EW of the He i λ10 830 and Paγ lines.
Linear trends between the time intervals of the observations are indicated by the dashed lines, connecting the mean values observed in each
epoch. Error bars are indicated for all values.

difference was noticed only for the values acquired in the fourth
observing period. No long-term variations were detected in the
temporal behavior of the other line parameters. To eliminate the
effect of long-term variability of the EWs, which was assumed
to be a linear trend between the four observing periods, all values corresponding to the first three periods were divided by the
ratio of the mean values of the EWs calculated separately for the
first three periods and that for the fourth period. As a result, four
relevant correlations have been revealed and the corresponding
correlation coefficient r determined:
vr1 (He i) vs. EW(He i) : r = +0.65 ± 0.10,
vr1 (He i) vs. vr2 (He i) : r = −0.73 ± 0.08,
vr1 (He i) vs. vred (Paγ) : r = +0.64 ± 0.11,
vred (Paγ) vs. EW(Paγ) : r = +0.70 ± 0.09.

(1)
(2)
(3)
(4)

√
with the error of r determined by (1 − r2 )/ N and N the number of the measured values (see Eq. (26.24) in Kendall & Stuart
1961).
The existence of such correlations indicates the presence of
accreted matter between the star and the observer. The discovery of such correlations would be enough to confirm the MA
character of the accretion in an object with an intermediate disk
orientation. But in the case of an edge-on oriented object like
HD 101412, where the accretion process takes place practically
in the equatorial plane, such correlations can occur not only as
a result of the presence of rotating streams, but also due to a
change of parameters of the accretion process in absence of a
magnetosphere. Only the detection of a rotational modulation of
the line profiles can be considered a convincing signature of the
magnetospheric accretion.

4. Periodicity search using the spectroscopic
signatures
As outlined above, it is important to search for signatures of rotational modulation in the different line profile parameters to confirm the existence of a cyclic variability with a period near half
the magnetic rotation period of HD 101412 detected by Hubrig
et al. (2011), that is with a period of about 21 d.
A50, page 4 of 8

Fig. 4. Different line parameters’ A/σ periodograms as defined in
Sect. 3. Significance levels of 3σ are indicated by the dashed lines.
Short vertical lines indicate the value corresponding to half of the magnetic rotation period (Pm /2 = 21d.038). The detected period values and
their errors are given in each plot.

From a simple geometric consideration, variability related
to rotational modulation is expected to show a sine character
if β + i < 90◦ , when only one magnetic pole is visible to the
observer during the rotation period. For other cases, when both
poles are observed over the rotation cycle, the character of the
modulation can be more complex and it is possible to describe it
by a function with several sinusoidal harmonics. We note that we
do not intend to investigate this character in detail since our data
set is not large enough for such an analysis. We try only to confirm a periodicity of the parameter variations and to estimate the
value of the period. For this reason, we used the simplest method
of harmonic analysis with only one harmonic. As we show below, this method allows us to achieve more precise results than
other methods not connected with a harmonic analysis, for example, the method of Laefler & Kinman (1965).
Our search for periodicity is based on fitting phase dependencies for each value of the trial period P with a sine for a range of
5 to 80 days, in steps of 0.1 days. The parameters of the sine, amplitude, constant coefficient, and initial phase, were determined
using the ordinary least-square method for each value of P. We
applied this method to the diagnostic line parameters introduced
in the previous section. The periodogram for va turned out not to
be informative. This parameter traces the region of the inner disk
where the accretion starts, which might be viewed differently for
the two magnetic poles due to the disk not being fully edge-on
and the magnetic field not exactly perpendicular to the rotation
axis. The periodograms constructed for the other five parameters
are shown in Fig. 4. A/σ is the ratio between the amplitude of the
sinusoid and the standard deviation of the residuals of the sine
function fit for a given P. To determine the window function and
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to estimate the significance level of the separate peaks in the periodograms, we also calculate the noise periodogram, following
closely the methods employed by Zechmeister & Kürster (2009)
and Alvarado-Gómez et al. (2015). It was constructed by substituting the line parameter values in the temporal sequence by
a set of random numbers and the calculation of a periodogram
with the same series of dates. More than 200 reiterations of this
procedure allowed us to generate a mean noise periodogram and
the standard deviation of an individual periodogram relative to
the mean (Fig. 4, plot on bottom right).
A peak near half the magnetic rotation period Pm /2 is seen
in all periodograms at a significance level higher than 3σ. Each
peak is rather wide and consists of several narrow local peaks.
Such a structure is the result of a) the rather low number of observations and b) the non-uniform distribution of all values over
the observing dates, with the temporal sequence divided into four
separate groups (see Fig. 3). The positions of the local peaks inside each wide peak allow us to estimate the mean value P and
the standard deviation for the given peak, which are indicated in
Fig. 4.
To test our method of period determination, we carried out
independent period estimations using the standard Lomb normalized periodogram (LNP) based on an IDL (Interactive Data
Language) routine following Press et al. (1992). This analysis
led to practically identical periodograms including positions and
relative amplitudes of all local peaks inside the main wide peaks.
The most significant periods are the periods determined using the parameters of the He i line (Fig. 4, left panels). In the
periodograms calculated for Paγ (Fig. 4, upper two panels on
the right), a period near Pm /2 is not so obvious, some other periods at significant levels are also seen at P ∼ 50d and P ∼ 8d .
Since the window function is rather smooth for our temporal sequence (Fig. 4, bottom right), these additional periods cannot be
a result of the specific data distribution over time. Sometimes
such period-artifacts can appear accidentally, as a result of poor
statistics. We tested whether several periods present in the periodograms constructed for the Paγ parameters are independent
from each other. The periodogram calculation was repeated, but
a sine corresponding to P ∼ 21d was first subtracted from the
temporal sequence. It turned out that the periods at P ∼ 50d and
P ∼ 8d disappeared too. This means that the periodograms contain artifacts related to poor statistics. In this case, the repetition
of the period appearance in all periodograms can be a criterion
of its validity. The only real period is that near Pm /2.
We also obtained the mean periodogram, averaging the periodograms from all five parameters. As a result, we found the
period of variation of the spectroscopic data P = 20d.53 ± 1d.68,
which is in good agreement with half the magnetic rotation period Pm /2 = 21d.038. For comparison, a similar estimate made
with the Laefler-Kinman method resulted in P = 20d.49 ± 2d.48.
Figure 5 illustrates the phase dependencies of the different
line parameters constructed for Pm = 42d.076 and the initial
phase ϕ = 0 at MJD 52 797.4 taken from Hubrig at al. (2011).
Phases where hBz i reaches its maximum and minimum values
are marked in the figure. One can see that the value of the
vr2 (He i) parameter reaches its maximum just at the phases where
hBz i is at its minimum or maximum. va (He i) shows a maximum
only during the phase when hBz i has a minimum, and with a
smaller amplitude than vr2 (He i). As the MA model predicts, the
values of such parameters as vr1 (He i), vred (Paγ), and EW (for
both lines) become minimal at phases where hBz i reaches its
minimum or maximum values.
We conclude that the phase dependencies of all chosen line
parameters are in good agreement with an MA model and with

Fig. 5. Phase dependencies of different line parameters over the magnetic rotation period Pm = 42d.076. The initial phase ϕ = 0 corresponds
to MJD 52 797.4. Error bars are given for each value.

the magnetic field topology and orientation suggested by Hubrig
et al. (2011). The phases when hBz i takes its maximum and
minimum values correspond to the times when the magnetic
poles are close to the line-of-sight. At these phases, the matter
flows move exactly away from the observer, screening the star.
This results in a decrease of the EW values of the spectral lines
and a growth of the broad redshifted absorptions followed by an
increase of vr2 (He i) and va (He i) and a decrease of vr1 (He i) and
vred (Paγ). Interestingly, during our study of the rotational modulation, we noticed that the value scatter in a number of phase
dependencies is much larger than the observational errors indicated in Table B.1, especially for the EW. This means that the
line parameters exhibit additional variability not directly connected to the rotational modulation. It is likely to be the result of
a change in the accretion regime on different timescales.

5. Conclusions
According to Romanova et al. (2003, 2004) and Romanova &
Owocki (2015), magnetospheric accretion is a complex process,
and the interaction between the inner disk matter and the stellar magnetosphere depends on a number of factors, such as
the star’s rotation period, the structure of the stellar magnetic
field, the size of the magnetosphere, the diffusivity at the diskmagnetosphere boundary, properties of the accretion disk, and
other elements. Numerical global 3D MHD simulations of accretion onto stars with different tilt angles of the dipole field
have been performed by Romanova et al. (2003, 2004). The authors showed that for dipole inclination angles larger than 60◦ ,
matter accretes in two streams that follow paths to the closest
magnetic pole. The streams have a shape different from those at
small inclination angles and come to the star near the equatorial
A50, page 5 of 8
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Appendix A: The X-shooter data set
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Fig. A.1. Line profiles of the He i λ10 830 and Paγ lines in HD 101412
X-shooter spectra. The rotation phases of the observations assuming the
magnetic rotation period Pm = 42d.076 are presented close to the Paγ
lines.
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Appendix B: Data sets and determined spectral parameters
Table B.1. HD 101412 spectra and parameters of the line profiles.

MJD

55 654.085
55 656.062
55 662.082
55 667.174
55 681.023
55 683.058
55 947.273
55 947.276
55 948.351
55 948.354
55 978.200
55 978.202
56 010.262
56 010.265
56 361.178
56 367.283
56 372.185
56 639.267
56 649.336
56 666.302
56 672.163
56 676.246
56 684.194
56 689.183
56 693.316
56 698.103
56 702.087
56 706.088
56 710.367
56 717.047

Instrument

CRIRES
CRIRES
CRIRES
CRIRES
CRIRES
CRIRES
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
CRIRES
CRIRES
CRIRES
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter
X-shooter

S /N

280
270
350
410
480
420
180
120
160
120
130
100
160
110
190
280
260
250
110
240
230
160
220
320
250
150
150
160
330
310

ϕ

0.89
0.94
0.08
0.21
0.53
0.58
0.86
0.86
0.89
0.89
0.60
0.60
0.36
0.36
0.70
0.84
0.96
0.31
0.55
0.95
0.09
0.19
0.37
0.49
0.59
0.71
0.80
0.90
0.00
0.16

EW
[Å]
1.49 (0.02)
1.57 (0.02)
1.40 (0.02)
1.40 (0.02)
1.64 (0.02)
1.65 (0.02)
1.04 (0.03)
0.94 (0.06)
1.01 (0.03)
1.11 (0.06)
1.49 (0.06)
1.29 (0.05)
0.75 (0.06)
0.79 (0.03)
2.09 (0.02)
1.39 (0.02)
1.44 (0.02)
1.10 (0.02)
1.20 (0.04)
0.23 (0.02)
1.09 (0.03)
1.00 (0.03)
0.65 (0.03)
1.02 (0.02)
0.87 (0.02)
1.53 (0.07)
1.13 (0.04)
0.69 (0.04)
0.87 (0.02)
0.93 (0.03)

He i λ10 830
vr1
vr2
[km s−1 ] [km s−1 ]
136 (5)
465 (6)
180 (7) 465 (10)
236 (8) 430 (13)
191 (9) 350 (17)
220 (5) 385 (18)
228 (5) 385 (18)
120 (30) 479 (30)
76 (25) 484 (25)
105 (15) 460 (15)
93 (30) 450 (30)
205 (20) 380 (20)
195 (30) 450 (30)
170 (20) 400 (24)
178 (28) 380 (15)
275 (15) 280 (15)
229 (7)
430 (9)
190 (6)
475 (7)
197 (10) 445 (15)
205 (15) 413 (22)
90 (14) 470 (14)
197 (10) 415 (30)
186 (10) 415 (30)
145 (12) 475 (30)
140 (6) 465 (30)
197 (7) 410 (30)
240 (16) 320 (25)
160 (20) 450 (20)
80 (25) 476 (25)
219 (28) 440 (16)
181 (18) 400 (30)

va
[km s−1 ]
47 (2)
73 (1)
38 (2)
22 (2)
32 (3)
17 (1)
56 (4)
45 (6)
68 (7)
70 (8)
31 (4)
34 (4)
34 (5)
28 (4)
29 (2)
29 (2)
58 (1)
43 (5)
24 (6)
52 (5)
33 (5)
32 (7)
31 (6)
36 (4)
32 (5)
43 (4)
62 (7)
61 (6)
18 (6)
10 (5)

Paγ
EW
[Å]
1.95 (0.02)
1.45 (0.02)
1.28 (0.02)
2.48 (0.02)
2.01 (0.02)
2.35 (0.02)
1.75 (0.02)
1.83 (0.05)
2.01 (0.02)
1.97 (0.05)
2.30 (0.05)
2.32 (0.04)
1.79 (0.05)
1.83 (0.02)
2.16 (0.02)
1.83 (0.02)
1.51 (0.02)
2.73 (0.02)
2.74 (0.03)
2.06 (0.02)
2.33 (0.02)
2.30 (0.02)
1.92 (0.02)
2.28 (0.02)
2.78 (0.02)
2.65 (0.05)
2.82 (0.03)
2.49 (0.03)
3.07 (0.02)
2.48 (0.02)

vred
[km s−1 ]
140 (9)
145 (10)
167 (15)
233 (12)
240 (3)
259 (10)
132 (10)
140 (15)
197 (10)
211 (15)
220 (18)
240 (16)
200 (12)
190 (15)
192 (15)
178 (8)
140 (11)
225 (6)
185 (11)
116 (4)
170 (10)
170 (8)
165 (17)
160 (12)
190 (8)
225 (14)
170 (14)
160 (13)
210 (13)
190 (11)

Notes. ϕ is the phase of the magnetic rotation period following Hubrig et al. (2011). EW is the equivalent width (determined as Fline /Fcont − 1),
vr1 and vr2 are the velocities of the blue and red edges of the broad absorption component of the He i λ10 830 line profile component. vred is the
velocity of the red edge of the Paγ emission and va is the velocity of the central He i λ10 830 absorption. The errors of the measurements are given
in brackets.
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