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Abstract

We report the results of optical spectroscopic monitoring observations of a T
Tauri star, V409 Tau. A previous photometric study indicated that this star
experienced dimming events due to the obscuration of light from the central
star with a distorted circumstellar disk. We conducted medium-resolution (R
~10,000) spectroscopic observations with 2-m Nayuta telescope at Ni-
shi-Harima Astronomical Observatory. Spectra were obtained in 18 nights
between November 2015 and March 2016. Several absorption lines such as Ca
I and Li, and the Ha emission line were confirmed in the spectra. The /-band
magnitudes of V409 Tau changed by approximately 1 magnitude during the
observation epoch. The equivalent widths of the five absorption lines are
roughly constant despite changes in the /-band magnitudes. We conclude
that the light variation of the star is caused by the obscuration of light from
the central star with a distorted circumstellar disk, based on the relationship
between the equivalent widths of the absorption lines and the /-band magni-
tudes. The blue component of the Ha emission line was dominant during the
observation epoch, and an inverse P Cygni profile was observed in eight of
the spectra. The time-variable inverse P Cygni profile of the Ha emission line
indicates unsteady mass accretion from the circumstellar disk to the central
star.
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1. Introduction

Young stellar objects (YSOs) are generally variable stars. Some objects show pe-
riodic variability, while others exhibit irregular variability. Some objects also ex-

hibit episodic variations. For example, FU Orionis outbursts represent the most
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extreme case of variability in these objects [1]. Most members of this class have
undergone outbursts of 4 - 6 magnitude in optical brightness [2] [3]. In [4], the
authors proposed the movement of cool spots on the stellar surface due to stellar
rotation, unsteady accretion of circumstellar material onto the star, and obscura-
tion of light from the photosphere by a distorted circumstellar disk as causes of
the light variation of YSOs.

Thus far, numerous photometric studies on the variability of YSOs have been
conducted. In [5], the photometric monitoring of 24 YSOs was reported, and the
authors observed one or two (quasi-) sinusoidal curve(s) with a period of 1.2 to
12 days in the optical light curves of 20 objects. They suggested spot movement
on the stellar surface due to stellar rotation as the cause of the light variation.
Also, numerous studies have also been reported on the variability of YSOs ob-
served by spectroscopy. In [6], spectroscopic monitoring observations of a
weak-lined T Tauri star, V410 Tau, were reported. The authors obtained spectra
with a wavelength coverage of 3850 A - 9050 A and a resolution of ~12,000 and
identified hot spots on the photosphere by producing Doppler images of the ob-
ject.

Spectroscopic observations are useful for further understanding of the bright-
ness variations of YSOs. [7] conducted the photometric observation of HD
288313. This object showed light variations, which was considered to be attri-
buted to change of coverage of cool spots. Distribution of the chromospheric ac-
tive regions was examined by spectroscopic observations. The Ha equivalent
width shows rotational modulation only at occasional epochs. It was proposed
that the chromospheric active regions spread across the stellar surface.

AA Tau is another example of YSOs exhibiting light variation. In [8], the au-
thors reported high-resolution spectroscopic observations of AA Tau, which ex-
hibits light variation due to obscuration of the photosphere by the inner edge of
a magnetically-warped disk. When the star is faint, a red-shifted absorption line
appears on the broad emission line of the Balmer series. The redshifted absorp-
tion line indicates infalling motion of cold material in front of the photosphere,
suggesting an accretion flow of circumstellar material onto the photosphere.

A classical T Tauri star, RW Aur A, is an irregular variable with a large am-
plitude. [9] searched for periodicities in the variations of the brightness and col-
ors of RW Aur A over three decades. With the spectroscopic observations, they
insisted the accretion of the magnetosphere. Study of the circumstellar environ-
ments of YSOs helps in the discussion of the formation of planets [10]. In par-
ticular, objects that display large photometric dimming events caused by cir-
cumstellar disks give us the opportunity to study the evolution of the circums-
tellar environments of young stars.

Photometric observations of V409 Tau were carried out with the Kilodegree
Extremely Little Telescope North (KELT-North) [10]. V409 Tau is a Class II ob-
ject [11] with the spectral type of K8--MO [11] or M1.5 [12]. They observed two
separate dimming events; one from January 2009 to October 2010 and another
from March 2012 until at least September 2013. In the latter event, the depth of

DOI: 10.4236/ijaa.2019.93023

322 International Journal of Astronomy and Astrophysics


https://doi.org/10.4236/ijaa.2019.93023

H. Akimoto, Y. Itoh

the dimming was 1.4 magnitude in the V-band. They estimated the upper limit
of the duration of the 2009 dimming event to 630 days. The interval between the
beginnings of the two dimming events was 1130 days. By combining data from
the Combined Array for Research in Millimeter Astronomy, the All Sky Auto-
mated Survey, the Catalina Real-time Transient Survey, and the Wide Angle
Search for Planets, the authors constructed the spectral energy distribution,
which was fitted with the star and disk SED model with a disk inclination angle
of 81 degrees. They indicated that an almost edge-on circumstellar disk was dis-
torted and that the dimming was caused by the obscuration of light from the
central star by the distorted disk.

V409 is a UX Orionis candidate [10]. UX Ori type variability is observed in
Herbig Ae/Be stars and some T Tauri stars with early K spectral types [1]. The
variability is characterized by large-amplitude light variations with no evident
veiling or effective temperature variations. This is interpreted to be caused by
variable obscuration by circumstellar dust. [1] constructed an accretion disk
model in which a large amount of accretion material heats gas in the circumstel-
lar disk, making the disk flaring. They calculated the probability of observations
of the star through the circumstellar disk. The result shows that high mass-accre-
tion rate stars are more likely to be observed through the circumstellar disk than
low mass-accretion rate stars. They suggested that accretion is driving UX Ori
variability.

In this paper, we present the spectroscopic monitoring observations of V409
Tau, which exhibits irregular variability. A previous photometric study [10]
suggested obscuration of the photosphere by a distorted circumstellar disk as the

cause of the variability.

2. Observations and Data Analysis

We conducted a series of spectroscopic observations of V409 Tau over 18 nights
between November 2015 and March 2016. Observations were carried out with
the medium- and low-dispersion long-slit spectrograph (MALLS) mounted on
the Nasmyth platform of the Nayuta telescope at Nishi-Harima Astronomical
Observatory, Japan. With a grating of 1800 lines/mm and a 0.8" slit, we obtained
spectra with a wavelength resolution of ~10,000 between 6280 A and 6720 A.
This wavelength range was chosen for investigating the Ha emission line which
is an index of accretion, and metallic absorption lines originating from the pho-
tosphere. The exposure time ranged from 900 - 1200 s, and 1 - 17 spectra were
taken each night. The goal was to reach S/N of 20 on good observation condi-
tions. Flat frames and comparison frames were acquired with a halogen lamp
and an Fe-Ne-Ar lamp in the instrument, respectively. Dark frames were also
taken. Details of the observations are shown in Table 1.

The image analysis software IRAF (Imaging Reduction and Analysis Facility)
was used for image processing. First, the overscan and dark current were sub-

tracted from the raw data. Next, we performed flat-fielding with the normalized
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Table 1. Observation date, exposure time, and S/N.

Date (JST) Exp. Time (s) SIN Date Exp. Time (s) S/N
2015 Nov 29 3600 23 2016 Jan 7 6000 11
2015 Nov 30 3600 19 2016 Jan 10 8400 16

2015 Dec 1 3600 25 2016 Jan 12 4800 2

2015 Dec 4 3600 20 2016 Jan 13 4800 4

2015 Dec 7 3600 29 2016 Jan 16 7200 5
2015 Dec 19 3600 8 2016 Mar 7 1200 8
2015 Dec 27 6000 5 2016 Mar 11 1200 2
2015 Dec 29 3600 10 2016 Mar 12 4500 11

2016 Jan 1 20,400 39 2016 Mar 26 1800 20

flat frames, wavelength calibration and distortion correction with comparison
frames, and background subtraction. The spectrum was extracted and binned
based on the slit width. We combined the spectra acquired for each night, and
finally, we normalized the continuum level of the spectrum. We shifted the wa-
velengths of the spectra so that the wavelengths of the five absorption lines de-

scribed below matched to the wavelengths of the lines in vacuum.

3. Results

We obtained spectra for 18 nights. The spectra exhibited the Ha emission line
and several absorption lines. The Ha line displayed an inverse P Cygni profile.
Among the spectra, those acquired for eight of the nights exhibited a sig-
nal-to-noise (S/N) ratio greater than 15, enabling clear confirmation of the ab-
sorption lines (Figure 1). The equivalent widths of five absorption lines (Ca I at
6439 A, Caland CoI at 6450 A, Ca I at 6463 A, Li and Fe I at 6708 A, and Ca
at 6718 A) were measured using the SPLOT task in IRAF. The lines were fitted
with a Gaussian function, and the error in the equivalent width was estimated
from the root-mean-square of the continuum region adjacent to the line in the
spectrum.

Table 2 shows the equivalent widths of the absorption lines and the 7-band
magnitudes of the object. The /-band magnitudes were taken from the database
of the Kamogata/Kiso/Kyoto wide-field survey (KWS) [13]. The light curve of
V409 Tau is shown in Figure 2. If the /-band magnitude was not available for a
particular observation date, we used photometric data taken within one day of
that date. We do not further discuss the spectrum taken in March 2016 because
no photometric data are available within 30 days from the observation date.
During the observation period, V409 Tau changed by 1 magnitude in the
I-band; however, no significant changes were observed in the equivalent widths

of the absorption lines.
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Figure 1. Optical spectra of V409 Tau. The horizontal axis represents the wavelength and
the vertical axis presents the normalized flux + constant. Spectra with S/N ratios greater
than 15 taken in eight nights are shown. Prominent absorption lines are Ca I at 6439 A,
Caland Colat6450 A, Calat6463 A, Liand FelIat 6708 A, and Calat 6718 A. The Ha
emission line shows an inverse P Cygni profile that changes with time. A spectrum of an
MO dwarf (HD156274) is also shown [33].
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Figure 2. KWS light curve of V409 Tau. The filled circles indicate the /-band magni-
tudes. The open circles indicate the V-band magnitudes.

Table 2. Observation date, I-band magnitude, and equivalent widths of the absorption

lines.

Date I, (mag) EW,,(A)  EW,(A) EW,(A) EW,(A) EW,/(A)
2015Nov29  11.45+0.48 0.38' 0.39°0% 0.5 0.53%% 0.29°71,
2015Nov30 11.19+0.15 0.427%)! 0.37°2" 0.49°¢ 0.56'0 0.26'70

2015Decl  11.1940.15 04370 0.417% 0.5370% 0.59707 0.687
2015Dec4  10.97£0.12 051797 0.57'0% 0.5270 0.59"00 0.27'55,
2015Dec7  11.14+0.13 0.41°00 0.417%00 0.48'2% 0.63° 0.362%
2016Jan1  11.59+0.24 038700 0.457% 0.457% 0.4370% 0.180%
2016Jan 10  12.01+0.36 0.1670% 0367 0.5470% 0.5077 0.35%%
2016 Mar 26 - 0.45°0, 0.41°0% 0.43:0% 0.59°8 0.2704
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4. Discussion
4.1. Absorption Lines

V409 Tau showed a 1-magnitude variation in the /-band during the observation
epoch. To specify the cause of the light variation, we constructed three simple
models, in which the variation of the equivalent widths of the absorption lines
was investigated. Since the SED of V409 Tau indicates little contribution of the
circumstellar disk in the optical wavelength range [10], we assume that the ab-
sorption lines in the optical region originate from the photosphere.

First, we investigated the possibility that the luminosity changes resulted from
the coverage of cool spots on the stellar surface. The spots have a temperature
approximately 1000 K lower than the temperature of the photosphere [5]. As-
suming a constant stellar radius and an effective temperature of 3800 K [14], the
radiation of the central star, I,, is the sum of the blackbody radiation, B, (T),

of the normal photosphere and that of the cool spots, as follows;
I, =B, (3800)-(1-3)+ B, (2800)- 3, (1)

where f (0< S <1) represents the coverage of the cool spots. The calculated
radiation was multiplied by the transmittance of the /-band filter [15]. We set
B =0 for the brightest epoch (11 magnitude in the /-band) and calculated the
I-band magnitude by changing £ . For the faintest epoch (12 magnitude in the
I-band), we set f =0.5. The equivalent width of an absorption line is the sum
of the equivalent widths of the absorption lines for the 3800-K and 2800-K spec-
tra.

EW = EW (3800)-(1- )+ EW (2800)- # (2)

The model spectra were calculated using the BT-NextGen model [16]. We as-
sumed the surface gravity to be log g= 3.5 and the metallicity to be the same as
the Sun. The spectra for temperatures of 3800-K and 2800-K were calculated and
combined with the coverage factor, [, and we smoothed the model spectrum
to the spectral resolution of the observed spectra. Table 3 shows the calculated
equivalent widths of the absorption lines. The equivalent widths decrease or are

constant with increasing the spot coverage.

Table 3. Equivalent widths of the absorption lines expected for luminosity changes
caused by cool spots on the stellar surface.

B 0.0 0.1 0.2 0.3 0.4 0.5

I, (mag) 11.00 11.35 11.45 11.56 11.83 11.99
EW,,(A) 1.04 0.99 0.94 0.89 0.84 0.79
EW,,(A) 0.25 0.23 0.21 0.19 0.17 0.15
EW,(A) 0.88 0.83 0.79 0.74 0.69 0.65
EW,, (A) 0.79 0.79 0.79 0.79 0.79 0.78
EW,.(A) 0.30 0.30 0.29 0.29 0.29 0.29
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We next considered unsteady material accretion from the circumstellar disk
onto the photosphere. When the material accretion rate increases, the boundary
layer connects to the inner part of the disk [17] and emits continuum light in the
ultraviolet and optical wavelengths [18]. We assumed constant intensities of the
photosperic absorption lines. When the intensity of continuum increases by « ,
the equivalent width EW' is S/(I+ a) = EW/(I + V) , where 7 is the intensity
of continuum, Sis the intensity of absorption line, and V' =a/I. Weset V' =0
and used the 3800 K spectrum in the BT-NextGen model when the star is 12
magnitude. The EWs of the absorption lines were calculated until V increased
and the [-band magnitude reached 11 magnitude.

We also considered the obscuration of light from the photosphere by the dis-
torted disk. AA Tau-like variables show periodic dips in their light curves, which
are thought to be caused by the obscuration of light from the photosphere
caused by warps in the inner disk. The periods of the dips are typically five to ten
days, corresponding to a distance of 0.1 AU between the central star and the in-
ner disk for Keplerian rotation [19]. In the case of AA Tau, the luminosity drops
by 1.2 magnitude with a period of 8.2 days [8] [20]. It is proposed that the inner
disk is distorted by the magnetic field and thus obscures the photosphere. As
light from the central star passes through the disk, the intensity decreases un-
iformly within a certain wavelength range. As the absorption line weakens, the
adjacent continuum light also weakens. As a result, the equivalent width of the
absorption line does not change when the photosphere is obscured.

Figure 3 shows the relationship between the equivalent widths of the absorp-
tion lines and the broadband magnitudes. The observed equivalent widths are
roughly constant at all magnitude. In the case of the cool spots, the equivalent
widths decrease slightly or are constant with decreasing luminosity. In the case
of accretion, the equivalent widths increase with decreasing luminosity. In the
case of the disk, the equivalent widths are constant. Figure 3 indicates that the
cause of the 2015 dimming event is the case where the coverage of cool spots on
the stellar surface has changed or the case where the light from the photosphere
is obscured by a distorted disk. V409 Tau has a periodic photometric variation of
4.754 days, corresponding to the rotation period of the photosphere with star
spots [21]. This period is significantly shorter than the duration of the 2015
dimming event. The cool spot model indicates that the large portion of the pho-
tosphere is covered by the spot when the star was faint. The temperature of the
spot is as low as 2800 K, so that the spectrum would show absorption features at
6650 A and 6680 A. However, no clear absorption features appeared in the ob-
served spectra. Therefore we claim the occultation by the disk as the cause of the
light variation.

Figure 4 is a (V' —1,,1,) color-magnitude diagram. The I-band data are
taken from the KWS database. We acquired V-band photometric data from
ASAS-SN [22] taken on the same day as the KWS data. The arrow in the figure

indicates interstellar extinction. Photometric variation can be interpreted as the
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Figure 3. Relationship between the equivalent widths of the absorption lines and the
I-band magnitudes. The equivalent widths of the five absorption lines at 6439 A, 6450 A,

Ic-band magnitude [mag]

10.8

6463 A, 6708 A, and 6718 A were measured (filled circles). Dashed-dotted line: equivalent

widths expected if the luminosity changes result from variations in the coverage of cool
spots on the stellar surface. Solid line: equivalent widths expected if the luminosity
changes result from unsteady material accretion from the circumstellar disk onto the
photosphere. Dotted line: equivalent widths expected if the luminosity changes result
from obscuration by the distorted disk. The equivalent widths of the obscuration model

are shifted to match the equivalent width of the cool spot model at 11 magnitude. The

measured equivalent widths are roughly constant for all absorption lines regardless of the

I-band magnitude.
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Figure 4. (V' —1I,1,) color-magnitude diagram. We used /-band photometric data

from KWS and V-band photometric data from ASAS-SN. The arrow indicates interstellar

extinction. Photometric variation can be interpreted as the intersteller extinction.
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intersteller extinction. This further supports that the dimming event occurred
due to the obscuration by the disk.

[10] presented the light variation of V409 Tau. They reported that the star ex-
perienced two dimming events in 2009-2010 and 2012-2013. The authors dis-
cussed the number of obscuring objects and their distances from the central star.
In the discussion, they presented the possibility that obscuring objects of 2009
and 2012 are different. This is because V409 Tau did not experience significant
dimming in 2002 and 2006. Other occultation happened in the 1960s [23]. They
suggested that the obscuring object is located at farther 10.7 AU from the central
star if the dimming events are attributed to different obscuring objects. They
argued that if it is a single feature, it implies that the duration and depth is
changing. In this case, the distance between the central star and the obscuring
object was determined as 1.7 AU.

In this paper, the duration of the dip cannot be precisely estimated due to the
sparsity of the photometric data. According to the KWS data, the /-band mag-
nitude of the star increased to 11.2 mag on September 22, 2014 and then varied
within the range of 0.5 mag. The magnitude dropped to 12.9 mag on December
28, 2015 and then returned to 11.2 mag on October 26, 2017. We assume a single
obscuration object, with dimming events ending on September 22, 2014 and
October 26, 2017. If we adopt 0.57M_ and 1.11R_ [10] for the mass and ra-
dius of the central star, respectively, the distance between the center star and the
obscuration object is 1.76 AU. In our observations, the maximum duration of
the dimming event was ~668 days (December 28, 2015 to October 26, 2017),
similar to that of the 2009-2010 dimming event. However, the beginning of the
2012-2013 dimming event is not consistent with the orbital period of the obscu-
ration object. For a precise determination of the shape and number of obscuring
objects and the distance from the central star, more frequent photometric ob-

servations are required.

4.2. Hax Emission Line

The Ha emission line of V409 Tau shows an asymmetric profile with time varia-
tion. The Ha line had an S/N > 5 in the spectra acquired for 13 nights. Among
these spectra, nine displayed an inverse P Cygni profile (Table 4).

In [24], the authors reported on low- and high-resolution spectroscopy of a T
Tauri star, T Cha. The Ha emission line profile changed from pure emission to
an inverse P Cygni profile in less than one day. The authors claimed that a
red-shifted absorption component appeared in the optically thin Ha emission
when an episodic mass accretion was caused. [25] claimed that the redshifted
absorption arises from an accretion flow from the inner disk to the stellar sur-
face along the magnetospheric field lines. As suggested by the relatively high
projected rotational velocity of the star [26], T Cha is seen in an almost edge-on
geometry, as is the case for V409 Tau [10]. We propose that the redshifted ab-
sorption for V409 Tau arises from the accretion flow and is overlaid on the

broad emission line.
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Table 4. Observation date and equivalent widths of the blueward and redward compo-
nents in the Ha emission line.

date (JST) EW,. (A) EW_, (A) inverse P Cygni
2015 Nov 29 0.6370% 0.01701 yes
2015 Nov 30 1.227%% 0.3270% yes
2015 Dec 1 0.99')% 0.06'00 yes
2015 Dec 4 0.90°3 0.18°% yes
2015 Dec 7 1.0373 0.4377% yes
2015 Dec 19 2.59" 0.887% no
2015 Dec 29 1.58"7 0.59"07 no
2016 Jan 1 1.289% 0.03%% yes
2016 Jan 7 3.6470% 0.4270% no
2016 Jan 10 1.07%% 0.48°% yes
2016 Mar 7 11597 0.60"; yes
2016 Mar 12 1.42°0% 0.58%% no
2016 Mar 26 07877 0.1279% yes

In [27], the shape of the Ha emission line of 63 YSOs was analyzed. The au-
thors measured the equivalent widths of the blueward and redward components
of the line. For the relatively weak emission line stars [10 A < EW(Ha) < 70 A],
the equivalent widths of the blueward and redward components are comparable.
In contrast, among the strong emission line stars [EW(Ha) = 70 A}, the redward
components are stronger than the blueward components for many objects.

We measured the equivalent widths of the redward and blueward components
of the Ha emission line of V409 Tau between —500 km/s and +500 km/s (Figure
5). We set 6563 A to 0 km/s. We defined redward component as the velocity
range from 0 km/s to +500 km/s and blueward component from 0 km/s to —500
km/s. We did not measure the equivalent width of the absorption line. The total
equivalent width of the redward and blueward components of V409 Tau varies
from 0.64 A to 4.08 A. For the Ha emission line of V409 Tau, the blueward
component is dominant. The equivalent widths of both the blueward and red-
ward components vary with time. The time-variable inverse P Cygni profile of
the Ha emission line of V409 Tau indicates unsteady mass accretion from the
circumstellar disk to the central star. Based on the correlation between the mass
of T Tauri stars and the mass accretion rate [28], the mass accretion rate of V409
Tau is estimated to be 10 / yr . Assuming that the inner radius of the accre-
tion disk is five times the stellar radius [29], R =1.11R, and M =0.57M

DOI: 10.4236/ijaa.2019.93023

330 International Journal of Astronomy and Astrophysics


https://doi.org/10.4236/ijaa.2019.93023

H. Akimoto, Y. Itoh

[10] [30], we determined that the accretion luminosity is 0.127L_ . Thus, the
luminosity of the object increases by 0.4 magnitude when the accretion pheno-
menon occurs. Because continuum excesses caused by accretion shocks primari-
ly contribute to the blue and ultraviolet flux [31], we expect that the light varia-
tion due to unsteady mass accretion is less than 0.4 magnitude in the 7-band.
Figure 6 shows the relationship between the /-band magnitudes and the
equivalent widths of Ha emission line. Except for one data, one may find a ten-
dency that the equivalent widths increase with decreasing the broad-band
brightness. This implies light variation due to veiling. However, most of the Ha
lines show the inverse P Cygni profile. Since we are measuring only the emission
line part, it is necessary to construct a detailed model that takes self-absorption

into account (e.g. [32]).

5 T T T

blueward [A]

06 i 5 3 4 5

redward [A]

Figure 5. Equivalent widths of the redward and blueward components of the Ha emis-
sion line of V409 Tau. The open circle indicates the inverse P Cygni profile. The blueward
components are dominant for all spectra, and the inverse P Cygni profile appeared when
the Ha emission was weak.

N w A~ O O N 0
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quivalent width [A]

1} %i ﬁ»— '
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Figure 6. Equivalent widths of the Ha emission line of V409 Tau and /-band magni-
tudes. Most of the Halines show the inverse P Cygni profile (open circles).
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5. S ummary

We conducted optical spectroscopic monitoring of a T Tauri star V409 Tau.
Medium-resolution spectra were obtained over 18 nights in 2015 and 2016.
While the 7-band magnitude of the object changed by 1 magnitude during the
observations, the equivalent widths of the absorption lines remained nearly con-
stant. We constructed three simple models to investigate the variation of the
equivalent widths of the absorption lines. We concluded that the light variation
arises from the distorted disk. If only one obscuring feature is present, the dis-
tance between the central star and the obscuring feature is estimated as 1.76 AU.
The Ha emission line profile of V409 Tau showed a time-variable inverse P
Cygni profile, indicating unsteady mass accretion from the circumstellar disk to

the central star.
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