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ABSTRACT

Context. GQ Lup A is a classical T Tauri star that shows clear signs of accretion through the presence of inverse P Cygni profiles in
its main emission lines. Recently, Neuhiuser et al. (2005, A&A, 435, L13) found a co-moving sub-stellar companion of GQ Lup A,
raising the importance of determining precise stellar parameters, system age, and distance to GQ Lup.

Aims. Our main objective is to use spectrophotometric time series to determine GQ Lup A stellar parameters and predict its photo-
spheric spectral distribution. The excess spectral luminosity can then be measured and employed to test predictions of magnetospheric
accretion models of classical T Tauri stars.

Methods. We present the analysis of 18 spectrophotometric observations of the T Tauri star GQ Lup A (K7) obtained with the Boller
& Chivens spectrograph at the 1.52 m ESO telescope in La Silla. We also revisited archival photometric data of this star, comparing
previous light curve variability with our more recent data.

Results. We determined the photospheric flux of GQ Lup A on each observing night and obtained the stellar radius (R, =
1.8 £ 0.3 Ry), adopting a mean distance of 150 + 20 pc to the Lupus 1 cloud. Assuming a K7 V temperature of 4060 K, the lu-
minosity of GQ Lup Ais L, = 0.8 +£0.3 L. Standard evolutionary models indicate a stellar mass of M, = 0.8 0.2 M, and an age of
3 +2 Myr. GQ Lup A spectral lines are consistent with a projected rotational velocity of vsini = 6.5 +2.0 kms~'. We measured the
excess emission — veiling — and used the resulting photospheric spectral distribution to calculate a stellar extinction (Ay) of 0.5 £ 0.1.
The veiling was found to be variable and periodic at 10.7 + 1.6 days, which is consistent with the period of GQ Lup A obtained from
archival B band photometric data (10.43 + 0.12 days). The star exhibits strong emission lines with substantial variability in flux. The

emission line fluxes are strongly correlated with one another but not with veiling.
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1. Introduction

T Tauri stars are young, optically visible, low-mass stars. Some
of them, known as weak-lined T Tauri stars, do not exhibit ev-
idence of disk accretion, while others, the so-called classical T
Tauri stars (CTTSs) still do. CTTSs present broad emission lines
and are spectroscopic and photometrically variable. They show
ultraviolet (UV), optical and infrared (IR) excess with respect to
the photospheric flux. They have strong magnetic fields (~2 kG)
and are X-ray emitters.

Magnetospheric accretion models are the current consensus
to explain the main observed characteristics of CTTSs (Shu et al.
1994; Hartmann et al. 1994; Muzerolle et al. 1998, 2001). In
these models, the stellar magnetosphere is strong enough to dis-
rupt the circumstellar disk at a few stellar radii. Material at the
inner disk, ionized by stellar radiation, is then guided by field
lines and collides with the stellar photosphere at near free-fall
velocities, creating hot spots at the stellar surface. In this sce-
nario, the permitted emission lines are formed in the accretion
funnel and the hot spot emits a continuum flux that veils the
photospheric spectrum (Calvet & Gullbring 1998).

GQ Lup A is a classical T Tauri star with spectral type K7V.
It is located in the Lupus molecular cloud complex, near Lupus
1, at 150 = 20 pc from the Sun (Crawford 2000; Franco 2002).
We adopted the distance of Lupus 1 obtained by Franco (2002),
following the discussion in McElwain et al. (2007). Recently

Neuhiuser et al. (2008) have measured the parallax of GQ Lup A
and B and found their distances to be 156+50 pc and 139+45 pc,
both consistent with our adopted distance. GQ Lup A presents
variable excess continuum flux (veiling) and inverse P Cygni
(IPC) profiles (Batalha et al. 2001, hereafter BLB).

The extinction to GQ Lup was estimated to be 0.95 mag in
V by Hughes et al. (1994), who also made a first attempt to de-
termine the absolute parameters of the star. Batalha et al. (2001)
reported spectrophotometric observations of GQ Lup consisting
of 32 medium resolution échelle spectra distributed in two pe-
riods of six and eight consecutive nights in 1998. They found
variability in the veiling and in the IPC profiles. A correlation
between HB IPC and veiling was found, which gives support to
the magnetosphere accretion theory, since they both depend on
the accretion mass density.

Recently, Neuhiuser et al. (2005) found a co-moving sub-
stellar companion to GQ Lup A. The interest has then grown to
determine precise parameters, such as age and distance, for GQ
Lup A itself. Although GQ Lup A is a good laboratory to test
predictions of magnetospheric accretion models due its proxim-
ity and relatively large brightness (V ~ 11.4 mag), its astrophys-
ical parameters, such as radius, photospheric luminosity, mass
and age are not yet determined with veiling subtraction tech-
niques. In this paper we determine these and other parameters,
and compare our results with previous works. In addition, we
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Table 1. Journal of observations.

Obs. UT Date and Time JD-2400000.0
1 1999 Feb. 09, 09:14:32 51218.885
2 1999 Feb. 10, 08:22:14 51219.849
3 1999 Feb. 11, 08:16:23 51220.845
4 1999 Feb. 12, 08:15:10 51221.844
5 1999 Feb. 13, 09:00:01 51222.875
6 1999 Feb. 14, 08:49:31 51223.868
7 1999 Feb. 15, 08:33:36 51224.857
8 1999 Feb. 16, 08:27:56 51225.853
9 1999 Feb. 17, 08:08:50 51226.839
10 1999 Feb. 18, 08:33:49 51227.857
11 1999 Feb. 19, 08:02:06 51228.835
12 1999 Feb. 20, 07:53:29 51229.829
13 1999 Feb. 21, 08:31:31 51230.855
14 1999 Feb. 22, 08:43:46 51231.864
15 1999 Feb. 23, 08:49:47 51232.868
16 1999 Feb. 24, 08:54:47 51233.871
17 1999 Feb. 25, 08:49:19 51234.868
18 1999 Feb. 26, 09:04:33 51235.878

test magnetospheric accretion models comparing our data with
general model predictions.

In the following sections we present additional spectrophoto-
metric data of GQ Lup A. We monitor the continuum and spec-
tral line variabilities, improving thereby our knowledge of the
circumstellar environment of CTTSs. In Sect. 2 we describe the
observations and reduction procedures. The results are presented
in Sect. 3 and discussed in Sect. 4. In Sect. 5 we show our con-
clusions.

2. Observations

The observations were carried out in February 1999 with the
ESO 1.52 m telescope at La Silla with the Boller & Chivens
spectrograph. They consist of eighteen exposures listed in
Table 1 obtained during eighteen consecutive nights. The first
eleven nights were observed with grating No. 26 and a setting
that covers the spectral range of 4200 A < 1 <6200 A, while the
last seven nights were observed with grating No. 34, covering the
spectral range of 3500 A < A < 7200 A. The spectrograph feeds
a Loral Lesser CCD instrument (2048 x 2048). Gratings chosen
(Nos. 26 and 34) have the maximum response at 5730 A and
3696 A, respectively. The slit opening (4.05") provides an effec-
tive resolution of 3.9 A in the first set and 8.6 A in the second.
In the twelfth night the slit was opened at 4.6”, providing a res-
olution of 9.6 A for this exposure only. Two spectrophotometric
standards were observed before the target and used as flux cali-
brators (Hiltner 600 and CD 32-997). Data reduction and spec-
trophotometric calibrations were performed in a standard way,
following the steps outlined in BLB.

In Figs. 1 and 2 we present the reduction and flux calibration
results for the two observational sets. We can see continuum and
emission lines variability throughout the nights and the lack of
inverse P Cygni profiles that were present in BLB.
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Fig. 1. Spectrophotometric observations of GQ Lup A in February 1999
with grating No. 26. The numbers inside each panel are the Julian Dates
of the observations. Some emission lines are identified in the left upper
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Fig. 2. Spectrophotometric observations of GQ Lup A in February 1999

with grating No. 34. The numbers inside each panel are the Julian Dates
of the observations.

3. Results
3.1. Veiling

Veiling is thought to be produced in hot spots created by the
shock of accreting material at the stellar surface. Hot spots have
temperatures higher than the photosphere and emit a continuum
flux similar to a black body radiation, which peaks at the UV
(Calvet & Gullbring 1998; Gullbring et al. 2000). The observed
spectrum is therefore characterized by an excess flux in the blue
region and shallower (veiled) photospheric absorption lines than
would be expected for their spectral types.
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Table 2. Absorption lines used to measure the veiling and veiling values obtained with each line at each night.

Lines 1 (A) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Fel 3550 57 49 30 42 26 13 27
Cal 4226 16 30 09 14 11 07 10 14 17 22 16 21 21 14 12 06 05 08
Fel 4383 07 32 06 07 05 02 06 06 09 .1 13 1.1 07 06 02 03 03
Fel 4404 06 14 06 05 04 02 05 06 08 16 08 08 1.1 06 03 00 02 02
Fel 4459 07 17 08 07 05 04 07 1.1 11 10 12 11 15 09 07 03 03 04
Fel 4528 07 12 03 07 05 04 07 06 08 07 08 11 10 07 06 03 04 03
Fel 4920 0.7 10 1.0 07 04 06 05 1.0 14 11 11 08 07 01 05 05
Fel 4934 04 09 02 04 01 01 02 01 05 04 05 03 02 00 00 00 00 00
Fel 4957 04 08 03 05 02 02 04 03 06 09 05 06 04 03 02 00 00 00
Fel 4982 03 08 01 03 02 01 04 02 04 05 03 01 00 00 00 00 00 00
Fel 5041 02 05 00 02 01 00 03 02 04 06 02 01 01 00 00 00 00 00
Fel 5269 05 12 05 05 06 04 05 06 07 09 06 07 08 05 05 03 03 03
Fel 5302 02 07 01 03 02 02 02 02 03 05 02 01 03 01 02 00 00 00
Fel 5328 03 09 02 04 03 03 03 03 05 07 05 03 06 05 04 02 02 02
Fel 5371 04 09 04 05 04 04 04 04 06 07 06 02 04 01 03 00 01 03
Fel 5586 04 08 04 03 03 03 04 04 06 06 06 01 04 03 03 00 01 01
Fel 5615 03 04 02 02 04 02 02 01 02 03 04 00 00 04 00 00 00 00
Cal 6102 02 01 00 01 01 03 01 01 02 02 02 00 01 02 01 01 00 0.1
Cal 6122 06 08 05 05 06 06 05 05 07 09 06 02 03 04 04 02 02 04
Fel 6136 0.1 03 00 00 02 01 00 00 02 02 01 00 00 00 00 00 00 00
Cal 6162 05 08 04 05 05 05 05 06 06 07 06 06 08 06 05 04 06 05
Fel 6254 06 02 01 01 00 -02 02
Fel 6280 0.0 0.0 00 00 00 0.0
Fel 6358 00 01 00 01 00 00 02
Fel 6494 01 02 01 02 01 02 02
Cal 6717 00 00 00 00 00 0.0 00
Fel 6870 01 00 01 02 01 01 02
Fel 6978 00 02 00 00 00 00 03
Crl 7355 00 00 00 00 00 0.0 00

Veiling can be measured by comparing the observed photo-
spheric lines of a CTTS with a standard star spectrum of the
same spectral type and preferentially of the same luminosity
class. The ideal comparison star for veiling determination of GQ
Lup A would be a K7 weak lined T Tauri star (same luminosity
class as the CTTS) with very low chromospheric activity, so that
the photospheric lines are not affected by anything external to
the photosphere. This is not always easy to find. However, using
a K7V standard does not affect the veiling determination signif-
icantly. The dispersion of veiling values calculated with differ-
ent photospheric lines in the same spectral region is generally
larger than the effect of using a main-sequence standard. In our
calculations, for example, we have a veiling error of about 0.2
for veiling values below 1 and of about 0.3 for veiling values
above 1. To measure the veiling of GQ Lup A we used as stan-
dard HD157881 (K7V), which presents [Fe/H] = —0.2 + 0.2
(Cayrel de Strobel et al. 2001). The standard spectra were taken
from the Stellar Library for Stellar Population Synthesis Models
(STELIB) (Le Borgne et al. 2003) and downgraded to our spec-
tral resolution. Veiling was measured according to the method
described by Gullbring et al. (1998). We selected 29 strong
blends of absorption lines visible in GQ Lup A and standard

spectra. The veiling was then obtained according to the relation

PP

:FIO/FS_FI/FC )
1= FY/F¢

where F' 1" and F? are the line and continuum observed fluxes,
and F} and F{ are the line and continuum photospheric fluxes.

The spectral lines used in the veiling calculations are listed
in Table 2, together with veiling values obtained for each line.
The veiling distributions are shown in Fig. 3, indicating variabil-
ity in the spectral distribution as well as in the absolute veilings
at each wavelength. In Fig. 4 we show the changes in veiling
as a function of days at two specific wavelengths, 4405 A (top)
and 5586 A (bottom). As expected, the absolute veiling values
as well as variability range are larger in the B band than in the
V band. In addition, we note a cyclic behavior in the veiling,
especially in the B band. We performed a periodogram analy-
sis of the B band veiling obtaining a period of 10.7 + 1.6 days
with a false alarm probability (FAP) of 1.4%. This result is con-
sistent within less than 20~ with the period of 8.45 + 0.2 days
obtained by Broeg et al. (2007) for GQ Lup A. We used the
Scargle (1982) periodogram estimator as modified by Horne &
Baliunas (1986) to handle irregularly spaced data and the imple-
mentation of the Cleanest method within the Peranso software
(Vanmunster 2007) to calculate the periodograms. The Cleanest
method calculates the power spectrum of unequally-spaced data
using an advanced implementation of the date compensated dis-
crete Fourier transform, as described by Foster (1995). The
FAPs were calculated with the Monte-Carlo method described
in Herbst et al. (2002).

3.2. Photometric periodicities

We searched for periodicities in the B band photometric data of
GQ Lup A reported in the literature (Schwartz & Noah 1978;
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Appenzeller et al. 1978; Mundt & Bastian 1980; Appenzeller
et al. 1980; Herbst 1984; Covino et al. 1992). These data are
not equally spaced, so we always checked with the Peranso soft-
ware (Vanmunster 2007) if the periods found were not due to
the irregular observational window used. Using all the B band
photometric data together, which cover a total of 38 observ-
ing nights spanning over several years, we obtained a main pe-
riod value at 10.43 + 0.12 days but with a very high FAP. The
period error comes from the comparision of the several peri-
ods obtained with the B and V photometric data using differ-
ent period search methods (Scargle, Cleanest) and softwares.
Periods around 13.73 days were also found with significant
power. However, several periods around 13 and 14 days can be
aliases caused by the observing rate, so the 13.73 day period can-
not be considered as trustful. The archive photometric data has
several datasets separated by years and this is problematic for the
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Fig. 5. B band light curve (fop) and veiling at 4405 A (bottom) in phase
with a period of 10.43 days (see Sect. 3.2). The B band data come
from Schwartz & Noah (1978), Appenzeller et al. (1978), Mundt &
Bastian (1980), Appenzeller et al. (1980), Herbst (1984), and Covino
et al. (1992). The phases were calculated relative to an arbitrary date
(JD =2441200.0).

period search algorithms, since it can lead them to wrong period
values. However, since the photometric period agrees with the
period obtained with the veiling data, we decided to keep it as a
possible period to GQ Lup A.

The light curve of the B band and the veiling are shown
in phase with the above period in Fig. 5. The B light curve is
characterized by a nearly constant level of maximum brightness
(B ~ 12.6) with luminosity drops reaching up to 2 mag. We did
not attempt to look for periodicities using single datasets, since
the single dataset with the largest number of photometric obser-
vations is that of Covino et al. (1992), which has 13 observations
taken in 7 non-consecutive nights, covering 13 days from the
first to the last observation. Even this dataset is not well suited to
look for periodic variations of about 10 days. The corresponding
V band light curve shows periodicities at 13.73 days and 10.43
days. The 10.43 day period also presents a very high FAP and
less power than the periods calculated in the B band. The V band
may show variations not only due to veiling changes but also
due to changes in the Ha line of GQ Lup A that is known to
present strong variability (He equivalent width of 2.8 A, Herbig
& Bell 1988; and 38.6 A, Hughes et al. 1994) and may originate
in different physical regions (accretion funnel flows, winds). It
may therefore be more difficult to detect periodicities in the V
than in the B band. Although the B—V color is sometimes bluer
near the light curve minimum, there is no clear evidence of a
strong correlation between B—V and B magnitude (linear corre-
lation coefficient of only 0.6). If the observed B band variability
were due to spots (hot or cool), we would expect to see a strong
correlation between B and B-V, since the brightness variations
would correspond to temperature variations at the stellar surface.
On the other hand, if the light curve variability were mostly due
to occultations by opaque material (e.g. a magnetically-warped
inner disk rim), we would not expect to see any correlation be-
tween B and B—V and almost no B—V variation. What we see
in the GQ Lup A photometric data is an intermediate situation
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where there is a weak correlation between B and B—V and some
B-V variability (up to 0.5 mag). So we are probably seeing the
influence of hot and cold spots on the light curve and maybe also
some occultation due to opaque material from the accretion disk.

We also looked for periodicities in the GQ Lup data obtained
by the All Sky Automated Survey (ASAS) project (Pojmanski
2002). They consist of 4 datasets with 3, 156, 219 and 4 obser-
vations each in the V band. We used only the best quality obser-
vations (labeled as “grade A”) in the second and third datasets
containing most of the data and obtained two main periods at
8.31 and 9.47 days, both corresponding very closely to aliases, a
false peak caused by the observing rate. We obtained two main
periods at 6.22 and 13.16 days with the third data set. The first
determination corresponds to an alias due to the observing rate,
while the second period can be considered as reliable, although
with a lower power. Unfortunately, all the period determinations
with the ASAS data presented a very high FAP and the folded
light curves are not convincing at all.

Recently Broeg et al. (2007) presented a rotational period
determination for GQ Lup A based on new simultaneous opti-
cal and near-IR photometric data. They obtained 8.45 + 0.2 days
with a combined FAP of 1.5%. Our veiling data folded at that pe-
riod is considerably worse than that at 10.43 days, our proposed
period. The archive B-band light curve shows a large amount of
scatter when folded at 8.45 days, but given the period error we
would only expect the phase to be conserved for about one year,
while several datasets in the archive B-band photometry are sep-
arated by more than that. We will further discuss the different
period values and their implications in Sect. 5.

3.3. Stellar extinction

We assumed that the interstellar and circumstellar extinction
laws are equivalent and computed the GQ Lup A extinction
using the method developed by Gullbring et al. (1998). We
adjusted the following linear function

2.5log

FS
F—g(l + UA)] = —2.510gC) + (AY — A, 2)
A

where F and F{ are the standard and GQ Lup A fluxes re-
spectively, v is the veiling, C; is a constant that takes into ac-
count the different solid angles subtended by GQ Lup and the
template star, Ay, and A}, are the stellar extinctions of GQ Lup
A and the standard, respectively, and w, = A,/Ay is the in-
terstellar extinction law. Fitting this function and knowing that
Ay, = 0 (Le Borgne et al. 2003), we obtain an extinction value of
A}, = 0.5+ 0.1 mag for GQ Lup A, which is in agreement with
the value of AY, = 0.4 + 0.2 found by BLB.

3.4. Physical parameters
3.4.1. Photospheric flux
The photospheric flux is given by

oo _F
1+ D)

1 0—0.4A3 (3)

where F is the observed flux and A} = w,Ay,. Using the mea-
sured veiling values (Sect. 3.1) and Ay = 0.5 (Sect. 3.3), we cal-
culated the photospheric flux of each observing night, except for
2451231.9 and 2451 234.9, excluded due to the non photomet-
ric conditions. The GQ Lup A photosphere was then computed
as the mean photospheric flux and is shown in Fig. 6.

353

—12.6[

T
*

E
1

—12.8} .

T
1

—13.0}

T

%;g%(
*

—13.2F

T

*
% *
1

—13.4}

T

—13.6} « .

T
1

-13.8}

log (F) erg cm™ ™" A™

T
1

—14.0F

1421
3000 4000 5000 6000 7000 8000
A (A)

““““ Lovwwnvnn bevnnnnn benvnnn v beuninn s

Fig. 6. GQ Lup A photospheric flux.

3.4.2. Luminosity

Before computing the GQ Lup A luminosity, we estimate its
radius with the following equation

F(R) = F(d)(%)z “4)

where F(R) and F(d) are the intrinsic and observed bolometric
fluxes respectively, d is the distance to GQ Lup A and R is the
stellar radius. However, we only have observations in the optical,
so we can not directly obtain, from our data, the observed bolo-
metric flux of GQ Lup A. So first we used photometric data from
the K7V standard HD157881 in the literature to calculate its in-
trinsic flux, assuming a K7V radius of 0.6 Ry (Schmidt-Kaler
1982) and a distance of 7.7 pc (Perryman et al. 1997). We then
calculated the standard observed flux at a distance of 150+20 pc,
which is the distance to the Lupus 1 cloud where GQ Lup is
located (Crawford 2000; Franco 2002), and compared this flux
distribution and the GQ Lup A observed flux (Fig. 7, top panel).
We varied the standard radius until a good match was found be-
tween the two distributions, determining a radius of 1.8 £ 0.3 Ry
for GQ Lup A (Fig. 7 bottom panel). With this value and assum-
ing a K7V temperature of 4060 K (Schmidt-Kaler 1982), the
luminosity of GQ Lup Ais L = 0.8 £0.3 L. Janson et al. (2006)
find for GQ Lup A L = 0.5—-1.71 L, which is in agreement with
our determined value.

3.4.3. Mass and age

Mass and age determination in the Pre-Main Sequence (PMS)
is still uncertain due to the difficulties in modelling convec-
tion, rotation and accretion and in setting reasonable initial
conditions for the PMS (see a review on the subject by Siess
2001). However, the (yet few) mass determinations obtained
from young binary systems show that, with all the simplifi-
cations actually used in the models and the difficulties to ob-
tain stellar parameters with small errors, the available theoreti-
cal models are still able on average to predict stellar masses to
within 20% (Mathieu et al. 2007), which is reasonable.

We placed the measured effective temperature and stel-
lar luminosity of GQ Lup A on evolutionary PMS models of
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Siess et al. (2000) (@ = 1.6), Baraffe et al. (1998) (¢ = 1.5),
and a modified version of the D’Antona & Mazzitelli (1997)
models (¢ = 1.5) that includes non-grey atmospheres (Landin
et al. 20006) (see Fig. 8). Our luminosity and 7.g values indicate
a stellar mass of 0.8 + 0.2 M and an age of 3 + 2 Myr, taking
into account all three models. Janson et al. (2006) obtained ages
from 0.7 Myr up to 5 Myr for GQ Lup A, using their determined
values of temperature (T = 4074 + 100 K) and luminosity
(0.50 Ly < L < 1.71 Ly) and the models of Siess et al. (2000).
Recently McElwain et al. (2007) determined an age of ~3 Myr
for GQ Lup A with a possible age range of 1-10 Myr, compar-
ing the color magnitude diagram of GQ Lup A (M; vs. R — I)
with evolutionary tracks from Baraffe et al. (1998). The results
by Janson et al. (2006) and McElwain et al. (2007) agree with
ours and point to ages marginally higher than that of 1 + 1 Myr
proposed by Neuhiuser et al. (2005).

3.4.4. Star-disk system inclination

The projected rotational velocity (vsini) of GQ Lup A was ob-
tained by comparing high resolution spectra of GQ Lup A with
that of a template star of similar spectral type. High resolution
data were obtained in 2000 with the FEROS spectrograph at the
ESO 1.52 m telescope in La Silla. The FEROS spectrum of a
K7V standard was taken from the SACY catalog of Torres et al.
(2006) that had its vsini previously determined (HIP 116384,
vsini = 4.5 kms™!). We applied the veiling value measured in
the GQ Lup A spectrum (v = 1.0) and rotationally broadened
the standard spectrum until a good match with the GQ Lup A
spectrum was found. The best match is shown in Fig. 9 and cor-
responds to vsini = 6.5 + 2.0 km s~!, which is consistent with
the value of vsini = 6.8 + 0.4 kms~! obtained by Guenther
et al. (2005) using HARPS spectra. Using the vsini value mea-
sured by Guenther et al. (2005) due to its higher precision, the
stellar radius of R, = 1.8 + 0.3 R obtained in Sect. 3.4.2 and
the rotational period of 10.43 + 0.12 days obtained with all the
available B band photometry, which is consistent with the one
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Fig.8. GQ Lup A luminosity and effective temperature with error bars
are shown in the three panels (thick solid lines) overplotted with evolu-
tionary models (thin solid lines) and isochrones (dash-dotted lines). The
numbers near each evolutionary track represent the stellar mass in solar
masses. Top panel: models by Siess et al. (2000). The isochrones cor-
respond to 1.6 Myr and 5 Myr. Middle panel: models by Baraffe et al.
(1998). The isochrones correspond to 1.42 Myr and 5.63 Myr. Bottom
panel: models by Landin et al. (2006). The isochrones correspond to
1.26 Myr and 5.10 Myr.

measured with our veiling values (see Sects. 3.1 and 3.2), we
obtain an inclination angle of 51° + 13° for the system. If we use
the period obtained from the veiling data, 10.7 = 1.6 days, and
the same values of vsini and stellar radius, we obtain an incli-
nation of 53° + 18° for the system, which is basically the same
as the one obtained with the B band period. If we use instead the
period determined by Broeg et al. (2007), 8.45 + 0.2 days, the
vsini value measured by Guenther et al. (2005), and our calcu-
lated stellar radius, we obtain an inclination of 39° + 12° for the
system. Broeg et al. (2007) calculated an inclination of 27° + 5°
for GQ Lup A, using the same value of vsini, but a different
radius for the star.

4. Emission lines

GQ Lup A was observed during 18 nights, the first 11 nights
with a mean resolution of 3.9 A from 4200 A to 6200 A and 7
nights with a lower resolution (8.6 A), covering the wavelength
range from 3550 A to 7200 A. Lines such as H3, He I (5876 A)
and NaD where therefore obtained during all the nights, but He
and Ca II H & K were only included in the last 7 nights of ob-
servations with the lower resolution setup. GQ Lup A is known
for showing inverse P Cygni profiles in the upper Balmer lines
(Bertout et al. 1982; Batalha et al. 2001), which are produced
when photons from the accretion shock are absorbed by the ac-
creting material falling along magnetic field lines. Curiously, the
Balmer lines did not show any inverse P Cygni profiles in our ob-
servations. Hg, instead, presented a double peaked profile with a
central or blueshifted absorption component that is likely to be
due to winds and not to accretion. Our measured veiling values
are lower than those found by BLB in the B band region — max-
imum veiling value of 1.5 in the present work instead of ~4.4 in
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Fig. 9. Comparison between FEROS spectra of GQ Lup A and a K7V

standard. The standard spectrum was veiled and rotationally broadened
t0 6.5 kms™!.

BLB. This provides circumstantial evidence that IPC profiles are
associated with special viewing angles, which is a fixed parame-
ter for the star-disk system, and episodes of large accretion rates.
Redshifted absorption components are not detected in our spec-
tral lines overlying our modest to low continuum veiling. All
the emission lines presented variability in intensity and profile
shape, but no periodicity was found.

According to magnetospheric accretion models, the emission
lines are mainly produced in the accretion funnel (Muzerolle
etal. 2001; Kurosawa et al. 2006) and they depend, among other
parameters, on the mass accretion rate, as the veiling also does.
Some correlation between the emission lines flux and the veiling
might then be expected. Muzerolle et al. (1998) found some ten-
dency for the emission lines equivalent width to increase with
veiling for low veiling values (v < 2), but at high veilings the
correlation saturated. Correlations between the Balmer lines and
veiling are however not always observed (Johns-Krull & Basri
1997, Batalha et al. 2002; Petrov et al. 2001).

We measured the total flux of the main emission lines in our
spectra and found correlations between hydrogen, calcium and
helium lines (Figs. 10-12), as also observed by Alencar & Basri
(2000) and Batalha et al. (2002). This indicates that the main
emission lines are at least partly formed in a common region, like
the accretion funnel. Like the results presented by BLB, we did
not find any correlation between the emission lines total flux and
the measured veiling values. BLB found instead a correlation be-
tween veiling and redshifted absorption component, the higher
the veiling, the stronger the inverse P Cygni component. They
argue that veiling variations and the formation of redshifted ab-
sorption mostly depend on the mass accretion rate and field con-
figuration near the accretion shock region. Their data and ours
seem to indicate that in the present case the emission line flux
is ignoring the variations that are at work in the accretion shock
region. The emission line flux seems to depend basically on the
properties of the accreting gas, like the local gas density, tem-
perature and velocity field, along the accretion funnel.

We cannot directly measure the mass accretion rate of GQ
Lup A with our data, but it can be estimated by comparing the
observed HB and NaD lines with magnetospheric accretion pro-
files from Muzerolle et al. (2001). We did not attempt to obtain
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a perfect quantitative match, but we looked for magnetospheric
accretion profiles that presented the same general characteristics
as the observed ones. Our observed HB profiles show a blue-
ward asymmetric emission component whose normalized inten-
sity varies from approximately 1.8 to 4. We do not see any red-
shifted absorption, but it was often observed by other authors
(Bertout et al. 1982; Batalha et al. 2001), so we cannot discard
models with IPC profiles. The NaD lines in our spectra are al-
ways seen in absorption with intensities that vary from 0.2 to
0.35. We looked for models calculated with an inclination of 60°
to the line of sight that fall within our estimated inclination of
GQ Lup A (see Sect. 3.4.4). The magnetospheric accretion mod-
els of Muzerolle et al. (2001) that best simultaneously match the
characteristics of both lines described above present a magne-
tosphere with a small extent and wide width in which the ac-
creting material comes from field lines crossing the disk within
2.2 to 3 R,. With these models, we obtain a good match with the
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Table 3. GQ Lup A physical parameters.

Parameter This work
Ay 0.5+0.1
R(Rs) 1.8+0.3
L(Ly) 0.8+0.3
M(My) 0.8+0.2
Age (Myr) 3+2

P (days) 10.43 +£0.12
vsini (kms™") 6.5+2.0

i 51°+13°
Maee(Mg yr™") 1077 to 1078

following parameters, M,.. = 1077 My yr~! and a maximum fun-
nel temperature of Ty, = 7000 K and with M. = 1078 Mg yr~!
and T\, = 8000 K or 10000 K. The high veiling values that are
often measured in the spectra of GQ Lup A support the idea of a
considerable mass accretion rate in the system.

5. Discussion

The physical parameters obtained for GQ Lup A are summarized
in Table 3. They were calculated assuming that GQ Lup A is
located in the Lupus 1 molecular cloud complex, which is at a
distance of 150 = 20 pc (Crawford 2000; Franco 2002). Some of
the parameters in Table 3 were recently obtained by Janson et al.
(2006) and McElwain et al. (2007). Our values agree with theirs
within our estimated errors.

GQ Lup A is a CTTS that presents variable line fluxes and
veiling. The observed periodic veiling variability can be ex-
plained by a magnetospheric accretion model with an inclined
dipole field (Bertout et al. 1988). The magnetic field inclination
with respect to the rotation axis leads to an azimuthal asymmetry
in the field lines, which favors accretion where the magnetic axis
is closer to the disk plane. In this case, the hot accretion ring is
asymmetric and brighter where accretion is favored, leading to
a veiling modulation as the system rotates (Mahdavi & Kenyon
1998; Romanova et al. 2004). Due to that we considered the pe-
riod obtained from B band photometric data (10.43 + 0.12 days,

see Sect. 3.2) the rotational period of the star, since it is consis-
tent with the period of 10.7 + 1.6 days obtained from the veiling
analysis given the much poorer sampling of the veiling data. In
Fig. 5 we show the B light curve and the veiling in phase. The
system is in general brighter when the veiling is higher, suggest-
ing that veiling changes contribute to the photometric variability.
However the photometric and spectroscopic data were not ac-
quired simultaneously, and the accuracy with which we derived
the period at each epoch is not enough to ensure that the phase
information was preserved between observations taken at least
seven years apart.

The above characteristics can be compared to the results of
the simultaneous photometric and spectroscopic campaigns of
AA Tau (Bouvier et al. 2003, 2007), another CTTS that presents
periodic veiling and light curve variability. While the AA Tau
veiling was rather low (from 0.1 to 0.8) and showed a strong
peak in the deep minimum cycles, near the minimum, the GQ
Lup A veiling tends to be higher and seems to peak at maximum
brightness. The AA Tau photometric variability was attributed
mainly to occultations of the star by a magnetically-warped inner
disk edge and not to veiling variations. In that case, the photo-
metric variability occurs almost without any color change except
for some B—V brightening events. The AA Tau system presents
a high inclination to the line of sight (~75°), which favors oc-
cultations by the inner disk, while the lower inclination of GQ
Lup A (51°+13°) may prevent significant occultations. However
we cannot discard that part of the variability observed in GQ
Lup A could be due to opaque material, since, like AA Tau,
it does not present a strong B—V variability (most of the time
1.0 mag < B-V < 1.2 mag, but B—V can reach up to 1.4 mag).
The system also shows a very strong brightness variation (up
to 2 mag) that can hardly be attributed to veiling alone, as dis-
cussed later in this Section. Another evidence that obscuration
by opaque material contributes to the light curve variability of
GQ Lup A comes from the fact that the system becomes bluer
when fainter in the deep minima (V > 12),both B—Vand U -V
decreasing for V < 12 and then increasing for V' > 12. This
blueing phenomenon is usually explained by dust obscuration
(Bouvier et al. 1995). When opaque material obscures the star,
we see both reddened and scattered photons, but in the deepest
minima the obscuration is so important that we mostly see scat-
tered photons. If this opaque material is located in the circum-
stellar disk, this implies that the system inclination cannot be too
small for obscuration to occur. The fact that inverse P Cygni pro-
files are often observed in GQ Lup A (Batalha et al. 2001) also
favors a higher inclination for the system, since the redshifted
absorptions are thought to come from accretion shock photons
absorbed by high-velocity material in the funnel flow, so the ac-
cretion shock must be seen through the funnel in our line of sight
(Muzerolle et al. 1998). The above results favor the inclination
proposed in this work, 51° + 13°, instead of that obtained by
Broeg et al. (2007), 27° + 5°, for GQ Lup A. The different incli-
nation values are due to different periods and radii calculated for
the system in both works. Unfortunately, precise CTTS periods
are often hard to be obtained, and it is common to see different
periods assigned to the same star, which have been calculated in
different epochs (Bouvier et al. 1995). To see the influence of
the period in the inclination value, using our proposed stellar ra-
dius and the Broeg et al. (2007) calculated period, we obtained
39°+12°, which agrees within the errors with our estimated sys-
tem inclination (see Sect. 3.4.4).

Depending on a combination of the rotation (i) and magnetic
(B) axis inclinations, the accretion ring can be totally or partially
occulted as the system rotates (Mahdavi & Kenyon 1998). Since
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the veiling values in this system never go to zero at all wave-
lengths, we assume we do not have a total occultation of the hot
ring. Following the results of Mahdavi & Kenyon (1998) (see
their Fig. 6, right panel), for a star-disk system inclination of
i ~ 51°, the accretion region is never totally occulted if 8 < 57°.
We can also use their Fig. 9 to estimate a lower limit for 5. In
order to do so we need to input the veiling variability and the
corresponding magnitude variability of GQ Lup A. The veil-
ing in the B band of our data varies from O to 1.5 (Sect. 3.1),
but it can reach values of up to 4 in that spectral region (BLB),
while the available B band light curve presents variations of up
to 2 mag. Mahdavi & Kenyon (1998) showed that in order to
obtain a 2 mag variation in the light curve (Am = 2 mag) due
to veiling alone, the maximum veiling value has to be approxi-
mately 10, independently of the values of i and . Since veiling
values of 10 have never been measured in the B band region of
GQ Lup A, we conclude that veiling alone cannot be the cause
of the 2 mag photometric variability. The B band light curve of
GQ Lup A is composed of a smooth variation with amplitude
of Am = 1 mag (Fig. 5) that we tentatively attribute to veiling
changes and a few points that fall out of this variability range
that could be due to occultations by dust in the inner disk, like
in AA Tau (Bouvier et al. 2003, 2007). If this speculation is cor-
rect, following Mahdavi & Kenyon (1998) (their Fig. 9) with
Am =1 and v = 4 (BLB) this implies that 8 > 45° for i = 45°
and 8 > 35° for i = 60°. If we consider v = 1.5 (Sect. 3.1) then
B > 55° for i = 45° and B > 45° for i = 60°. Putting all the re-
strictions to 3 together, we have 35° < 8 < 57°, considering that
the 1 mag smooth variability observed in the B band is only due
to hot spots. However, cold magnetic spots can also contribute
to the light curve variability of young stars as much as 0.8 mag
in V, as is often observed in the light curve of WTTSs, such as
V410 Tau (Ménard & Bertout 1999). The observed light curve
modulation in CTTSs could then be due to a combination of dust
occultation, cold and hot spots contributions and with the present
data we are not able to determine the importance of each effect
to the light curve variability.

6. Conclusions

‘We have obtained the main physical parameters of the CTTS GQ
Lup A and tested some predictions of magnetospheric accretion
models. The veiling was found to be periodic at 10.7 + 1.6 days,
which is consistent with the period obtained from the B band
photometry available in the literature (10.43+0.12 days) and that
we assumed to be the rotational period of the star. The periodic
veiling variations can be explained by a CTTS with a magnetic
field inclined with respect to the rotation axis. The star presents
strong emission lines that vary substantially and are all strongly
correlated with each other, but none were found to be correlated
with veiling. This suggests that the main emission lines share
some common formation region but they are not strongly influ-
enced by the processes at work at the accretion shock region.
Comparing the emission line profiles of NaD and HB with mag-
netospheric accretion profiles we estimate the mass accretion
rate of the system. We determined the GQ Lup A photospheric
flux and obtained the stellar radius and luminosity. Using stan-
dard evolutionary models, we also obtained the stellar mass and
age. Our results are consistent with available published values
for the studied parameters.
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