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ABSTRACT

In this paper we present the results of a simultané®Rl and Hx photometric monitoring,
contemporaneous to medium-resolution spectroscopy of Siau stars in the Taurus-Auriga star
forming region. We have characterized tha Hhotometric system using synthetic templates and the
contemporaneous spectra of the targets. We show that wech@ve a precision corresponding to
2-3 Ain the Hx equivalent width, in typical observing conditions.

The spectral analysis has allowed us to determine the bizdiargparameters and the values of
quantities related to the accretion. In particular, we haeasured a significant veiling only for the
three targets with the strongestilémission (T Tau, FM Tau, and DG Tau).

The broad-band photometric variations are found to be inrdhge of 0.05-0.70 mag and are
often paired to variations in the Hintensity, which becomes stronger when the stellar contimis
weaker. In addition, we have mostly observed a redderl and a blueB—V color as the stars
become fainter. For most of the targets, the timescalesesetivariations seem to be longer than
the rotation period. One exception is T Tau, for which theadrband photometry varies with the
rotation period. The most plausible interpretation of ghelsotometric and # variations is that they
are due to non-stationary mass accretion onto the starsptational modulation can play a major
role in some cases.

Key words: Stars: pre-main sequence — Stars: activity — Accretionretmm disks — Open clusters
and associations: individual: Taurus

*Based on observations made with the 0.91-m telescope ofhi@adastrophysical Observatory
(Italy) and with the INT telescope operated on the islandafalma by the Isaac Newton Group of
Telescopes in the Spanish Observatorio del Roque de los&dhol of the Instituto de Astrofisica
de Canarias.
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1. Introduction

Young pre-main sequence (PMS) stars display a rich variefghenomena
in their atmospheres and circumstellar environmentsuding magnetic activity,
mass accretion from circumstellar disks, outflows, and jetsch produce typical
signatures in their spectra and energy distributions. Kewaelifferent phenom-
ena can produce similar effects on the observed properti®d& stars or can
affect the same spectral features. Indeed, most diagsadtinass accretion from
the disk onto the central object for the classical T Tau sf@msl's) are emission
lines that are also diagnostics of chromospheric actiatywfeak-lined T Tau stars
(WTTs). The latter, however, display both much weaker eimisines and sig-
nificantly lower or no infrared excess than the former, hemogergo much less
or no accretion. The boundary between weak accretors andswWéliiot sharp, as
chromospheric emission is always present in PMS stars, aydprovide a non-
negligible contribution to the excess emission with respethe photospheric flux
in weak accretors (see,g, Manaraet al. 2013, Inglebyet al. 2011, Frascat al.
2015, Alcaléet al. 2017, and references therein).

An important feature of PMS stars is the variability of bofteit continuum
flux and emission lines with both short and long timescates, Codyet al. 2014,
Costiganet al. 2014, and references therein). The photometric variatiomsf-
ferent bands carry important information on the physicatiamisms operating in
the PMS stars and in their circumstellar environments. Rotegeriods can be
determined for both the CTTs and the WTTs. Indeed, due todtstion of the
star, the stellar flux can be modulated by hot spots that aduged by the impact
of the accretion flow on the stellar photosphere, for thengfioaccreting CTTs,
or to photospheric dark spots related to the stellar magffietds for both classes
of objects. In addition, flux variations on time scales d#éf& than the star rota-
tion period can arise from variable accretion and outflowsl, @bscuration by the
circumstellar disk€.g, Bouvieret al. 2007, Rodrigueet al. 2017).

High-cadence, long-term photometry, like that obtainédgispace telescopes,
is able to reveal different types of variability with varetime scales (periodic
variations, dips, bursts, stochastic variations, etchictv are interpreted as the
result of different physical processes and geometric tffiecg, Codyet al. 2014,
Souseet al. 2016, Venutiet al. 2017). Multiband photometry in optical and near-
infrared (NIR) bands is useful, for the periodic variablesdistinguish between
hot and cool spots as the source of the modulation, and tordiete their mean
properties €.g, Bouvieret al. 1993, Frascat al. 2009).

Despite the ever growing number of photometric data of higglity as regards
precision and cadence, there are few works in the literdtased on multiband
photometric observations taken contemporaneously tasseopy €.9, Bouvier
et al.2003, Alencaet al. 2012, Sousat al.2016). The study of contemporaneous
variations of the continuum flux and emission spectral livdsich are diagnos-
tics of jets, accretion, and/or chromospheric activitypfiggreat importance for a
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better understanding of the phenomena in T Tau stars. Mergthe acquisition
of highly-accurate flux-calibrated spectra is very diffichlence contemporaneous
photometric observations are crucial to overcome thislpraballowing the con-
version of emission-line equivalent widths into line fluxéaurthermore, narrow-
band photometry is a very efficient tool to obtain informatan line fluxes even in
the case of very faint objects, in which spectroscopic olzggms are normally not
possible or would provide very low signal-to-noise useliss.

In this paper we present a study of six T Tau stars in the Tafituigga complex,
which is based on simultaneoB8% Rl and narrow-band & photometry. The pho-
tometry, gathered with a 0.9-m telescope, has been contemgausly acquired to
intermediate-resolution spectra that include the lithe. We present and discuss
the characteristics and performances of the photometric system that can be
used for larger observational campaigns.

The spectra are used not only to check and calibrate thegphbtometry, but
also to derive physical and accretion parameters for thmsess.

2. Observations and Data Reduction

We selected a small sample of six bright young stars in thebyestar forming
region Taurus-Aurigad ~ 140 pc, Kenyoret al. 1994). Table 1 lists the relevant
information reported in the literature regarding theirctpa type (SpType), which
ranges from G2 to MO, their maximuWMmagnitude (in the range 9-12 mag), and
other stellar parameters.

Tablel

Properties of the observed T Tau stars

Name SpType Vimax Period Distance Ma& Radiug?®
[mag] [d] [pc] [Me] [Re]
T Tau KOIvV-Ve 9.8 2810 139.10 1.99 3.73

RY Tau K1v-Ve 1069 560 176.7) 2.11 3.10
V773 Tau K3 Ve 10 3.089 138.10 0.98 3.03
)

FMTau MO0-2e 12.68) 3.07M 1400 0.15 0.97
DGTau K6Ve 1.8 6.30 1400 0.75 1.58
SUAuUr  G2lline 8.99 2660 14240 2.07 2.72

(@Herczeg and Hillenbrand (2014%)ESA (1997) (9 Herbiget al. (1988),
(d) Alfonso-Garzoret al. (2012),(® Haucket al. (1990),

(watsonet al. (2015),(@ Nortonet al. (2007),(" Davieset al. (2014),
()Gaia Collaboration (2016§)Kenyonet al. (1994).
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2.1. Photometry

The photometric observations were carried out at the M.@cé&storo station
(Serra La Nave, Mt. Etna, 1750 m altitude) of the Osservatasitrofisico di Cata-
nia (OAC — Italy) from 19 to 24 November 2014. We used the thaegimg camera
with the 91-cm telescope and a set of broad-band filters 6hCousing, V, R,
1) as well as two narrow band filters. The CCD camera adopts alkKEAF1001E
1k x 1k chip that, with the focal reducer, covers a field of viewlbbat 13 x 13"
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Fig. 1. Passhands of theoHfilters (red forHag and purple forHa1g, respectively) superimposed
to a synthetic BT-Settl spectrum wiffy; = 5000 K and logy = 4.0 (black line). We also overplot
a simulated CTT spectrum (blue line) that is obtained addiGaussian with FWHM:= 6 A and an
area EW= 12 A to the same synthetic spectrum.

The two narrow-band filterdflag and Ha1g, were manufactured by ASAHI
SPECTRA. They have central wavelengths of 656.8 nm and 676.4 nm dhd fu
width at half maximum (FWHM) of 9 nm and 18 nm, respectivelyeTirst filter
is centered at the ¢ wavelength, while the second one collects radiation from
a continuum region adjacent to theaH The passbands of these two filters are
shown in Fig. 1 overplotted to a BT-Settl synthetic spect éithard et al. 2012)
with a solar iron abundanc@gs = 5000 K, and logg= 4.0. Fig. 1 also shows
a template spectrum that is obtained by summing a Gaussiagriission profile
with FWHM = 6 A (274 km/s) and equivalent width EVY = 12 A to the same
BT-Settl spectrum.

The exposure times ranged from 2 s to 60 s depending on thedtiltethe star
brightness. For each target, we typically acquired one orgaquences dVRI
exposures per night followed by a sequence of three exppsirgs—Hag—Ha1g.

Thttp://sin.oact.inaf.it/sin_old/dmdocuments/ccdQipimt2-07.pdf
*http:/iwww.asahi-spectra.com/
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Data reduction was carried out following standard stepwvefstan region sub-
traction, master-bias subtraction, and division by avetaglight flat-field images.
The magnitudes were measured on the corrected images thapagture photom-
etry performed with ad-hoc IDL procedures based on DAOP. We extracted
the instrumental magnitudes using apertures with a difter@dius. To minimize
the effects of seeing variations from one night to anotheth@ range of 15-3"0)
we have chosen the aperture with a radius of 8 pix€l3.(6he photometric errors
related to the photon statistics are in the range of 0.00D50mag in all bands for
all the targets with the exception of FM Tau, for which theg af about 0.01 mag.
Indeed, this target is located in the field of the brighter porrent V773 Tau that
required shorter exposures to avoid saturation. A morabkdievaluation of the
precision of our measurements is provided by the standasidteen of the differ-
ential magnitudes between two non-variable stars in tlgetarfield. This value is
in the range of 0.010-0.025 mag for stars with a similar, ighglly fainter, bright-
ness as the targets (see Fig. 2).
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Fig. 2. Randl light curves of DG Tau along with the contemporaneous phetonof a non-variable
star (2MASS J04264261+2609416) in the same field of view.

For the broad-band photometry, standard stars in the cN&€ 7790 (Stetson
2000) were observed to calculate the transformation cosffie to the Johnson-
Cousins system and the zero points in B)¢/, R, | bands. Local standard stars
in the same fields of the targets or near them were also usedrivedhe zero
points. The errors of the broad-band magnitudes includerfsed in quadrature)
the photon-noise errors and the zero-point errors.

As regards the narrow-band photometry, we measured theitadgulifference
Clyq = Has—Hag, which is related to the intensity of theoHemission (see Sec-
tion 3.1). This index is analogous to the { Ha) color used in the IPHAS survey
(Drewet al.2005). Whenever we acquired exposures in tleeddntinuum Ha1g)
before and after thélag frame, we have interpolated théa;g magnitude at the
time of theHag exposure to calculat€lyy. The error ofClyy was calculated,
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per each star in the CCD field, by the quadratic sum of the photise errors in
the two bands. When we have twta1g exposures before and after thigg one
we also evaluated the standard deviation oftttoe g instrumental magnitudes and
took this value as a robust error estimate whenever it wggidhan the previous
one. The measure dflyq for the non variable stars in the field of our targets
allows us to have an independent estimate of the precisi@uiomeasurements,
which turns out to be of about 0.02 mag for stars with a brigesncomparable to
our targets (see Fig. 3 for an example).
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Fig. 3. Hx index for DG Tau and the non-variable star 2MASS J042642609216 as a function
of time.

2.2. Spectroscopy

Spectroscopic observations were conducted at the 2.5-ac Nawton Tele-
scope (INT) with the Intermediate Dispersion Spectrogrépts) during three
nights, on November 14 and December 6—7, 2014. We colletiedst two spec-
tra per target during this observing run. We used the 235-rameca with the
RED+2 CCD detector and the H1800V grating, which providessaatsion of
about 0.34 A/pix. The slit width was 0.220 mm, which correxg®to about 12
on the sky. The spectra were centered at about 6450 A andxapartely cover the
range 6030-6870 A. The resolutionRs~ 9200, as we verified from the FWHM
of the emission lines of the calibration spectra. The exposimes ranged from
90 s to 900 s depending on the star magnitude. The signadise-natio (S/N) per
pixel at the continuum was in the range of 30—200. The rednaif the spectra
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was made with IRAE subtracting the overscan and bias, and flat-fielding the im-
ages. Optimal extraction of the spectra was performed oprfi@educed images
and the spectra were wavelength calibrated using the emifiges of Cu-Ar arc
spectra. Given the small slit width (2) and the variable seeing (in the range of
076-1"6)", we did not try to flux calibrate the spectra. We instead ndized
them to the continuum by fitting low-order polynomials.

3. DataAnalysis

3.1. Calibration of the Hx Photometry

The Hug filter is centered very close to theaHvavelength . = 656.8 nm),
while the Haig band covers a wavelength range that is not affected by the H
wings and is free from strong photospheric absorption I{ses Fig. 1). Therefore,
the magnitude difference in these two ban@3,, = Hais— Hag, is an index
sensitive to the intensity of theddemission.

However, also in the absence ofaHemission, this index depends on other
atmospheric parameters, likes and logg, because spectral features included in
one or both K bands are sensitive to them.g, the wings of the Hd line for hot
stars or molecular bands for cool stars). To investigatedéendency oClyq
on these parameters we have computed synthetic photormetedion BT-Settl
spectra (Allarcet al. 2012). The synthetic magnitudes have been calculated as:

Hag:/F()\)Rg()\)d)\, Halgz/F()\)ng()\)d)\ (1)

where Rg(A) and Rig(A\) are the response functions of the twan Hilters and

F (M) is the energy flux distribution of a BT-Settl spectrum (Fiyy. The results of
this synthetic photometry are shown in Fig. 4, which displayweak dependency
(0.05 mag peak-to peak) ohy and negligible variations with logfor FGK stars
(4500 K< Tegr < 7000 K). The indexCly, becomes much more sensitive to ¢pg
for stars hotter than 7000 K due to the increasing dependefittye Hx wings on
surface gravity of A-type stars. The stroiigs dependence for models cooler than
4500 K is the result of TiO and CaH molecular bands.

To calibrate the indeClq vs.the equivalent width of the &l line, EW,q , we
have generated synthetic templates with Bimission mimicking T Tau stars. To
this purpose, we have added Gaussian emission profilesredrae6563 A with
increasing intensity to a BT-Settl spectrum of a given effectemperature (see
Fig. 1 for an example). The FWHM of the Gaussian was fixed to @ & (km/s),
which corresponds to a full width at 10% of the maximum of &R0 km/s that

8IRAF is distributed by the National Optical Astronomy Obsxipry, which is operated by the
Association of the Universities for Research in Astronoimyg, (AURA) under cooperative agree-
ment with the National Science Foundation.

Thttp://mww.ing.iac.es/Astronomy/development/seeing/
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Fig. 4. Dependence @&lyy on Tesr and logg for stars without Kt emission, as found from synthetic
photometry based on BT-Settl spectra.

is a typical value for the strong accreting CTTs. Howevee, 3-A passband of
the Hx filter makes it almost insensitive to the FWHM of the emisgiafile, as
we have verified with several tests. The calibrati&W 4 —Clyq , in the Tegr range
3000-6000 K, are shown in Fig. 5. We made these calibratilmasfar different

FWHM = 6 A — logg=4.0
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Fig. 5. Calibration relations between the quant@yy, = Haig—Hag and the equivalent width,
EW,, . A different colored dot corresponds to a different valuelTgf, as indicated in the legend.
The values ofClnq and EW4q measured on the IDS spectra of the targeted T Tau stars (Zpate
overplotted with different symbols.
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values of the gravity, log, finding that the relations for FGK stars are basically
insensitive to log, as expected on the basis of the results shown in Fig. 4. Viée not
that the calibration does not change appreciablyligrin the range 4000-6000 K,
while the curves aflef = 3500 K and 3000 K are offset by abow0.2 mag and
+0.4 mag, respectively. As discussed above, this dependency is caused by
molecular bands encompassed byt g filter for low values ofTes. This means
that, if we want to convert a measure®fyy into EW,q, we need an independent
estimate ofTgi that should be accurate for cool objecTsi < 4500 K).

A key parameter is how sensitive the ind€%yq is to EWy,. This can be
expressed as the derivative of the calibration relatioresfikid that, for allTes val-
ues, the indexXClyq changes by about 0.01 mag for a variation of equivalent width
AEW o =1 A, for EWyq < 20 A, while its variation decreases t90.005 mag/A
for EWyq ~ 100 A. With the typical accuracy o8l of 0.02 mag (Section 2.1),
we should be able to deteEM{y, variations at the level of 2—3 A.

3.2. Analysis of the IDS Spectra

The IDS spectra cover the wavelength range 6000—-7000 A abnéigely. This
range includes useful diagnostics of chromospheric dgtiviagnetospheric accre-
tion and jets €.g, [Ol] A6300,A6364, Hx, Hel A6678, [SI|A6716,A6731) and
the lithium absorption line at 6708 A. This spectral rangal$® suitable to deter-
mine basic stellar parameters, suciias logg, andvsini, thanks to the numerous
photospheric absorption lines. For this task we used the B®ITFIT, adopting a
grid of synthetic BT-Settl spectra (Allaet al. 2012) as templates (see Frastal.
2017 for more details). We analyzed nearly all the spectnadie covered by IDS
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Fig. 6. Left panel:Continuum-normalized IDS spectrum of RY Tau (black linejhwthe best fitting
template overplotted (red line). The blue and cyan linesotethe masked spectral regions of the
observed and template spectrum, respectively. The insetssthex? as a function ofvsini, which
clearly shows the effect of the spectral samplirgX5 km/s).Right panel:x2 contour maps in the
Tei—logg plane. The blue dot indicates the best value3gf and logy, while the 1o confidence
level is denoted by the thick red contour. The errorbar3gnand logy are also indicated.



412 A A.

with the setup selected by us. We only excluded the low-$iggiges, and masked
the strongest emission lines and the AB708 A absorption. As shown in Frasca
et al. (2017), this spectral region is well suited for the deteiation of Tes, logg,
anduvsini for K-type and early M-type stars.

An example of the results of ROTFIT for RY Tau is shown in Fig. 6

As a result of the strong mass accretion, the spectra of T fBas san be af-
fected by veiling, which is better observed at near-UV oiaghtwavelengths, and
sometimes also in the near-IR bandgy( Fischeret al. 2011, Frasceat al. 2017).
For this reason, we also left the veiling free to vary in thelRO processing. This
was accomplished by adding to the templates a waveleng#pandent veiling in
steps of 0.1 per each iteration. Noticeable values of tHanger gs00, Were detected
for T Tau, DG Tau, and FM Tau, which are also the objects withdtiongest H
emission. Thex2 profile as a function ofgsgg is shown in Fig. 7 for T Tau and
DG Tau.

T Tau DG Tau

6.56 [~ b

5,52; ) ) -
1.0 1.5 2.0 2.5

6500 6500

Fig. 7. X2 minimization of veiling for T Tay(left panel)and DG TauTright panel)

Table?2

Stellar parameters derived from the IDS spectra

Name Te Err logg Err wvsini Err rgsop
K] [dex] [km/s]
T Tau 4570 70 3.20 0.30 19 3 05
RY Tau 5920 120 3.50 0.30 52 6 00
V773 Tau® 4460 40 3.30 0.30 70 4 0.0
FM Tau® 4070 190 4.50 0.90 e .. 35
DG Tau 4350 90 3.10 0.60 16 19 1.7
SU Aur 5870 110 3.50 0.20 61 7 0.0

(@ Multiple system. Uncertain stellar parameters.
(®) Uncertain stellar parameters andwsini determination be-
cause of the low S/N ratio at the continuum.



Table3

Equivalent widthsHa color index, and accretion parameters derived from the |[DEtsa

Name HID  10%y EWiq Clig  EWjel Ay fRy logLHg logLHel  logMH%  JogMHe!

2456900+ [km/s] [A] [mag] Al [mag] [erg/crsA] Lol L] Molyr] [Melyr]
T Tau 76.7366 48223 10060+0.19 —0.016 028+004 1.7 1.289)e-12 .@9+046 0124046 —664 —7.01
T Tau 98.4723  37#8  9589+0.16 —0.049 Q19+005 1.6 1.18(8)e-12 .@2+046 —0.14+052 -670 —7.26
T Tau 98.4761 37615 9503+0.23 —0.044 Q244008 1.6 1.18(8)e-12 .82+046 —0.01+056 -671 —7.14
T Tau 98.4790  37#15 9527+0.28 —0.049 Q24+009 1.6 1.18(8)e-12 .@2+046 —0.01+058 -671 —7.14
T Tau 98.7006 3928  9233+0.32 —0.064 011+003 1.6 1.18(8)e-12 .@0+0.46 —043+048 -672 —7.56
T Tau 98.7057 3988  8922+054 —-0.076 Q15+003 1.6 1.18(8)e-12 .B9+046 —0.26+049 -674 —7.39
T Tau 98.7088  37#22 8711+022 —0.097 Q19+005 1.6 1.18(8)e-12 .B8+046 —0.14+052 -675 —7.26
T Tau 99.6538 3928  9053+0.29 —0.082 Q14+002 1.6 1.18(8)e-12 .89+0.46 —0.30+0.46 —673 —7.43
T Tau 99.6594 39845 9101+0.26 —0.070 Q114003 1.6 1.18(8)e-12 .80+046 —043+052 -673 —7.56
RYTau 76.7259 6028 17844012 —0.641 Q009+0.02 2.3 1.8(5)e-12 05+0.63 —0.04+0.64 -7.18 —7.27
RYTau 985170 63315 14744036 —0.669 Q010+£002 2.4 21(6)e-12 03+0.63 009+0.64 -721 —7.14
RYTau 985218 61915 14574038 —0.664 Q005+0.04 2.4 2.1(6)e-12 02+0.63 —0.28+118 —7.21 —7.52
RYTau 98.5297 63415 14744028 —0.662 010+0.01 2.4 2.1(6)e-12 03+0.63 009+0.62 -7.21 —7.14
V773 Tau 99.6959 39315  324+0.10 —0.800 Q04+0.02 2.9 5.0()e-13 —1.67+0.48 —146+067 —858 —837
V773Tau 99.7085  41€15  333+0.09 —0.790 Q08+0.02 2.9 50(3)e-13 —1.66+0.48 —1.08+052 -857 —7.99
FMTau 99.6959 3768 10381+0.66 0018 153+0.20 0.7 1.20(7)e-14 —1.80+0.48 —150+0.47 —839 —8.09
FMTau 99.7085  39%15 10370+0.88 0033 169+0.18 0.7 1.20(7)e-14 —1.80+0.48 —1.45+0.46 -839 —8.04
DGTau 76.7318 51215 10191+0.39 —0.011 Q76+0.09 2.4  3.0(4)e-13 —0.21+0.57 —0.12+055 —7.29 —7.19
DGTau 98.6024 49215 8907+126 —0.031 120+0.28 2.1 2.7(4)e-13 —0.32+057 008+0.58 -7.40 —6.99
DGTau 98.6077 5159 10360+051 0021 Q95+020 2.1  2.7(4)e-13 —0.25+0.57 —0.04+057 -7.32 —7.12
SUAur 76.7415 52#15  344+0.06 —0.801 Q07+£0.01 24  24(4)e-12 —0.84+053 —0.27+052 -812 —7.55
SUAur 985475 52815  364+0.16 —0.790 Q01+001 1.8 23(3)e-12 —0.83+052 -811

89 "IOA

ey
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The stellar parameters were derived with ROTFIT using tieeaye of the best
spectra for each target and are listed in Table 2 along witledinresponding errors.
We measured the equivalent width of thex Hine, EW,4, and the full width at
10% of peak height (10%#4 ), which are both related to the mass accretion rate.
Another useful diagnostic of accretion included in our Iedra is the Hel line
A\ 6678 A, whose equivalent widtlgWe|, has been measured after the subtraction
of the synthetic templates, to remove a nearby iron line.vEthges of these param-
eters for each individual spectrum are reported in TableBagith the accretion
luminosity and mass accretion rate, calculated as destmib®ection 4.2.

We have also measured the photometric inG@éx, on each spectrum by inte-
grating it over theHa1g andHag passbands, as we did with the synthetic templates
(Section 3.1). The&eEW,q andClyy values measured on the IDS spectra are over-
plotted, with a different symbol for each star, to tB&/;q —Clnq calibration curves
in Fig. 5. We note that these values are superimposed on thesabtained with
the synthetic spectra.

4, Results

4.1. Stellar Parameters

The determination of stellar parameters from the spectf@ldfs is hampered
by the presence of strong emission lines and continuum amissising from the
matter accreting onto the central star that overlaps theogpberic spectrum giving
rise to the veiling. For this reason one can find very diffedgterminations of
effective temperature and spectral type in the literatireés can also be the result
of the different spectral ranges and resolutions of the spedtra. Moreover, in
some cases the parameters are not directly measured frartrespeut they are
derived from photometric indices. For thssini, instead, it is normally found a
better consistency among the various values in the litezatu

As an example, among the catalogs available in the VizieRiSGefor As-
tronomical Catalogues at Centre de Données astronomigussasbourg (CDS),
a SpType ranging from F8 V to K1 IV andle¢ in the range 2600-6890 K are
listed for T Tau. The value3e = 4750 K derived by Wrighet al. (2003) from
a SpTypede calibration andTe; = 4817 K reported by Hubegt al. (2016) are
in marginal agreement with our determinationT@f = 45704+ 70 K. We note that
the inclusion of veiling among the parameters derived with @ode simultane-
ously to Tefr, l10gg, andvsini allows an unbiased determination of these parame-
ters. The effect of the veiling is to fill the core of the abgmmp lines, mimicking
a higher photospheric temperature, so that, when it is takenaccount, lower
Tert values are found. The only determination of surface graagilable in the
CDS is logg = 2.73 by Huberet al. (2016). We note that T Tau has two compan-
ions (T Tau Sa and Sh) with a separation of abdlif (Dyck et al. 1982, Kasper
et al. 2016) which are so weakAJ > 10 mag,AH ~ 5.5 mag, AK ~ 2.2 mag
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for T Tau Sa, Kaspeet al. 2016) that they do not affect either the determination
of its atmospheric parameters or its optical photometrye Values ofvsini of
23.0+ 1.2 km/s (Nguyeret al. 2012), 201+ 1.2 km/s (Hartmanret al. 1986),
and 20.7 km/s (Gtebocki and Gnaski 2005) are all in fairly good agreement with
each other and with our value of #93 km/s. A low value of veiling at 7500 A,
rssoo= 0.1, is reported by Herczeg and Hillenbrand (2014), which ikria with
our slightly larger valuergsoo = 0.5, at a shorter wavelength.

For RY Tau, our determination ot = 59204+ 120 K is in very good agree-
ment with the value offe;; = 5945 K reported by Kinet al. (2013), which is based
on Spitzer low-resolution IR spectroscopy. Itis also irehath the spectral classifi-
cation G1-2 IV by Petroet al.(1999) and GO by Herczeg and Hillenbrand (2014).
However, very different values dli.s;, ranging from 4920 K to 5080 K and based
on SpTypedes calibrations, are also reported in previous workg){ Kenyon and
Hartmann 1995, Daviest al. 2014). Ourvsini = 524+ 6 km/s agrees very well
with the literature values of 553 km/s (Moraet al.2001), 52t 2 km/s (Petrowet
al. 1999), and 4& + 3.8 km/s (Hartmanret al. 1986).

The stellar parameters of V773 Tau must be taken with caoause this object
is indeed a multiple system composed of three stars, sepdost50-110 mas (A—
B) and about 250 mas (A—Cg.g, Bodenet al. 2012, and references therein). The
brightest star (A) is also a double-lined spectroscopiatyirwith components of
SpType K2 and K5 (Welty 1995) and an orbital period of abouti5Our value of
vsini = 70 km/s is larger than the values of about 41 km/s reportedédijpM1 995)
for each component. It is likely an effect of the blended diré the individual
components, which are not resolved with the intermediadelugion of the IDS
spectrograph.

For FW Tau the accuracy of the stellar parameters is low, Imagcause of the
low signal-to-noise ratio at the continuum/N~ 30, and the strong veiling.

In addition to T Tau, the objects with a veiling significantiyrger than zero
are FM Tau and DG Tau. Our value ofsoo = 3.5 for FM Tau is quite uncer-
tain, due to the low S/N ratio of our IDS spectra. Valuesr@fyo in the range
0.45-0.72 are reported by Herczeg and Hillenbrand (2013Y)Di Tau they quote
rzsoo= 0.43—0.66 and Fischeet al.(2011) measured the veiling at different wave-
lengths withrgsgp ~ 1.0, which is smaller than the value of 1.7 measured by us.
They derived larger veiling values, up to about 2.0, only avelengths shorter
than 5000 A. These differences can either arise from thergifft methods used to
measure the veiling or from a real variation due to a variaidss accretion rate.

A noteworthy result is the determination of surface gravftgt, excluding
FM Tau, is in the range .2 < logg < 3.5. As shown in the log—Tes diagram
(Fig. 8), where the pre-main sequence (PMS) isochronesask&i al. (2000) are
displayed with blue lines, the position of our targets (rets§isuggests ages in the
range of 0.3—3 Myr, which is in line with the values from thettature é.g, Kenyon
et al. 1990, Briceficet al. 1999).
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4.2. Accretion Parameters

The availability of optical photometry nearly contempagaus to the IDS spec-
tra allowed us to obtain an absolute flux scale for the IDStspe®his permits to
convert the equivalent widths of the emission lines into dkand luminosities.
In particular, from the spectral energy distribution in BRI bands and the stel-
lar parameters reported in Table 2, we evaluated the eikdimcé,, and the flux
at Earth in theR band corrected for the extinctiorfr,, which are listed in Ta-
ble 4. We found for all sources values&§ larger than those reported by Herczeg
and Hilenbrabd (2014) but smaller or equal to those derixeth inear-IR analyses
(e.g, Rebullet al. 2010, Furlaret al.2011). Our values agree reasonably well with
those reported by Lopez-Martinetal. (2015).

Then the line luminosityl_jine, can be calculated as

Liine = 41102 fr,EWine (2)

whered is the distance to the star (Table 1). We adoptedfifjevalue from the
OAC photometry closest in time to the IDS spectra.

We used the relations between the accretion luminogity;, and Ljine pro-
posed by Alcaléet al. (2017, Table B.1) to derivé s from the two accretion
diagnostics in the IDS spectra, namely lnd HelA 6678 A. These two sets of
Lacc Values are reported in Table 3. Thegc errors include the errors obyjne,
which are dominated by thér, error (from 7 to 30%), the error of the distance
(from 4% to 15%), and the standard deviation of thg.—Ljine relations reported
by Alcalaet al. (2017). We find a marginal agreement between lthg values
derived from Hx and Hel lines, with differences of 0.5 dex, at most. These dif
ferences can be ascribed to both the low intensity of the ide] Wwhich may yield
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less accurate results, and to the contribution of diffepdr@nomena giving rise to
the Ho emission. It has been shown, indeed, that in accreting gtar8almer
emission often displays a relevant optically-thin compunvehich arises from the
accretion funnels and overlaps the emission produced bgdtietion shock over
the stellar photosphere.g, Alcalaet al. 2017, Frasca&t al. 2017, and references
therein).

The accretion luminosities were converted into mass aocreates,Macc, US-
ing the relation

R\ ‘'LacR . . LacdRe
_E> GM. ~1.25 GM. (3)

whereR, andR;, are the stellar radius and inner-disk radius, respectiagig M,

is the star mass (Gullbringt al. 1998, Hartmaneet al. 1998). Here we assumég},

to be R,, as in Alcaldet al. (2017) and previous studies. Tl and M,. values
were taken from Herczeg and Hillenbrand (2014) and are alsorted in Table 1.
The Macc values, calculated both fromaHand Hel, are also listed in Table 3. We
estimate an average uncertaintyNii%. of about 0.5 dex.

Our values ofLaec and Mace agree reasonably well with the literature values,
with the exception of T Tau for which we found values of M§% ~ 0.5-0.8 dex
larger than those from the literature. The accretion raieslerive for T Tau from
the Hel A6678 line are, on the other hand, in good agreement with theesyaf
logMacc of [—7.5,—7.2] and —7.34 reported by Calvegt al. (2004) and White
and Ghez (2001), respectively. For RY Tau, the mass acaoredites we derive
are in agreement with the range of valuesr.2, —7.0] quoted by Calvett al.
(2004). The same holds for SU Aur, for which Caleeal.(2004) report logVlacc™
—8.2, and for DG Tau (loWlacc~ —7.34, White and Ghez 2001). The value of
logMH% ~ —8.4 that we found for FM Tau is in between the values-8.1 and
—8.9 reported by Valentet al. (1993) and White and Ghez (2001), respectively.

I\./lacc: (1

T Tau
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Fig. 9. Accretion luminosity for T Tau calculated from IDSesra (asterisks) and from OAC pho-
tometry (dots) as a function of time.
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We point out that using the calibrations betwé&&n, andEW, of Section 3.1
and the simultaneous broad-band photometry we can caddulat from the pho-
tometric data alone, if the distance to the object is knowsaA example we show
in Fig. 9 the accretion luminosity as a function of time for duT

4.3. Broad-Band and Hl Variations
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Fig. 10.From left to right and from top to bottonkight curves of T Tau, RY Tau, V773 Tau, FM Tau,
DG Tau, and SU Aur. In each box, from ttapto thebottom panelwe plot the color indeXC Iy, B,

V, R, andl magnitudes, respectively, as a function of the heliocedulian day. In theipper panel
of each box, the dots represent the color index measured @tvaith the narrow-band filters, while
the asterisks refer to the values measured on the IDS spectra

Despite the short time baseline, we observed significanatians on both
broad-band and & photometry for all the targets (Fig. 10).
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T Tau —The broad-band brightness shows low-amplitude (0.05-0dd) vari-
ations that could be related to the rotation of the centrfail{P; ~ 2.8 d) with
hot (impact shocks) or cool (magnetic activity) spots orsit6face. The d index
does not follow this trend, but displays a decay by about 58§ (= 10 A) from
the first (JD=2456976) to the last (JB 2456999) day of IDS observations.

The rotation period of about 3.0 d was also found by Pet@l. (2010) by the
analysis of long-term photometric time series. Ismadoal. (2010) found period-
icity in the equivalent widths of optical/UV emission linespecially H8 and Call
lines, on a time scale of 331.5 d. They note that this is not the rotation period of
the star (2.8 d) and the line variation must arise somewlmetieei magnetosphere,
disk or outflow region.

RY Tau -The brightness increases by about 0.1 magmi bands while the
Ha index shows an enhancement in the second night of photanodtsiervations
(JD=2456982) by about 0.1 mad\EW,q ~ 10 A) followed by a smooth de-
crease. The values @fly, measured on the IDS spectra before and after the pho-
tometric observations are close to the maximum photomediice.

The V magnitude of about 10.2 mag is near the median value betw@@h 1
and 1995 visible in Fig. 1 of Petrast al. (1999). These authors report also on an
intensification of about one magnitude in ttidand in October—November 1996,
ascribed to a change of opacity of the dusty circumstellgirenment.

V773 Tau -This object displays largeBVRI variations than the other targets
above, from 0.3 mag up to about 0.5 mag peak-to-peak, withssilple variation
of Clyq that does not seem to be correlated with the broad-bandieasa

Xiao et al. (2012) found a period of 3.075 d, based on TrEs photometrghwhi
is the same as that reported by Norteinal. (2007) and listed in Table 1. Large
night-to-night X-ray variations were found by Guenttedral. (2000) during a
multi-wavelength campaign of about 10 d. They also foundetation between
the strength of le and X-ray brightness.

The multiple nature of this object can be the cause of the éaatgehavior of
variations observed in the integrated light of the comptseh large photometric
variability is reported by Bodeet al. (2012), who observed variations of more
than 2 magnitudes on timescales of hundreds/thousandsri#ys relative A-B
K-band photometry. They ascribe these variations to cirBumaterial resulting in
variable line-of-sight extinction.

FM Tau, DG Tau, and SU Aurigae karge photometric variations (in the
range of 0.3—0.7 mag) have been observed for the remainieg tbjects, namely
FM Tau, DG Tau, and SU Aur. In these cases an anticorrelagbmden the broad-
band and ld photometry,i.e, the Hx increases as the star becomes fainter, is
clearly visible. This is testified by the high values of Spean’s rank correlation
coefficientsp (Presset al. 1992) between these quantities, which are reported in
Table 4.
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Table4

Rank correlation coefficients betweeri Fnd light curves

Name H-B Ho-V Ho-R
p o p o P Y

T Tau 0.000 1.000 036 0.938 —-0.109 0.816
RY Tau 0.488 0.220 —-0.439 0.276 m87 0.218
V773 Tau 0.200 0.747 .95 0.750 ®B64 0.322
FM Tau 0.300 0.623 200 0.747 @59 0.553
DG Tau 0.616 0.269 872 0.054 ®75 0.050
SU Aur 0.896 0.001 @65 0.003 ®%61 0.053

p = Rank correlation coefficient.
o = Two-sided significance of the deviation from zero.

Anticorrelation between the intensity ofoHemission and light curves has been
frequently observed in chromospherically active starsitiredascribed to a close
spatial association between dark spots in the photospherbraght active regions
in the chromospheres(g, Catalancet al. 1996, Biazzoet al. 2007, Frascat al.
2008). However, the four CTTs that show a high or marginatetation between
Ha and broad-band luminosity (RY Tau, FM Tau, DG Tau, and SU Alirhave
shorter rotational periods than the timescales of the tiang observed by us and
their Ho emission profiles are very strong and broad, suggesting atasstion as
their origin. Therefore, the observed anticorrelationdsaunlikely to be the result
of chromospheric/photospheric surface features, bututdceoather arise from a
variable accretion. In this hypothesis, the increase inatteretion rate indicated
by the Hx line is accompanied by a weakening of the sourcBWMRI, caused by
the extinction produced by the material falling on the sfdre opposite behavior
would be observed during a decrease of the accretion activit

This idea is supported by the correlations betweenthegnitude and colors,
which are shown in Fig. 11 for three sources. It is intergstmmnote that when
the star gets fainter it becomes redder in ¥h¢ color, but at the same time it be-
comes bluer in th&-V color. This could mean that when the accretion is stronger
there is a greater extinction that shows up as a reddenitg®H color, while the
B-V color is dominated by the flux excess produced by the impamtkshHow-
ever, this does not necessarily imply an intrinsic variatibthe accretion, because
the rotational modulation of accretion-related featunegpéct shock and accretion
funnels) could produce similar color variations. This islmably the case for T Tau,
which displays a nicB-V andV- anticorrelation even if the broad-band flux varies
with the rotational period.

For SU Aur the period of 2.66 d reported by Watssiral. (2015) is the same
as that reported by Codgt al. (2013) on the basis of a 25-d MOST campaign.
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The MOST data also display a dimming of about 0.4 mag duriegldist 5-6 d
of that observing campaign. Our photometry shows a brighteof ~ 0.6 mag
in a 6-d interval with no hint of rotational modulation. Thégent is accompanied
by a mild simultaneous decrease of tha Emission. The @ emission observed
about twenty days later with the IDS seems to be back to thilimigh value.
Unfortunately, we do not have photometric data up to this.dat

5. Discussion and Conclusions

We have presented the results of simultand@vRIand narrow-band & pho-
tometry of six T Tau stars in the Taurus-Aurigae complex gegtl with the 0.9-m
telescope of OAC. Intermediate resolution spectra weretaleen with the IDS at
the INT telescope nearly contemporaneously (before aradier) the photometric
data and were used both to trace the ariations on a longer time scale and to
derive basic stellar and accretion parameters.

Using synthetic BT-Settl and IDS spectra we carried out aaxtarization of
the narrow-band B photometric system and obtained calibration relations be-
tween the equivalent widtBEW,4 and the color indeXlyq, also highlighting the
dependencies on other parameters sucli.gasand logy. In particular, we found
that, with the typical photometric accuracy of 0.02 mag @y, we can resolve
EW,y variations at a level of 2-3 A.

The analysis of the spectra allowed us to detect a signifiogifing only for
the sources with the largestoHntensities (T Tau, FM Tau, and DG Tau), as found
in previous works €.g, Fischeret al. 2011, Herczeg and Hillenbrand 2014). We
also inferred surface gravities in the range df 3 logg < 3.5, with the exception
of the faintest target, namely FM Tau, for which we found &eatuncertain value
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of 4.5, likely due to the low signal-to-noise spectra. Theskies of gravity are
consistent with the very young age of the targets (Fig. 8).

We detected broad-band photometric variations ranging @5 mag to 0.7 mag
over the six nights of observations for all the targets. €hagects mostly display
areddeV — I and a blueB —V color when they become fainter. Moreover, the
sources with the largest variation amplitudes display dicamelation between the
broad-band magnitudes afyq, i.e., when the source gets fainter thex Hhten-
sity enhances, andce versa

Despite the rather short time baseline of our photometricspectroscopic ob-
servations € 25 d), the timescales of broad-band and tAriations appear to be
longer than the rotational period, with the exception of D& &nd T Tau. In par-
ticular, for the latter source, the broad-band luminosigpthys a clear modulation
with the rotation period, while the behavior of tBeV and V-l colors seems to
be related to accretion features. Since the strong and Boagrofiles of these
sources are basically due to accretion, we think that chspimeric plages can be
ruled out as the source of the observed anticorrelationdmivibroad-band pho-
tometry and H intensity. The most plausible explanation is an intringidation
in the accretion rate, at least for the objects with timesalf variations longer
than the rotation period (FM Tau and SU Aur), while a geomoedfiect can play a
major role when the variation timescales are close to thatiost period.

Dynamical instability in the magnetosphere was invoked lmuBer et al.
(2003) to explain the photometric and spectral-line vaoret oberved on AA Tau,
while the line and continuum variations of V2129 Oph wereiasc by Alencaet
al. (2012) to rotational modulation of hot and cold spots plugpisodic increase
of the mass accretion rate. The changes of mass accretem ohserved spec-
troscopically by Costigaet al. (2014) on a sample of Herbig Ae and T Tau stars
(including four of the sources studied in the present pamer)mainly ascribed to
a rotational modulation of the accretion-related emisssimce the timescales of
the variations are comparable with their rotation peridésriodic Hx variations
were observed by Sous al. (2016) for 8 out of 58 CTTs in the young cluster
NGC 2264, while the remaining do not display any clear pecibdin the line
variations. Three of these sources are AA Tau-like objetifgo€ers), for which the
dips in the CoRoT light curves are ascribed to periodic datioins of the central
star by a wrapped disk and theaHariability is likely arising from the geometry
of the accretion columns that project over the impact regiguarticular rotational
phases. Other sources display instead CoRoT light curvesébed by a spot-like
rotational modulation. These cases represent a “stabtebtion regime. Anyway,
several sources do not show any clear periodicity of the bghHa variations and
are characterized by stochastic variations and/or burkisse sources are likely in
an “unstable” regime.

Our data show variation timescales longer than the rotgt@iod for at least
two sources (FM Tau and SU Aur), suggesting an intrinsicatamn of the accre-
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tion, while for the remaining sources no clear behavior apper the variations
occur with the rotation period (as for T Tau). Simultaneockhigtpmetric/ Hr obser-
vations on a longer time baseline can help to shed light owlifferent processes
responsible for the observed variations and to investitjeelative importance of
them.
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