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ABSTRACT

Context. Disks are expected to dissipate quickly in binary or muttipystems. Investigating such systems can improve our lenigs|

of the disk dispersal. The triple system GW Ori, still hafhgra massive disk, is an excellent target.

Aims. We study the young stellar system GW Ori, concentrating ®adtretiofwind activity and disk properties.

Methods. We use high-resolution optical spectra of GW Ori to do s@atiassification and derive the radial velocities (RV). We
analyze the wind and accretion activity using the emissioesl in the spectra. We also useband photometry, which has been
collected from the literature, to study the accretion \@itily of GW Ori. We characterize the disk properties of GW By modeling

its spectral energy distribution (SED).

Results. By comparing our data to the synthetical spectra, we cha®®V Ori as a G8 star. Based on the RVs derived from the
optical spectra, we confirm the previous result as a closgpaaion in GW Ori with a period 0£242 days and an orbital semi-major
axis of ~1 AU. The RV residuals after the subtraction of the orbitdlson with the equivalent widths (EW) of accretion-reldte
emission lines vary with periods of 5-6.7 days during sharetintervals, which are caused by the rotational modutatidhe Hr
and HB line profiles of GW Ori can be decomposed in two central-pdakmission components and one blue-shifted absorption
component. The blue-shifted absorption components arécdaielisk wind modulated by the orbital motion of the close pamion.
Therefore, the systems like GW Ori can be used to study thenerf disk winds. We find that the accretion rates of GW Ori are
rather constant but can occasionally be enhanced by a fatc#+f3. We reproduce the SED of GW Ori by using disk models with
gaps~25-55 AU in size. A small population of tiny dust particleghim the gap produces the excess emission at near-infraretsb
and the strong and sharp silicate feature g0 The SED of GW Ori exhibits dramatic changes on timescaies20 yr in the
near-infrared bands, which can be explained as the charte eamount and distribution of small dust grains in the gap.cdllect

a sample of binagmultiple systems with disks in the literature and find a sgrpositive correlation between their gap sizes and
separations from the primaries to companions, which isgdigeonsistent with the prediction from the theory.
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1. Introduction In a young binary system, two types of disks could
be present: a circumstellar disk surrounding each star in
. . the system and a circumbinary disk around the binary
Young stars are bprn with disks as a resul'g of angular MBair [ how & Artymowicz 2000). Circumstellar disks can
mentum conservation (Shu _1977). Observations suggest truncated outside by the tidal companion-disk interac-
I|f_et|mes of a few Myrs (Strom et al. 1989, H_a!s_ch ef e."' 200%ion and can be misaligned, while circumbinary disks can
Hillenbrand 2002; Hernandez et al. 20()7; Sicilia-Aguédal. o carved out inside by the companiofs (Lin & Papaldizou
2006 Fedele et &l. 2010; Fang et al. 2012, 2013b). Howewer, § 9g3. [ Artymowicz & Lubowl 1994! Roccatagliata ef al. 2011).
physical processes in the disk evolution are still poorlgem G505 quickly produced in the inner regions of circumbinary
stood. ~Spectroscopic gfwi imaging surveys toward nearbyyisys can separate circumstellar disks and circumbinisfsd
f|eld gwarfs suggest that 50% of G-type stars have compaiii- e Panaloizoli 1993; Lubow & Artymowicz 2000). Such
ions (Duguennoy & Mayor_1991), and 30%-40% of M-typgans in circumbinary disks, as suggested in the spectragjgne
stars are in binapynultiple systems.(Fischer & Marcy 192 qistributions (SED) of some binary systerhs (Jensen & Mathie
lanson ef E;:: ﬁO.lZ). T?e ;ract[ons of .b'rya"%"th'r?'e s%/s}en;; 44397), have been directly detected with milimeter intesfee-
are even higher in star-forming regions (Ghez etal. 3 ]
Leinert et al.| 1993] Ghez etlal. 1997; Lafreniere et.al. 200 y (Rosenfeld etal. 2013; Isella etal. 2013).
Kraus et al. 2011). Therefore, the interaction betweensdisid For a circumbinary disk with a disk thickness-to-radiugrat
companions has been proposed as fiitient mechanism to h/r>0.05, the simulations indicate that the gap in the inner disk
dissipate disks| (Lin & Papaloizau 1993). Observationahys region can be replenished with material from the circumfyina
mechanism can be venffieient in disk disperal at very early disk in the form of gas streams, which can supply the mass for
stages €1 Myr, ICieza et all 2009; Kraus etlal. 2012) and magccretion onto the central binary (Artymowicz & Lubow 1996)
play a key role in dissipating the disks in sparse stellangias The simulations also find that the periodic perturbationtha
tions (Bouwman et al. 2006; Fang etlal. 2013b). circumstellar disk caused by the orbital motion of the cloma-
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Fig. 1. Comparison of the observed spectrum (thick gray lines) of GkY which is combined by using the data observed during
Jan. 6-11 in 2009, and synthetical spectraat=5750 (the blue dash-dotted lines) and 5500K (the dashesl)liiée spectra are
all normalized. The best veiling valug) (s also given for each model spectrum.

panion can induce mass flow across the gap, resulting in-acammetry, we investigate the accretion behavior of GW Oriiolth
tion that changes with the orbital motion of binary. For adsin concentrates mainly on the accretion variability that haseen
with a high eccentricityg=0.5) and a mass ratio near one, the astudied in detail yet. With the infrared data, we will chaeaize
cretion rate of the system can be strongly modulated in tintke athe disk properties of GW Ori. We arrange this paper as fol-
reach a maximum near periastron. However, when the eccentlows. In Sect[R, we describe the observations and reduofion
ity of a binary is lower é=0.1), the accretion rate of the systenthe optical data. In Se¢fl 3, we present our results whickthare
can be still pulsed with the orbital motions, but the enhancdiscussed in Sedil 4. We summarize our results in Bect. 5.
ment can be smooth and less notable than those of the high-
e cases|(Artymowicz & Lubow 1996). The scenario of pulsed
accretion in binary systems, as predicted by the simulafiesn 2. Opservations and data reduction
confirmed by the observations of only few cases, such as DQ Tau
and UZ Tau El(Basri et &l. 1997; Martin eflal. 2005; Jensehl et @ur optical spectra of GW Ori were taken with the Fiber-fed
2007). An investigation of other binaries can contributerider- Extended Range Optical Spectrograph (FEROS, Kaufel et al.
standing the accretion processes in such systems. 1999), which is mounted on the 2.2 m MFESO (Max-Planck
The object GW Ori, located ati Ori (~400pc, GesellschafEuropean Southern Observatory) telescope, and
Murdin & Penston[ 1977), was first revealed as a spectrhe High Accuracy Radial velocity Planet Searcher (HARPS,
scopic binary (GW Ori #B) with an orbital period 0f-242 days Mayor et al. 2003), which is mounted on the 3.6 m telescope.
and a separation of1 AU (Mathieu et all 1991). The new near-Both telescopes are located at La Silla Observatory. TheFER
infrared interferometric observations confirm the existenf a has a spectral resolution #fA1~48000 with a wavelength cov-
close companion (GW Ori B) and detect a second (GW Ori @age of 3600-9200A. The HARPS has a higher spectral res-
with a projected separation of8AU from GW Ori A olution (1/A1~115000), but a narrower wavelength coverage
(Berger et all 2011). Though it is a triple system, obseovati (3800-6900A). With the two instruments, a total of 58 spec-
show that GW Oiri is still harboring a massive disk)(3My) tra were obtained during 2007—2010 (see Table 1 for a ddtaile
with a high accretion rate 0£3x10°’ M, yr-*(Mathieu etal. description of these observations). Both FEROS and HARPS
1995;| Calvet et al. 2004). Thus, GW Oiri is a very interestinigave their own online data reduction pipelines, which can-au
target and deserves further detailed investigation. matically produce science-quality spectra with calibdatave-
We obtain 58 high-resolution optical spectra of GW Ori. Afengths from observational raw data. Recently, Mullergt a
a complement, we also collect a large set of archive data, {013) found that the barycentric correction of the FEROS
cluding a set of multi-epoch broad band photometry ifieti data reduction pipeline is inaccurate, as it induces aficiati
ent bands, and the infrared spectrum from the Spitzer IrfdaRone-year period with a semi-amplitude of 62Th.sFollowing
Spectrograph (IRS, Houck etlal. 2004). Using the accreticktiller et al. (2018), we apply a more precise barycentricen
related emission lines in the optical spectra ahdband pho- tion that is calculated with the IDL code “baryvel.pro”, whiis
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Table 1.Observing log for the spectroscopy.

ID Obs.Date JD-2450000 Instrument Exp.time(s)D Obs. Date  JD-2450000 Instrument Exp. time (s)
1 2007-11-08 4412.689 FEROS 900.0 | 30 2009-01-13 4844.538 FEROS 960.0
2 2007-11-09 4413.727 FEROS 1300.0| 31 2009-01-13 4844.680 FEROS 960.0
3 2008-01-31 4496.530 FEROS 1200.0| 32 2009-01-14 4845.606 FEROS 960.0
4 2008-11-07 4777.866 FEROS 960.0 | 33 2009-02-12 4874.520 HARPS 540.0
5 2008-11-09 4779.777 FEROS 900.0 | 34 2009-02-13 4875.532 HARPS 540.0
6 2008-11-09 4779.788 FEROS 900.0 | 35 2009-02-14 4876.574 HARPS 540.0
7 2008-11-11 4781.869 FEROS 900.0 | 36 2009-02-15 4877.543 HARPS 540.0
8 2008-11-12 4782.849 FEROS 900.0 | 37 2009-03-01 4891.508 HARPS 600.0
9 2008-11-13 4783.851 FEROS 720.0 | 38 2009-03-01 4892.501 HARPS 600.0
10 2008-11-14 4784.690 FEROS 720.0 | 39 2009-03-03 4893.519 HARPS 600.0
11 2008-11-16 4786.777 HARPS 1200.0| 40 2009-03-04 4894.565 HARPS 600.0
12 2008-11-17 4787.747 HARPS 1200.0| 41 2009-04-28 4950.469 FEROS 960.0
13 2008-11-18 4788.813 HARPS 900.0 | 42 2009-10-01 5105.810 FEROS 465.8
14  2009-01-05 4836.533 FEROS 960.0 | 43 2009-10-02 5106.849 FEROS 960.0
15 2009-01-05 4836.629 FEROS 960.0 | 44 2009-10-04 5108.867 FEROS 1200.0
16 2009-01-06 4837.538 FEROS 960.0 | 45 2009-10-07 5111.876 FEROS 960.0
17 2009-01-06 4837.599 FEROS 960.0 | 46 2009-12-14 5179.775 FEROS 900.0
18 2009-01-07 4838.538 FEROS 960.0 | 47 2009-12-15 5180.777 FEROS 900.0
19 2009-01-07 4838.689 FEROS 960.0 | 48 2009-12-16 5181.762 FEROS 900.0
20 2009-01-08 4839.567 FEROS 960.0 | 49 2010-01-03 5199.705 FEROS 960.0
21 2009-01-08 4839.720 FEROS 960.0 | 50 2010-01-06 5202.702 FEROS 960.0
22  2009-01-09 4840.560 FEROS 960.0 | 51 2010-01-28 5224.650 FEROS 465.8
23 2009-01-09 4840.687 FEROS 960.0 | 52 2010-01-28 5224.663 FEROS 1200.0
24  2009-01-10 4841.542 FEROS 960.0 | 53 2010-01-29 5225.664 FEROS 900.0
25 2009-01-10 4841.632 FEROS 960.0 | 54 2010-01-30 5226.644 FEROS 900.0
26 2009-01-11 4842.572 FEROS 960.0 | 55 2010-02-27 5254.566 FEROS 900.0
27 2009-01-11 4842.633 FEROS 960.0 | 56 2010-03-05 5260.595 FEROS 900.0
28 2009-01-12 4843.538 FEROS 960.0 | 57 2010-03-13 5268.535 FEROS 900.0
29 2009-01-12 4843.619 FEROS 960.0 | 58 2010-03-14 5269.541 FEROS 900.0

based on the method in_Stufiig1980) and gives an accuracyGW Ori is ~8% of its stellar luminosity. In addition, the ex-
of ~1 ms™. The corrected FEROS spectra are then used in a@ss continuum emission peaks at the UV band. Therefole, vei
analysis. ing is expected to be insignificant for GW Ori in optical bands
However, we still include veilling in the spectral comparisas
an independent check. We divide spectra intfiedént wave-
3. Results length bins with a size of 50 A. Within each bin, we include a
free parameter to simulate veiling in a way similar to that in
Hartigan et al.|(1989). The value is set to be constant within

In the literature, the spectral type of GW Ori ranges from &3 tone wavelength bin and can be optimized by minimizifgas

GO (Joy 1949; Herbig 1977; Heckmann 1975; Calvet &t al. 200defined byy?=Y(Fops 1 — Fsylﬁr;”)z, whereFops 1 is the flux of
Weise et all 2010). We classify GW Ori by comparing its olthe observed spectrum at the wavelengtandFsyy , is the flux
served spectra with synthetical spectra. To improve thétgod of the theoretical spectrum at the corresponding wavete vy

the observational data, we combine the FEROS sfieattsich  find that the GW Ori spectrum can be best reproduced by syn-
is observed during Jan. 6-11 in 2009, to one spectrum. Witketical spectra withfective temperatured {¢) between 5500
these data, we do not see any obvious variations in photdsphand 5750K (closer to 5500 K) and a negligible veilimg@.1),
absorption features among the individual spectra. For emmpwhich is consistent with that suggested. by Calvet et al. 4200
ison, we used synthetical spectra extracted from Coelhb etla Fig. [1, we show comparisons of the spectra as an exam-
(2005) with a solar abundance and a surface gravitygie®¥. ple within the wavelength ranges of 4875-4925A and 5225-
The comparison spectra were first degraded to match the spgg75A. Hereafter, we take 5500K as theetive temperature
tral resolution of FEROS and then rotationa”y broadendt wi of GW Ori, which Corresponds to a Spectra| typgs, accord-

rotation velocityv sini,=43.7 kms* (Weise et al. 2010). ing to the relation between spectral types dggthat is given in
The accretion shock can produce excess continuum engg&nyon & Hartmann((1995).

sions, which fill the photospheric absorption features and i
duce a veiling &ect on the spectra (Calvet & Gullbring 1998)Cal
According tol Calvet et al. (2004), the accretion luminosify

3.1. Stellar properties

Using our derived spectral type with photometric data in
vet et al. [(2004), we calculate the visual extinctig®,X
and bolometric luminosity L(,) of the primary of GW Ori

1 Before the combination, each spectrum used has been eatifect (GW Ori A), assuming that the primary dominates the emission
the Doppler shift by using the value derived in Sect.3.2 aordnalized _Of the system. In the CalCUIat'(_)n' we use the met_hod d?St”be
to avoid the possible variations in the shape of the spectra. inlFang et al.[(2009) by adopting a total to selective exiamct

2 Using the stellar masses and radius of GW Ori ffom Calvetlet 2lue typical of interstellar medium dusR{=3.1) and the ex-
(2004), the surface gravity of GW Ori is estimated to be ¢pg3.3. tinction law fromi Cardelli et &l.[(1989). The resultiry, and
Therefore, for simplicity, we only select the syntheticpkstra with L. of GW Ori A are 1.50.1mag and 4810L,, respectively.
log g=3.5 from_Coelho et al[ (2005). We derive the stellar mas$/() and age of GW Ori A using
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1 10 100 1000 Table 3.Orbital elements for GW Oirri.
Period (days)

. . . Parameters This work In Mathieu et al. (1991
Fig. 2. (a) Generalized Lomb-Scargle periodogram of the RV P (days) 2416+ 15 241.9:1.0 ( )
measurements of GW Ori. (b) Generalized Lomb-Scargle peri- . 47749 + 8.0
odogram for the RV residuals after subtracting a one-cofgpan (JD-2450000)
fit. (c) Window function. The dashed lines in panels (a, b)-ind e 018+ 0.06 0.04:0.06
cate the power level for an FAP of 0.01, as computed by GLS. w (deg) 2366 + 134 7160

K (kms?) 341+017 4.7:0.3
f(m) (Mo) (9.39+1.16)x 10*  2.6:05x 1073
o (0-C) (kms™) 0.7 1.3
the three sets of publicly available pre-main sequence OPMéN'thrT}Zl:in%%\j (;'ZMO 025+ 0,01
: - g o .25+ 0.
evolutionary tracks from Siess et &l. (2000) (S00), Dottexle 2 (AU) 120+ 0.02

(2008) (D08), and Tognelli et al. (2011) (Pisall). The masse
and ages of GW Ori A are 3£0.3M, and 0.20.3 Myr from

S00, 4.6:0.2M, and 0.4:0.1Myr from D08, and 3.90.2Mo  gters are summarized in Talle 3, which includes the orbéal p
and 0.20.2Myr from Pisall. In the following, we use thejjoq p a Julian date of periastron passake the eccentricity
weighted mean, 3:90.2Mo, as the mass of GW Ori A. With ¢ {he periastron angle, the semi-amplitude of the RV curve
such a high mass, GW Ori A would be a B6 main-sequence sfarine mass functiori(m), and the rms residual velocities from
(Schaller et al. 1992). The late spectral type (G8) of GW Ori fhe orbital solution. In TablEl3, we also present the orlgtad
suggests that itis at an evolutionary stage earlier thabil@e 5 meters from Mathieu et’al. (1991) as a comparison. We note
stars. According to the three PMS evolutionary tracks for &,  rms residual velocity is about half of thatlin Mathieu Et a
young star with a mass ofMo, there is a rapid transition from (7997). Both works agree with each other on the orbital ko

G type to B type at an age ofl Myr, which may explain why o eccentricity is marginally larger than the previous.dFtee
there are so few known young stars, like GW Ori A, with suc rgest diferences between both works arise mostiwji, and

high masses but with late spectral types. f(m). According to the uncertainties @, our data may pro-
vide a better constraint an than Mathieu et al! (1991). Taking
3.2. Radial velocity, Keplerian orbital solution, and rotation 3.9+0.2M, as the mass of GW Ori A, we obtain a minimum

companion masa; sini) ~0.25M, and an orbital semi-major

We derive the radial velocity (RV) of each spectrum of GW Orixis (@) of 1.20 AU. Thea value is consistent with the one in
using the cross-correlation method by taking one obsenved-s |Mathieu et al.[(1991).
trum (ID 6 in Table[1l) as the template. The relative RVs are Table2 lists the individual RV residuals from the orbital so
listed in TabldR. In Fig12(a), we show the generalized Lomiution. The rms residual velocity is0.7 km s, which consider-
Scargle (GLS) periodogram of the RVs that are calculated ugbly higher than internal measurement errgg8.0 kms?). We
ing the method in_ Zechmeister & Kirster (2009). The GLS p&how the GLS periodogram of the RV residuals in Eig. 2(b). We
riodogram shows three strong peaks &0, 240, and 600 days, note that the two peaks (120 and 600days) shown in[Fig. 2(a)
respectively. The strongest peak is~40days with a false- disappear, and no significant periods with R&P01 are present
alarm probability (FAP) of 1.%10728 estimated by GLS. in the periodogram. In Fid.]4, we show the RV residuals with

We achieve a one-companion Keplerian orbital solution foespect to observational dates and note a systematic ishifei
GW Ori by using the fitting procedure in_Wright & HowardRV residuals with the time. Mathieu etlal. (1991) also found a
(2009) and estimate the uncertainties of parameters bg tisin systematic shift in their RV residuals and explained it asdpe
bootstrapping routines in Wang et al. (2012). A phase-ibR¢ caused by a second companion (GW Ori C). The GW Ori C has
curve of GW Oiri is shown in Fid.]3. The best-fit orbital parambeen confirmed with the infrared interferometric technitpye
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Table 2. Relative radial velocity of GW Oiri.

D JD-2450000 Rel.RV o (Rel.RV) (O-C) | ID JD-2450000 Rel.RV o (Rel.RV) (O-C)
(kms?)  (kms?)  (kms?) (kms?)  (kms?)  (kms?)
T 4412689  +517 0.12 +189 | 30 4844538  +539 0.09 +0.56
2 4413727  +4.63 0.07 +140 | 31 4844680  +4.90 0.09 +0.08
3 4496530  +0.18 0.08 +201 | 32 4845606  +4.73 0.07 -0.09
4 4777866  +0.09 0.06 +021 | 33 4874520  +6.03 0.07 +1.56
5 4779777  -0.20 0.06 -030 | 34 4875532  +4.30 0.06 -0.13
68  4779.788  +0.00 0.06 -010 | 35 4876574  +461 0.06 +0.21
7 4781.869  +0.27 0.06 -009 | 36  4877.543  +311 0.06 -1.25
8 4782849  +0.98 0.06 +050 | 37  4891.508  +3.40 0.06 -0.35
9 4783851  +1.12 0.06 +052 | 38 4892501  +4.88 0.07 +1.18
10 4784690  +0.94 0.07 +023 | 39 4893519  +331 0.06 -0.34
11  4786.777  +2.03 0.06 +0.83 | 40 4894565  +3.18 0.06 ~0.41
12 4787.747  +0.76 0.07 -056 | 41  4950.469  +0.03 0.06 +0.24
13 4788.813  +1.70 0.07 +024 | 42 5105810 +361 0.25 ~0.95
14  4836.533  +4.59 0.06 -016 | 43  5106.849  +4.96 0.18 +0.43
15  4836.629  +4.83 0.10 +007 | 44  5108.867  +4.43 0.12 ~0.04
16 ~ 4837.538  +4.61 0.06 -017 | 45 5111.876  +4.00 0.09 -0.38
17 4837599  +4.63 0.07 -014 | 46  5179.775  +058 0.06 ~0.06
18 4838538  +503 0.07 +024 | 47  5180.777  -0.62 0.06 -1.20
19  4838.689  +4.96 0.11 +017 | 48 5181762  +0.22 0.06 -0.29
20 4839567  +4.63 0.08 -017 | 49 5199.705 -0.85 0.06 -0.13
21  4839.720  +525 0.08 +045 | 50  5202.702 -0.05 0.06 +0.86
22 4840560  +4.98 0.08 +017 | 51  5224.650 -3.04 0.14 -1.13
23 4840.687  +5.01 0.07 +020 | 52 5224.663 —3.00 0.07 -1.08
24 4841542  +4.79 0.08 -002 | 53 5225664 -2.03 0.13 -0.10
25  4841.632  +4.75 0.07 ~006 | 54 5226.644 —1.89 0.09 +0.06
26 4842572  +4.40 0.10 -042 | 55 5254566 -1.14 0.06 -0.32
27  4842.633  +4.36 0.06 -046 | 56  5260.595 —0.46 0.06 -0.28
28 4843538  +4.70 0.09 -012 | 57 5268535 -056 0.10 -135
29  4843.619  +4.85 0.08 +003 | 58  5269.541  +0.03 0.10 -0.88

Notes. Column 3: RVs relative to the ID 6 spectrum. Column 5: RV rasaid from the orbital solution. a: Template used for deguine relative
RVs of other spectra. b: Typical error for other spectra.

periodic variations in the RV residuals. We fit the data point
(Vresd by using the fornvies = Vimaxx sin(@ +0)+Vo, Wherevy is
the systematic shift caused by the second companion, iarte
period of thevies variation. The best-fit results with ~6.7 and
5.0 days are also shown in Fig. 5 4id 6, respectively. We €alcu
late the GLS periodograms of the RV residuals for the datrtak
during the two time intervals and show them in [Eiy. 7 (a, be Th
peaks of~6.7 and 5.0 can be noted in the two periodograms
with FAP~0.07 and 0.01, respectively. In Fig. 7 (c), we show the
GLS periodogram for the data taken between Nov. 7, 2008 and
Apr. 28, 2009. We only use the data during that time becaese th
systematic shifts caused by the second companion are seall (
Fig.[4). In Fig[T (c), no strong peaks can be noted, sugggttan
periodic variations shown in Figl 5 aht 6 are not stable. We al
—— —l— : : note that the best-fit functions for the two sets of data arerin
- 4800 5000 5200 sistent in both amplitudes and phases. Thus, the periodef 5.
Time (JD-2450000) 6.7 days cannot be due to a new companion. One promising ex-
Fig. 4. The residual velocities of GW Ori plotted as a function oplanation could be rotational modulation (see e.g. Quelar e
observational dates. 2001; Prato et al. 2008; Muller etlal. 2011). The disappszea
and appearance of the spots, as well as the variations affilli
factors of spots on the stellar surface, can lead to the eheng

Berger et al.[(2011) and is located at a project separatiohy POth amplitudes and phases in the periodic variations oRthe
from GW Ori A, indicating an orbital period 3600 days. Our reS|dqus due to the ro_tatlo_nal modulat|on. .
observations only have a time span-@50 days and, thus, can- _Puring these two time intervals, we find that the equivalent
not provide any useful constrains on the orbital parameers Widths (EW) of accretion-related emission lines exhibibigar

GW Ori C. . . 3 In each fit, we have excluded one data point: ID 11 in Elg. 5 and
In our datasets, there are two time intervals, Nov. 7-18820fb 20 in Fig[8. The two data points seem to deviate very musinithe
and Jan. 5-14, 2009, with very dense time coverage. In [HigsgiBbal trends of the,es variations. The two data points are also excluded

and®, we show the RV residuals during the two periods and netlen we calculate the GLS periodograms in Elg. 7 (a, b)

N

0®0 0o
© @O D

I
@OO
o O
@]
o
O

Residual velocity (km/s)

I
N

(@]
T T[T T T[T T T [T T T T[T T T[T T rTT

O
o b b e b b

4400

4600




M. Fang et al.: GW Ori: Inner disk readjustments in a triplstsyn

4836.533

4836.629

4837.538

4837.599

4838.538

4838.689

7

0

4839.56

4839.72

4840.560

4840.687

4841.542

Normalized flux

4841.632

4842.633

L N BT P L L L P TR L L L
—-400 -200 0 200 400 —-400 -200 0 200 400
Velocity (km/s) Velocity (km/s)
Fig. 8. Residual line profiles of bl and H3 observed during Jan 5-14. The profiles have been shifteddiotyc The vertical dashed

lines mark the spectral line center at the stellar rest fraand the horizontal dotted lines show the continuum levieé mumbers
on the left are the Julian dates of observation minus 2450000

periodic variations to the RV residuals, although lessimtist tational period is 0.9 days. According to our derived ratadil
Figuredd anfll6 show the EWs of three accretion-related enmperiod (5.0-6.7 days), GW Ori A is far away from the limit.
sion lines, Call K line, K, and NalD line, with respect to the Givenv sini,=43.7kms?, we calculate the inclinatiori.{ of
observational dates as examples (see $edt. 3.3 for a detailte stellar rotation axis of GW Ori A, which is around 35250
scription of emission lines in the spectra of GW Ori). The péBouvier (1990) derived a shorter rotation peried(3 days) for
riodic variation of the EWs of accretion-related emissiore$ GW Ori A mainly based on th&J-band photometry. It is un-
can be also explained as a rotational modulation since the fknown which period is more accurate, since both our data and
ing factor of the accretion-shock region on the stellar aef theirs are not sampled very well over the time. If the rotadio

is small, and the accretion streams are usually not azirtuthgperiod of GW Ori A was the shorter one, the inclination would
symmetrically distributed with respect to the stellar timaal be around 22 Here, we consider that the inclination of the
axis (Johns & Basri 1995b; Romanova et al. 2004; Bouvierlet abtational axis is between 22-50 although current data can-
2007). In addition to the rotational modulation, the EW aéidn not give any constraints on the inclination of the orbitalsax

of accretion-related emission lines can also be causeddrg-acof GW Ori A/B. If the orbital axis of GW Ori 4B is aligned

tion variation, such as non-steady accretion on the timesifa with the rotational axis of GW Ori A, the mass of GW Ori B
hours, the global instabilities of the magnetosphericcsime on is 0.3-0.”™,. However, an intermediate inclination of the or-
the timescale of months, or the pulsed accretion due to thitabr bital axis of GW Ori AB contradicts the observed eclipses
motion for binaries| (Gullbring et al. 1996; Bouvier etlal.0Z) by [Shevchenko et all (1998). The eclipses were detected dur-
Artymowicz & Lubow(1996). These factors can contaminate thiag 1987-1992 and then disappeared (Shevchenkolet al..1998)
periodic behaviors of EWs of the emission lines in Higs. 5@nd Therefore, more data are required to understand the ndttive o

Taking the stellar radius 7/, the break-up velocity of €clipses and, furthermore, to give a constraint on theriatiton
GW Ori A is estimated to be 442 km’ and its lower-limit ro- Of the the orbital axis of GW Ori /8.
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Fig.7. (a) Generalized Lomb-Scargle periodogram of the RV

residuals of GW Ori during Nov. 7-11, 2008. (b) The same pe-

riodogram for the RV residuals but for data obtained durigy J
op—14, 2009. (c) Same as in panels (a, b) but for data taken be-

individual measurements are shown. The dashed line is thetf€€n Nov. 7, 2008 and Apr. 28, 2009. The dashed line in each
to the residual RVs. The dotted lines in panels (b, c, d) are gipanel indicates the power level for an FAP of 0.01, as contpute

functions with the fitted phase and period from panel (a).

manually shift the sine functions and adjust the amplitudes

match the observed EWs of each emission line.
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3.3. Emission lines

3.3.1. Ha and HB emission lines

(a) Equivalent widths and line profiles

The Hy and B3 lines are prominentin our spectra of GW Ori
due to their strong and broad line profiles. In Eig 8, we shav th
example residual profiles ofddand H3 lines observed during
Jan 5-14, 2009. The residual line profiles are obtained by nor
malizing the observed spectra and subtracting the pho#oigph
absorption features from the normalized synthetical spetct
with Teg=5500K. As shown in Figl8, the tdand H3 lines show
very similar profiles. In both lines, the most notable featisra
blue-shifted absorption, which changes in both strengthcem-
tral velocity with time. In Tabl€}4, we list the EWs ofdHand H3
calculated with the residual line profiles.

(b) Line variance

In Figs.[9 and10, we show the average residual profiles of
Ha and HB3 lines with the normalized variance profiles, as calcu-
lated with the data observed during 2009 Jan 1-14, and all the
observations. The variance profiles, as defined in Johns &i Bas
(1995a), are measurements of variability in each velocity b
within the lines. The variance profiles ofbkhnd H3 show blue-
shifted peaks, corresponding to the variable absorptiatufes
(see Fig[B), and are featureless on the red side.

(c) Correlation matrices
We calculate autocorrelation matrices for the lnd H3

lines and use them to investigate how the variations of lioe p
files are correlated across the lines (see Johns &|Basri 1995a
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Fig. 9. Average H line profiles (solid line) and normalized vari-Fig. 10.Similar to Fig[9 but for i line.
ance profiles (gray shaded areas) calculated with resigeat s
tra. The vertical dashed lines mark the spectral line ceatttire

stellar rest frame. - "
The two emission components frongllecomposition are

similar to those from i and peak arouné0kms? with re-

The resulting matrices are illustrated in Figl 11. Far, the au- SPect to the rest frame of GW Ori. For the broad component,
tocorrelation matrix shows a clear correlation betweerbine the mean full width of t8 at 10% ¢Wis.100) of the peak inten-
(-300-0kms') and the red (0-200knT¥) sides of profiles. sity is 54125kms?, and the mean EW is3.4+0.6 A. The two
The autocorrelation matrix of gexhibits a similar pattern to values are 12817 kms?! and—0.4+0.1 A, respectively, for the
that of Hv but with less significance. In Fif. 112, we display th@arrow emission component. We note that there are cowakti
linear correlation coicient between the & and H3 profiles between the b and H3 lines in both emission components. To
within each velocity bin. The B and H3 variations are corre- test the significance of the correlation between them, wéyapp

lated well across the whole line profiles400-400 kmst). Kendallr test. If two datasets are fully correlated, the test returns
- ) i a value ofr = 1. If they are anti-correlated, we get= -1, and
(d) Decomposition of the Hr and Hg line profiles if they are independent, has a value of 0. The Kendalltest

We decompose theddand H3 line profiles of GW Ori us- also returns a probabilitp, which is smaller when the correla-
ing multi-Gaussian functions, as donelin Sicilia-Aguilaae tion is more significant. For the broad components, the Kiénda
(2012). We find that all the Kland Hs line profiles can be fittted 7 test yieldsr=0.45 andp=5x10"" for FW,.10% andF Wz 10%,
well with two emission components, of which one is strong arehdr=0.62 andp=0 for the EWs of both lines. The correlations
broad and the other is narrow and weak, and one blue-shifted gor the narrow components of thesthnd H3 lines are less sig-
sorption component. Figufell3 shows the examples of fitsto thificant with 7=0.30 andp=1x10-2 from the Kendallr test for
Ha and H3 line profiles. For K line, the two emission compo- FWii,, 100 andF W 100, andr=0.38 andp=3x10"° for the EWs
nents always peak at0 km s with respect to the rest frame ofof both lines.

GW Ori and show mean EWs ef21.6+2.9 and-3.5+0.6 A, re- The blue-shifted absorption components in the &hd H3
spectively, for the broad and narrow components. The ftlkd line profiles can be related to the wind activity of GW Ori. The
of Ha at 10% EWhe 100%) Of the peak intensity are 5893 and absorption components are variable in both the centratitede
156+16 kms? for the two components. There are no correland the line strengths for bothaHand H3 lines, which induces
tions between the two emission components in both the EW® peaks on the variance at the blue side of their line profile
and line widths, indicating they may originate fromffdirent (see Fig[® and_10). We note that the absorption components in
physical processes. According to the criteria for distisging the two lines are strongly correlated in both the centrabeiel
accretors and non-accretors usi®, 100, and EW of Hr in  ties and the EWs. The Kendalltest yieldsr=0.53 andp=0 for
Fang et al.|(2009, 2013a), the narrow ldmission component their central velocities and=0.57 andp=0 for their EWSs. In
could be mainly related to the chromospheric activity, ehile Fig.[14, we show the central velocities and EWs for the absorp
broad one should be due to the accretion activity. tion components in H line profiles with respect to the orbital
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The lowest contours in each panel corresponds to 99.9% confi-

dence level. . . .
EWs are usually correlated in powerful winds. The blueishif

absorption components ingHine profiles show similar varia-

phases of GW Ori B. We note the variations of the two valud@ns with the orbital phases of GW Ori B to those af knes.
seem to be periodic with a period comparable to orbital pesfo

GW Ori B. This periodic variation of the central velocity a3 3 5 other emission lines

line strengths is more notable from the mean values withdix in

vidual phase bins, which are also shown in Eig. 14. The mediBesides 1 and H3, we also detect other emission lines in the
central velocity of the wind component is arour@Okms?, spectra of GW Ori, including the $1Balmer line, Call lines at
which is much smaller than the escape velocit#40kms?t) at 3933, 3968, 8498, and 8668AHe 115876, O lines at 6300,
the surface of GW Ori A and comparable to the escape velocgg63, 7773, and 8446 A, and Nal D lines at 58896 A. In
from the disk at a distance of 1.4 AU. Thus, the blue-shifted aFig. [I5 we show the residual profiles of these emission lines
sorption component should be attributed to disk winds laedc obtained on Nov. 8, 2007 as an example. All lines except the
near the orbit of GW Ori B and could béfected by the orbital oxygen doublet at 6300 and 6363 A exhibit broad profiles. In
motion of GW Ori B. Furthermore, we also note that the EWs of
blue-shifted absorption components in Figl 14 are usuaitydr 4 The Ca Il line at 8542 A falls at the edge of the FEROS gap and is
when they are bluer, which can be due to that wind speeds ahdks excluded it here.
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Fig. 15.The example profiles of the emission lines detected in thealEpectrum (ID 1 in Tablel1) of GW Ori. The vertical dashed
lines mark the spectral line center at the stellar rest frafoe the O| triplet at 7773 A, the central wavelength for etioh is
marked. The central absorption components in Call at 3983868 A and in Na | at 5898896 A are due to the absorption from
interstellar medium.

Table[3, we list the EWs of these lines calculated from thefiterczeg & Hillenbrand 2008; Fang et al. 2009; Rigliaco ét al.

residual line profiles (see the definition of residual linefjyes [2012). The Ol lines at 7773 and 8446A are also broad
in Sect[3.311(a)). and could be related to accretion activity. Two forbidden
L . lines [O1]1163006363 show very narrow line profiles with

The Hy line in GW Ori is much weaker thandiand B8 gjighily blue-shifted peaks. They are proposed to be mainly
and appears in emission only after the subtraction of the phge 15 prompt emission following UV photodissociation of OH

tospheric absorption. However, the residual profiles oftthe ,51ecules [(Storzer & Hollenbd 98). However, the atmo-
lines are very similar to those of theeHand FB lines. In  gphare of Earth can also produce strong oxygen forbiddes.lin

Fig. 18, the He h5876 line clearly shows double peaks ceNour ob ti b taminated by telluri e
tered at- —~100 km s* and~100 km s?. This kind of He 115876 Hr observanons may be contaminaied By tefilric emission.

line profile is quite atypical among T Tauri stars (see e.g.,
X istai ﬁg._Z!)Ol). In Figl 15,@well  3.4. Accretion
lines at 3933, 3968, 8498, and 8662 A and the Nal D lin : (i [
: ’ - - . 4.1, A -rel I
at 58905896 A show broad line profiles with blueward asyme?S ccretion-related emission lines
metry. All these above described lines have been widely uséde GW Ori system has a low eccentricig=0.18) and, thus,
as tracers of accretion in the literatute (Mohanty et al.5200is expected to show a smooth enhancement in the accret&m rat

10
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' ' ' ferent phase bins, although a slight increase of the mean EW
is noted at the phase bif.5. In Fig.[1¥, we show the median
line profiles of Hr and Ca 113968 within four bins of orbital
phases, 0-0.25, 0.25-0.5, 0.5-0.75, and 0.75-1.0. Forthoth
and Calll3968, we see the line profiles within the phase bins
of 0-0.25, 0.25-0.5, and 0.75-1.0 are quite similar, andirniee
profiles within the phase bin of 0.5-0.75 are stronger thharst

We have examined other accretion-related emission lines,
such as I8, Hy, Nal D, and other Call lines. These lines exhibit
similar behaviors to those ofddand Ca 1113933, where the EWs
of these lines are scattered around constant values ovke ali-
bital phases of GW Ori B with a probable accidental incredse o
accretion at the phases around 0.5. Since our observatianstd
cover the phases before and after the high accretion valhe at
8 same orbital period and, thus, we do not know the accreti@s ra

o o o 3
© ] © 3 before and after phase 0.5, it is not possible to establisttiven
0® © 0® ° the enhancement of accretion at the pha8esis due to the or-
o o
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E increased accretion.
0.0 0.5 1.0 1.5 2.0 Here, we use the EWs of accretion-related emission lines as
Phase proxy of accretion of GW Ori. However, the variations of the

Fig. 14.(a) Central velocities of the disk wind components frorfin€ EWs could be also attributed to variable brightnesssiaa

the decomposition of W line profiles, as plotted over the orbital-0Ng-térm monitoring of GW Ori with imaging has revealeditha
phases of GW Ori B. The velocity is in the rest frame of Gw OrW Ori is a variable source (Grankin etlal. 2007). Furtheemor
We divide the orbital phases intoffiirent bins and show the the strength of some accretion-related emission lines aisc
mean value of central velocities in each bin with a filled squal@: HA, Call lines, and etc., may be contaminated by the stel-
and its standard deviation with an error bar. (b) EWs of tisi /& and disk winds, or be modulated by the stellar rotatiere (s
wind components, as shown in panel (a), plotted over thaadrbiri9s-[3 and b) if the accretion columns are not uniformly dis-
phases of GW Ori B. We divide the orbital phases intbedent tributed on the stel_lar surface (Kurosawa & Romanova_\ 2013).
bins and show the mean value of EWs in each bin with a fillegh€S€ factors may in part produce the scatter seen iil Hig. 16.
square and its standard deviation with an error bar.

3.4.2. U-band excess

with the orbital phases (Artymowicz & Lubaw 1996). In Higl16 The U-band excess is an excellent proxy for accretion rates
we show theFWi, 100 for the broad components (produced irand has been wide used in the literature (Gullbring et al.
accretion processes, see SECt. 3.3.1(d)) from the linendezo [1998; |Hartmannetal.| 1998; _Sicilia-Aguilar et al. __2010;
sition, the EWs of the H line, and the EWs of Call3933 line |Mendigutiaetal.| 2011; Rigliaco etlal. 2011). The object
with respect to the orbital phases of GW Ori B. Both lines al®W Ori has been simultaneously observed for 20 years
good tracers of accretion. Note that our observations aremio  (1983-2003) ilJ and other optical bands (Bouvier etlal. 1988;
formly sampled over the orbital phases, which makes it ha@rankin et al.l 2007). With these data, which have not been
to draw any definite conclusions. However, some hints can bsed to study accretion properties of GW Ori in the literatur
seen in Fig[D6. Thé=Wi, 100 Values are distributed aroundwe can properly calculate the accretion rates frofvband
510kms? over all the orbital phases. At some time we see thakcess and study variability of accretion at a timescale of
FWi. 100 reachs 550 kmsat the orbital phases around.4, several ten years. We use the obserVedR color to estimate
corresponding to an increase of accretion rates by a fat®# o the visual extinction. For the photometric data in the Johns
3. The EWs of kv and Call13933 lines are scattered aroundystem from_Grankin et al! (2007), we first convert them to
-23 and-5A, respectively over all the orbital phases. We not€ousins system by using the relation from Larddolt (1983):
sometimes the EWs of both lines increase by a facterlob at (V-R)c=-0.0326+0.7165%(V-R);. The visual extinction
the orbital phases around.5, suggesting an increase of accrds then estimated by comparing the observed-R)c color
tion rate by a factor ot 2, according to the relations between thevith the intrinsic ¥-R)c color for synthetical spectra with
line luminosity of Hr and Ca 1113933 to the accretion luminos- T,=5500K and log g=3.5 in [Pecaut & Mamajek| (2013)
ity (Fang et al. 2009; Herczeg & Hillenbrand 2008). and by using an extinction law in LanddltVR bands from
We divide theFW,. 100 and EW values into diierent phase |Schlafly & Finkbeiner|(2011) in the case &=3.1. We use
bins and show their mean values and the standard deviationghie visual extinction to deredden the photometry. Théand
Fig.[18. The mea® Wi, 10% iS quite constant over all the phasemagnitude of the stellar photosphere is obtained from the
bins with a slightly larger standard deviation at pha®e5 due dereddened V-band photometry and an intringieVV color
to the occasional enhancement of accretion at this bin. T#d@mfor synthetical spectra withlg=5500K and logg=3.5 in
EWs of Hx line seems to change from bin to bin, but the variPecaut & Mamajek (2013). We convert theband photometry
ations are small with the lowest mean EW -of-20 A at the to U-band luminosity using the zero-point flux and bandwidth
phase bir0.3 and the highest mean EW-0f-26 A at the phase for U band (4.1%10°ergs* cm2A-1 and 680 A, respectively;
bin~0.7. Similar to theFWi, 100 the standard deviation ofdd [Sicilia-Aguilar et al. | 2010). We derive théJ-band excess
EWs at the phase bit®.5 is larger than those of others. Themission by subtracting the photospheric emission from the
mean EWs of the Ca 3933 line are very constant within dif- dereddened emission of GW Ori h band and then convert it
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Fig. 16.FWha 100 values for the broad components from the H 10
line decomposition, and EWs ofdHand Ca 113933 with re-

spect to the orbital phases of GW Ori B. We divide the orbital
phases into dierent bins and show the mean values in individ-, g
ual bins with filled squares, as well their standard devietioith =
error bars. The dashed line in each panel is the median value.o

acc (X
»

to accretion luminosity according to the empirical relatin <& 4o

\Gullbring et al. [(1998). The inferred accretion lumingestiare il | 0@ ¢

then converted into mass accretion rates using the foligwin 4 "
relation: &

LacdRx B
9 1 2
ST (1) i

acc =

where R, denotes the truncation radius of the disk, which is

taken to be &, (Gullbring et al[ 1998). The parameter G is the_.

gravitational constani, andR, is the stellar mass and radiug~19- 18. The accretion rates derived frobh-band excesses of
of GW Ori A, respectively. GW Oiri, as plotted over the orbital phases of GW Ori B. The

We find that GW Ori shows excess emission in all collectdiled circles show the accretion rates estimated from tha oa

U-band photometry, suggesting that GW Ori has been accre@?m?—‘—al- (2007); the open diamonds are for the aceretio
for 20 years. In total, we have 307 estimates of the accregiten 'ales derived from the datalin Bouvier et al. (1988), and the s

for GW Ori during the period of 1983-2003. The typical uncefYMbol mark the accretion rate from Calvet etlal. (2004). We d
tainty of measurement is2x10~" M, yr-1. The mean accretion vide the orbital phases into féérent bins and show the mean
rate of GW Ori is~4x10~7 M, yr-L, which is consistent with the valye of accretion rates in gach bin with a filled square, db we
result (2.56-3.151.99%10°7 M, yr-1) in[Calvet et al.[(2004). In 8S its s.tandard _clgwatmn with an error par. The solid Il_my\sh
Fig.[I8, we show the accretion rates of GW Ori with respect tpeoretical prediction for the total accretion rate of aselbinary
the orbital phases of GW Ori B. Similar to FIgJ16, our data agyStem in the low-eccentricity case from Artymowicz & Lutow
not uniformly sampled over the orbital phases. Therefore, ). The theoretical result have been arbitrarily state
would not make any conclusion from it. Instead, we only d&ompare with the observations.

scribe the hints from Fig._16. We note that the accretiorsrafe
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GW Ori are scattered arounédx10~" M, yr~! over all orbital 1078 T T T T T T

phases, indicating that the accretion rate of GW Orri is nyostl =,

constant. We also see that the accretion of GW Ori are oatasio {‘”‘ Q‘ ° ’M\

ally enhanced by a factor 6f2—3 within the orbital phases of  107°|- e . f

~0.6-0.8. We divide the data intoftérent phase bins and calcu ,' \\

late the mean values and the standard deviation of the nesasur o ] \

ments. The results are also shown in [Fig. 18. The mean valu,ieswO i

are generally constant within fiiérent phase bins. In addition, 7 |

besides the phase bins around 0.6-0.8, the standard desiafi 5  _.\| |

accretion rates are1x10~" M, yrt. Within the orbital phases < I \

of 0.6-0.8, the standard deviations are about twice the&ypi < ,’ ‘\

value within other phase bins, which is attributed to thesarte- 10-12H

ment of accretion at these phases. Similar to the accrediated ,'

emission lines in Sedi.3.4.1, thieband data also do not cover |

the phases before and after the enhancement of accretibe att 1071

same orbital period. Therefore, there is no evidence tlesinth L 10 100 1000

crease of the accretion rates at phases 0.6—0.8 could b@due t Alpr)

orbital modulation. Fig. 19.The observed SED of GW Ori. The broad band photom-

etry is shown with the filled circles, and the IRS spectrum of

T this source is displayed in solid line. The thick gray linewh

3.5. Spectral energy distribution a best-fit model. The dashed line shows the model SED for a

We construct the SED of GW Ori by using theBVRclc pho-  disk with Myisk=0.14Mg, Hou/Rout=0.235, andRn=2.3 AU, and

tometry from/_Calvet et al. (2004), the#HKs photometry from the dot-dashed line display another model SED for a disk with

the 2MASS survey! (Skrutskie etlal. 2006), the photometry Maisk=0.14Mo, Hou/Rou=0.2, andR,=8 AU. The photospheric

3.4, 4.6, 12, and 22m from the WISE survey. (Wright et al. emission level is indicated with a thin gray curve.

2010), the photometry at 9 and A8 from the AKARI survey

(Ishihara et al. 2010), and the fluxes at 350, 450, 800, 85m),11

1360um from [Mathieu et al.|(1995). We obtain the-37um

low-resolution IRS spectrUirand the MIPS 7@m photometr§

of GW Ori from the Spitzer data archive (Program ID 40145an¢™

20339, respectively). We do not use the fluxes from the IRAS

survey. A comparison of the fluxes at IRAS @@ and MIPS ¢

70um show the IRAS 6@m flux is~1.7 times of the flux atthe o = 2

MIPS 70um, suggesting that the IRAS observations with pooro

spatial resolutions are contaminated by the dust emisgitimei T

field near GW Ori. Figuré 19 shows the SED of GW Ori. The,

broad dip around the silicate Ln, as noted by Mathieu etial. — 1

L

(1991), is clearly seen in the IRS spectrum. <

Ll L M| L M| L M| A

>~ o,

T T
<
»
PRI NI AT AW A

T
'\
Lo o

3.5.1. Modeling the SED of GW Ori ‘ A

We use the 2D RADMC code frorn_Dullemond & Dominik Am)
(2004) to model the SED of GW Ori. The stellar parameters
adopted in the models aff;=5500K, R,=7.6R,, and M, = Fig.20. The observed SED of GW Ori within a wavelength
3.9Me. In the calculations, the inner disk radilgy is left as range of 1-10@m. The dashed line shows the model SED for
a free parameter with the disk masdds). The outer disk ra- a disk with Ryap=25 AU and a dash-dotted line display another
dius Rouy) is fixed to be~500 AU (Mathieu et al. 1995). We as-model SED for a disk withRga,=55 AU. Others in the figures are
sume a pressure scale heighlp) that varies as a power lawsame as in Fig. 19.
with the disk radius (R)Hp/R = RY’. The scale height at the
outer disk radius is parameterized ldg,/Rout and set to be a
free parameter. The disk surface densky i6 estimated from the disk axis is aligned with the stellar rotation axis of GW O
Mgisk, @assuming a distributioBl «« R* and settinge=—1. We (see Sec{_312) and use a moderate disk inclinatior4dF to
take a gas-to-dust ratio to be 100 and use a power-law size @@lculate the SEDs from disk models. We vary the free pa-
tribution with an exponent of3.5 for the sizes of dust with a rameters in disk models to calculate the SEDs. In [Eig. 19, we
minimum size of 0.:m and a maximum grain size of 1006. show one example model SED calculated Wilsk=0.14M,
Two populations of amorphous dust grains (25% carbon ahtu/Rou=0.235, andR,=2.3 AU. The model SED has been red-
75% silicate) are included in the calculations. We assurae tiilened withAy~1.4 to fit the photometry of GW Ori in optical
bandB. We note that the model SED can fit the observed SED
5 The extracted spectra are based on the droopres productespenl at wavelengthg30um very well but exhibits much stronger ex-
through the S18.7.0 version of the Spitzer data pipeline.tBe detail cess emission at infrared wavelengths of 2i3than the obser-
spectral extraction procedure is described in Bouwman ¢2@08). vations, indicating that thB;, of the disk model is too small. We
6 The aperture photometry of GW Ori was performed with & 60.
aperture and a sky annuli of 72.%nd 119.2, which give a flux of 7 Hereafter, all the calculated SEDs are reddened to fit thesSED
19.7+0.1 Jy. GW Orri in optical bands before we compare them with the olzg&Ems.
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increaseR;, to 8 AU and setH /Rou=0.2 andMgisk=0.14M,,. Table 5. Disk model parameters for GW Ori.
The calculated SED is shown in Fig.]19. Similar to the presiou

model, the new SED can fit the observed SED at wavelengths Parameters Type 1 Type 2 Type 3
>30um but shows much stronger excess emissions at a wave- Central star
length range of 6—30m compared with the observations. We Effective temperature 5500K
also note that the new disk model exhibits no excess emission Radius 7.3
at wavelengthss3um, which is inconsistent with the observa- Mass _ 3-Mo
tions. The above two experiments give a hint that it is hard to __ Optically Thin Inner Disk
P : : Inner radius (AU) 1.8 0.80 0.52
reproduce the SED of GW Ori using typical disk models. S o R Y 02 9

Since GW Ori is a triple system with a second companion 1. qust Massil;) 6.7x10% 4.7x102 6.0x10°5

at a projected distance8 AU, we would expect a gap in the The scale height 0.3 0.24 0.39
disk created by the companions, as shown in the simulations Outer disk

(Artymowicz & Lubow!1994| 1996; Pichardo et al. 2008). Such a 45 AU

disk models with gaps can have moderate excess emission at Outer radius 500 AU

near- and mid-infrared wavelengths by heating the smalkarho Total Mass (gasdust) 0.2IM,,

of dust particles in the gap. Furthermore, the strong ancwar The scale height 0.15

silicate emission feature at L@n shown on the IRS spectrum R -1

of GW Orri indicates that the dust in the gap is dominated by a

small amount of tiny dust particles. To include a gap in trekdi

models, we add a new paramet®4;) as the gap size. In the and the stellar system, the disk is most likely non-axisynime
gap, the dust also consists of the two populations of amarphd’he GW Ori C is much less luminous than GW Ori A and B
dust grains with the same power-law distribution of sizefnas (Berger et al. 2011), but it could also locally heat the diskl a
the outer disk but with a minimum size of 0.00% and a max- break the disk symmetry.

imum size of Jum. In the calculations, the model grid is refined

at tht_a edge of the gap to improve resolution in a place Whe§%.2. Variations in the SED of GW Ori

opacity changes.

The distribution of dust in the gap is parameterized like|®athieu et al. [(1995) constructed the SED of GW Ori us-
small independent disk. The outer raditg), the inner disk ing the data from the literaturel (Rydgren & Vrba 10983;
radius Ringap), the total massNlingap), and the power exponentCohen & Schwariz 1976; Cohen 1980, 1973), the IRAS sur-
(ain), which assumes a distributid), gust o« R*™ for the dust vey, and their own observations at submillimeter and mélien.
surface densityX qus) in the gap, are all left as free parametersThe main diference between our SED and theirs is in the in-
Hereafter, we refer to thianer diskandouter diskas the one in frared bands. We use the infrared data from the 2MASS survey,
the gap and the one with radixByap, respectively. We vary the WISE survey, and the Spitzer observations. In Eig. 19, we-com
free parameters in the models to search for the best-fit rmodglare two SEDs at wavelengtk0um. We note that both SEDs
We find that the SED of GW Ori can be fitted very well with are generally consistent with each other except in the wave-
model with Rgap=45 AU, Rin gap=1.8 AU, and a total disk masslength range between the wavelengths of 1.6g#B5At 1.6—
~0.21M,. The best-fit SED is shown in Fig-]19. The paramete@5um, the Mathieu’s SED shows stronger excess emission than
for the best-fit model are shown in Table 5 (Type 1). ours. In Fig[21, we also show the observations of GW Ori col-

We explore the parameter spaceRgf, by varyingRgapand lected from other works (Bouvier etlal. 1988; Przygodda et al
the other free parameters to fit the SED of GW Ori. In Eig. 22003; Schegerer etlal. 2009). In Bouvier €etlal. (1988), theg-m
we show the SEDs that are calculated from disk models witiored GW Ori in multiple bands during December 1984 and
Ryap=25 and 55 AU, respectively. For clarity, we only show thand December 1986. In Fig.121, we show the average photom-
SEDs at the wavelength range wher&eatient models are dis- etry and the standard deviation in each band during each pe-
tinguishable from each other. A disk model wil3;<25AU  riod. We note the data obtained in December 1986 show sim-
would have a stronger excess at 13q#0than the observations,ilar excess emissions at 1.6—arh to those of Mathieu et al.
while one withRy45>55 AU would produce weaker excess emis{1995). Furthermore, the data obtained in December 1984 sho
sion. Thus, we selRga=25-55AU and take 45 AU as the besstrongest excess emissions at 1.6x815among all the obser-
value ofRysp However, we must stress that our SED fits canneations. During the same period, the observation arouymah 5
provide strong constraints dRyap, as well as other parametersshow a dramatically decrease in flux and exhibits lowestsxce
since the disk models have too many free parameters. The gapong all the data. These temporal variations in nearsiedra
size would be fiected by assuming fierent dust compositions bands cannot be simply explained as variable extinctionses
and inner wall sizes. It is alsdfacted if it is not pure gap but their simultaneous data in optical bands do not show a signifi
filled with non-axisymmetric structures caused by the campacant diterence. One promising explanation could be the change
ions. However, our attempt to fit the SED of GW Ori providesf inner-disk structure, since the fluxes of GW Ori at 1.6+3rb
an important hint that disk models with gaps can reproduee tare dominated by the emission from the inner-disk region.

SED of GW Ori very well. In Fig.[21, the SEDs of GW Ori in near- and mid-infrared

In our SED modeling, we only include two ingredients, theands can be classified into three types. The type 1 SED is re-
primary GW Ori A and a disk surrounding GW Ori. Recentlyferred to our constructed SED, the type 2 is for the Mathijeu’s
Berger et al.|(2011) find that the brightness of GW Ori B caand the type 3 is the one observed in December 1984 from
be ~60% of the one of GW Ori A. Since GW Ori A and B areBouvier et al. [(1988). The detail modeling of the type 1 SED
very close compared to the gap and the luminosity of GW OriiB described in Sedi._3.5.1, and their best-fit parametenisaed
has been added to that of GW Ori A in the modeling, it wouloh Table[%. Here, we model the other two types. Given that we
not matter if we include one or two illuminating sources a thonly have few multi-epoch observations at longer wavelengt
disk center. However, due to the interaction between thke die>10um) and these data show no obvious variations, we fix the
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parameters for the outer disk in the modeling and use thefibest . 5

parameters for the outer disk from fitting type 1 SED. We vary,, 4

the parameters for the inner disk (see Sect. B.5.1 ) to repeod « 3

the other two types of SEDs. £
Using the above simple models, we find that all the observed 2

SEDs of GW Ori can be naturally explained by the change o?

the structure of the inner disk. In Fig.J21, we show the bést-fi

model SEDs for the three types of SEDs and the distribution of 1

the surface densities for the disk models. The best-fit pa{am;

ters are listed in Tablel 5. We note that a small amount of dust

(~6x107°-5x1072 M) in the gap is enough to produce the ob-~

served excess emission at near- and mid-infrared bandachn e

model the dust surface densities in the gap are reduced byedev 1

orders of magnitude, as compared with thos&gap However

it is unknown whether the gas surface densities in the gap de-

—~
@]
~—

wwww\wwwak‘

crease by a similar factor to those of dust, since our SED mod- . (b) :

eling cannot provide any constraints on the gas materidgiéent 10 [ B ‘o F‘~..__ 7]
disk. From the type 1 to type 3 SED, the increase of excessemis. -2 _— : e "
sion in near-infrared bands is interpreted as the decrdaRg.o Y :

The type 1 and type 2 models have similar excess emissionsat 107°F % I ]
wavelengths5um, while the type 3 model produces an abrupt> ., | = % [ o ===secaaa..]

drop of fluxes at wavelength$um due to the dust material ac- [SH Y : . ]
cumulating at radi~0.5 AU. Furthermore, the type 3 model pro-.7 105k 1 1% . -
duces a weaker silicate emission feature girh@ompared with I - .

the other two models. Unfortunately, there are no simuttase 107 S : 7]
data around 10m available, which makes this hypothetical disk . i 1 ‘

structure hard to be tested. 1 10 100

Here, we simply assume that the dust in the gap is distributed Disk radius (AU)

in a disk structure. In reality, the distribution of dust evél in  _. . _
the gap could be very complex due to the existence of two coffj9-21. (a) SEDs of GW Ori constructed with the data ob-

panions and the dust filtering in GW Olri (Artymowicz & Lubow.ser‘;]ed at dTerfent epochs. Signifig:e}nt variations can be seen
1996; Giinther & Kley 2004 Rice et/al. 2006; zhu et al. 201240 the SED of GW Ori at near-infrared bands. Open stars

In a binary system, simulations show that the material in t ark the observations obtained at November 1971 (Cohen

gap is mainly distributed in a set of two gas streams, whictld):_Open circles mark the data from November 1974

; o {ICohen & Schwariz 1976). Asterisks display the data from
penetrate the gap and transfer the gas material from ciricu -
nary disk to the central binary (Artymowicz & Lubbw 1996; riZ%erlggesrh%)\?v%%\e(ﬁzggeg &h\é:ct;ri celt?Sfr)(ﬂn?Beege%%n;??gé 4?:
Glnther & KleY 2002). In the simulations, the gas streanly or{:)ecegmber 1086, ros ecq[ivglv (Bouvi)e/r Stal._1988). Plus.sym
account for-10% of the.ga.p area and can carry at mostidy ols around 1 m sh(r))w the data obtained oln Dece.mber 13/78
the mass ;hat would exist inside the gap _for an unperturbﬂd d Cohen 1980)Qand the dashed lines aroungriOdisplay the
(Artymowicz & Lubow(1996). The dynamic evolution of the ga biared on D Doy 202D LY |p2>(’)03 ™
streams can explain the variation in the SED. For GW Ori’%gob;ig]seargzndegfb;n sehrow the‘dziztgggbs:r:;ég - Ma)r'ch €
second companion does complicate this two-stream scena i
When including the fect of dust filtering, which can prevent 805 (Schegerer etial. 2009). Other symbols are the same as

; ; : ; . shown in Fig[IP. The thick gray curve shows calculated SED
large dust particles from crossing the gap in the disk, teaaiGo from Type 1; the dashed line for the SED from Type 2, and the

could be more complex. New simulations specified for GW Odlash dotted line for the SED from T .
. : - ype 3. (b) Surface density

are extremely useful for understanding this system. profiles for the dust in three model disks shown in panel (ag T
thick gray lines are for Type 1; the dashed lines are for Type 2
4. Discussion: Disk evolution in binary/multiple and the dash-dotted lines are for Type 3. The locations of two
systems companions in GW Ori are also marked. The right-pointing ar-
row means that the separation for from GW Ori C to the primary

4.1. Accretion is a lower limit.

In December 1984 and December 1986, Bouvier ef al. (1988)

observed GW Ori in multiple bands. These data shows an ob-

vious change in the SED of GW Ori in near-infrared band3ect[3.4.R). The latest observations of GW Ori before Fafyru
(see Secf_3.5.2 and F[g.]20). We explain the SED variatisns1984 were acquired on December 3, 1981 by Rydgren &|Vrba
the change of the dust distribution in the gap and find that t{E983), in which theU-band photometric data suggests an ac-
dust mass in the gap in December 1984 could be reduceddogtion rate~4x10~" M, yr~t. The enhancements of accretion
three orders of magnitude compared with the one in Decemlfier GW Ori lasted for less than 3 years and could accrete the
1986. From theU-band photometric data from_Bouvier et almaterial of less than 0Mg. With an assumption of gas-to-dust
(1988), the accretion rates of GW Ori at the two epochs aratio ~100—1000, the total accreted mass of dust ix 1073 —
similar (~4x10~" M, yr~1), However, the mean accretion rate o x 10* Mg, which is comparable to the dust masses in the gap,
GW Ori in February 1984 is7x10°" M, yr~1, which is about as suggested by our SED modeling (see Thble 5). Therefore, it
two times larger than the typical value4x10~" My yr~1, see is possible that enhanced accretion in GW Ori can drain the ma
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spatial resolution of the simulations from Artymowicz & Lau
(1996) may be too low to resolve the bridge-like stationary
shock between the accretion disks of the two stellar comptsne

in binary systems, which has been found in the new hydrody-
namical simulations_(Fateeva etlal. 2011; Bisikalo et allz20
Due to this collision, most of the material in the circumsec-
ondary disk can be accreted onto the primary, which leads to
higher rate of accretion onto the primary than onto the sgann
(Fateeva et al. 2011). Our result is consistent with the riew s
ulations.

Log,o(7/70)
o

4.2. The disks in GW Ori

LOGWOGvdriﬂ/ng

4.2.1. Dusty circumstellar disks in GW Ori

Mathieu et al. (1991, 1995) successfully reproduced the SED

: : ‘ of GW Ori using two-disk models with one circumstellar disk

-3 -2 -1 0 around GW Ori A and one circumbinary disk surrounding the
Lo910(Za/ Zg0) GW Ori system. In their best-fit model, the circumstellarkdis

Fig. 22.(a) Dust depletion factor due to the dust filtration by gapround GW Ori A has an inner radius of 0.025 AU and an outer
edges as a function of the gap depth for 4 grain sizes of du@gﬂlus of 0.17 AU. The_cwcumblnary disk starts fr_om 3.3 ALdian
which include 0.1, 1, 10, and 1@@n. The dust depletion factor extends to 110A_U. Insuje the gap between the circumstaliir d

is calculated assuming that the dusffation balances the dustand the circumbinary disk, they add a small amounts of dust to
drift. For each grain size, the thick gray line shows themegi réproduce the strong silicate emission feature ara0Our disk
where the gas velocity amplification at the gap edge dorrri;nafEOde|5 are sllght_ly dierent frorr_l the Mathieu’s since we do not
(see panel b). In this case, the dust depletion factor is thaly include a dusty circumstellar disk around GW Ori A. Our argu-
lower limit at the gap depth. The dashed line marks the gahdepents are follows. . . _

at which the dust particle with sizel0um can be trapped be-  The circumstellar disk around each component in a binary
cause the dust drift velocity is larger than the gas velogige Can be externally truncated by the tidal interaction wita¢om-
panel b). (b) The ratio of the dust drift velocity to the gakee Panion, and the size of circumstellar disk is related to the e
ity with respect to the gap depth for the dust grains witfedent  centricity, the semi-major axis, and the mass ratio of the bi
sizes. In the calculation, we consider the amplificationasfge- Nary systemL(Pichardo et'al. 2005). Assuming the orbita axi
locity in the gap and neglect thetect of dust difusion. The IS allgn_ed.W|th the rotation axis of GW Ori A . the mass of
gray-filled region marks, where the ratio is smaller than d a3W Ori B is ~0.3-0.7M, (see Sect. 312). According to the for-
dust particles can pass through the gap. The dust grainbevillmula inlPichardo et all (2005), the sizes of circumstellaksli
prevented from crossing the gap when the ratio is larger thanr@round GW Ori A and B would be0.3, and 0.1 AU, respec-

The dashed line is same as in panel (a). The figure is made udiMgly- Furthermore, the inner radius of a dusty disk candted
the equations in Zhu etlal. (2012). mined by the evaporation of dust (Dullemond et al. 2001). For

GW Ori A with Tegg=5500K andL,=48L, the inner radius of

its dusty disk is estimated to bé.5 AU, assuming a dust evap-
terial in the gap on a timescale of years, besides the gdssb- Oration temperatureTeya) ~1500K, according to the formula
ratio in the gap is much larger than 1000. iniDullemond et al..[(2001). Therefore, it is very likely tihere

The simulations of Artymowicz & Lubow (1996) show thatS no dusty disk around GW Ori A. The stellar parameters of

a binary system can have pulsed accretion modulated by fa¥/ OriBis very uncertain. For a 0.3—OMf, PMS star at an age
orbital motion. For the low-eccentricity case like GW Otigt Of ~1 Myr, its Teg andL, is expected to be 3400-4000K and
theoretical works predict a smoothly enhanced accretitin-ac ~0-7-1.7.0, respectively/(Siess etlal. 2000). With these stellar
ity. Our observations show that the accretion rate of GW Oparameters andleva;=1500K, the inner radius is0.07 AU. If
is mostly constant and presents an accidental increaseitalor the orbital inclination of GW Ori B is much smallex{0°) as
phases of 0.5-0.8 by a factor of 2-3. In Higl 18, we compaptggested in Berger etial. (2011), the mass of GW Ori B could
the observations with the theoretical prediction. The ition € 1.4Mo with Teg~4500K andL,~3.7L, (Siess et al. 2000),
data are arbitrarily scaled to compare with the observatigre Which gives an inner radiu€.13 AU. Thus, we may not expect
note the the theory can explain the observational data inthe there is a dusty disk around GW Ori B, too. For GW Ori C, it is
bital phases at which the enhanced accretion happens, hs ¥@ly hard to characterize its disk properties, given tisestiellar
as the level of the enhancement of accretion. However, as digrameters are unknown. Thus, we neglect dusty circurastell
cussed in Secf_3.4, we find the accretion rate of GW Ori sks in our models. However, the gaseous circumstella(slis
mostly constant over all the orbital phases of GW Ori B, whicfust be harbored by at least one stellar member in GW Ori since
is inconsistent with the simulations frdm Artymowicz & Lulo GW Oriis still accreting (see Setf. 8.4).
(1996). The simulations of binary systems also predict that
low-mass companions accrete more masses than the primai T
Artymowicz & Lubow (1996). However, as shown in Fig. 5 an?jﬁ'%sz' Dust filtration
[, the EWs of accretion-related emission lines are moddilaye To reproduce the strong and sharp silicate feature aii,Ca
the rotation of GW Ori A. This finding suggests that the accresmall population of tiny dust particles needs to be incluated
ing masses are mostly funneled onto GW Ori A, which also cothe gap, which would be consistent with a dust filtration scin
tradicts with the results in_ Artymowicz & Lubow (1996). Thein GW Ori. This dfect has been proposed to explain the SEDs

|
(&
L
~
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of transitional disk objects (TOs) and is supposed to oaear i
disk with a gap where the gaseous pressure gradient canetnly | )
the dust grains be smaller than some critical size througly#p e® ’
and trap the large dust particles, because of the dust il 100.00 owori R L =
(Rice et all 2006). Recently, a direct evidence of dust trapp “ 1
has been found in Oph IRS 48 with ALMA (van der Marel et al.
2013). V4046 Sgr
IniZhu et al.[(2012), they discuss twiiects to resist the dust _ 10.00
radial drift: dust difusion and amplified gas radial velocity at the2
gap edge. When the dusffision is against the dust drift with-
out regard for the amplified gas radial velocity, Zhu et|aD1(2)
find a relation between the dust depletion factgly§) and the
gaseous gap depthd/Zy0), wherey andZg is the dusigas mass
ratio and the surface density inside the gap, respectiagelg,
Yo andXqo are these quantities at the gap edge. The relation- A
ship betweeny/yo andZy/Zq0 depends on the dust particle den-  ©-10F" :
sity (op), dust particle radiuss], gas surface density at the gap
edge Eqyo), and disk viscosity parametar); Following the an- . @UZ Tau E
alytic approach in_Zhu et al. (2012), we study tHBogency of OP Tau
dust filtration in the disk of GW Ori using the disk parameters %"
(Type 1 in Tabl¢b) of a best-fit model shown in Higl 19. We take 0.01 0.10 S“OO ; (AL%-OO 100.00
pp=2.5gcm for the silicate grain, and=0.01. Figuré 2R (a) eperatien
shows the relation betweeytyo andXy/q for dust particles Fig. 23. Gap size of a disk surrounding a bingmyiltiple stellar
with four sizes,s=0.1, 1, 10, and 106m. Note that a gaseoussystem vs. separation from the companion to the primary. The
gap deptk0.04 and 0.004 canfieciently (y/yo=10"°) trap dust fiiled circles show the disks with gaps, and the filled dian®nd
particles with sizes 10@m and 1Qum, respectively. To trap are for the disks without gaps. The filled boxes connected by
smaller dust particles, a deeper gaseous gap is required. a solid line are for the source FL Cha of which two possible
The dust drift velocity Yurit) needs to counteract not onlyseparations are given in_Cieza et al. (2013). The open {gang
the dust difusion but also the amplified gas radial veloc¥X show the disks with gaps but without known companions. The
in the gap. In Figl 22(a), we do not consider tifteet of am- separations for these disks are the detection limits ahgivass
plified gas radial velocity in the gap. Thus, the dust depfeti ratios of companions to primaries (see Apperidix A). The left
factors are only the lower limits for dust particles at theg@us pointing arrows are used to indicate that it could be stifigible
gap depths. When thefect of amplified gas radial velocity is that there are companions at smaller distance than thetidetec
included in the calculation, Zhu etlal. (2012) built anothea-  |imits. The dotted lines mark the 1:1 and 10:1 relation befve
tionship between ratios it to Vg and gaseous gap depths. Iyap sizes and separations. The dashed lines show the prkdict

Fig.[22 (b), we show ratios &fyit to Vg with respect to gaseousrelation between gap sizes and separations from Pichaaib et
gap depths for dust particles with sizes 0f 0.1, 1, 10, andd@0 (2008) withe=0 and 1

WhenVyir is larger tharlVy, the dust particles are trapped. For

a 10um-size dust grain, it can be trapped wigyiXy,~0.0003.

At a lower Zg/Zg0, smaller dust particles can be trapped. Outisk. The instability occurs in the disk wh&nh<1, in which the
SED modeling can only provide the dust surface density in tliésk is suficiently cool, or massive, and whép >1, in which
disk. If we assume the gas-to-dust ratio is constagtyyo is the disk is stable and not fragmented. We calculateQhalue
~1.5x1075 for the disk model in Fig._19. In this case, dust paifor the circumbinary disk of GW Ori using the disk parameters
ticles larger than 19m can be #iciently filtered. However, it (Type 1 in Tabléb) for the model shown in Fig]19. The Toomre
would be highly probable that the gas-to-dust ratio in theiga parameter decreases with the disk radius but is alwaysrlarge
higher than that in the outer disk if the dust filtration isaeing  than 1, indicating that the disk of GW Ori is stable at all radi
in the gap. Thus, the gaseous gap depth is expected to be nidre other two types of disk models in Fig.]21 and Tdble 5 are
shallow than that from the SED modeling. Furthermore, osi dionly different from the type 1 model in the inner-disk structure
cussions here are tentative since they are based on theadisk(y45 AU), and are also stable at all the disk radii.

rameters from the SED modeling, which are very uncertain.
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4.3. Gap sizes and binary separations

4.2.3. Gravitational instability The study toward several star-forming regions, includiagrus,

The strong continuum emissions at submillimeter and mélim Chal, and Ophiuchus, reveals abouyB 2f close binaries
ter wavelength suggest that GW Ori system is harboring a m&s40 AU) have dispersed their disks at agesMyr, thus pro-
sive disk (Mathieu et al. 1995). Such a disk maffsufrom the viding important constraints on the timescale of planet for
gravitational instability. A criterion to judge the graaitonal in- mation in such systems_(Kraus etlal. 2012). A fast dissipatio
stability in a disk is given by the Toomre paramet®) (Toomré of disks in close binaries is expected from theoretical work
1964): (Lin & Papaloizou 1993). In the inner region of a circumbipnar
o) disk, a gap quickly forms and isolates the circumstellakglis
Q= CS_, (2) from the circumbinary disk. Both disks evolve independentl
2nGx Based on the calculations bf Artymowicz & LuboW (1994), a
wherecs is the sound speef is the Keplerian angular velocity, circumbinary disk can be truncated insidergs, ~ 1.8a — 2.6a,
G is the gravitational constant, aidis the surface density of whereais the orbital semi-major axis of a binary. Pichardo ét al.
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(2008) find the similar result. They run the simulations with. Summary

mass ratios 4 < g < 0.9 and eccentricity & e < 0.9 and find
Ryap ~ 1.93a(1 + 1.01e*3?)[q(1 — g)]>%*3. For GW Ori, the cir-
cumbinary disk is probably truncated by GW Ori C, which give
Ryap ~28—4a at extreme cases e£0 and 1, by assuming>0.1.

Given a projected separation ©8 AU between GW Ori A and :

We have studied the triple system GW Ori with a special fo-
us on the accretion properties and disk properties, usiogra
ination of available archive data and our own high-resotut

spectroscopic data from FEROS and HARPS as observed dur-

GW Ori C, Ryapis around 16-32 AU, which is comparable to thdng 2007 and 2010. We summarize our main results as follows:

result (25-55 AU) from our SED modeling.

In Fig.[23, we collect a sample of bindmultiple systems
with circumbinary disks and show their gap sizes with respec
to the separationsa) between the companions and the pri-
maries. The detail information for each binary is described

— By comparing the FEROS spectra with the synthetical spec-

tra, we classify GW Ori A as G8 type. The mass and age
of GW Orri is estimated to be3.9Myand is less than 1 Myr,
which points out that GW Ori A could be at a rapid transi-
tional phase to a Herbig Be star.

AppendixA. Here, the separations shown in Eig. 23 are mostly We analyze the RVs of the spectroscopic data of GW Ori

projected values and thus present lower limits of the rehl va

and confirm a companion around GW Ori with a period

ues. Among the sources in Fig.]123, three systems, including of ~242days and an orbital semi-major axis of AU.

UZ Tau E, DP Tau, and HD 104237, may be harboring cir-

The residual RVs from the orbital solution and the EWs

cumbinary disks without any evidences of gaps. The systems of accretion-related emission lines show periodic vasizi
UZ Tau E and DP Tau could be too young to clear out their during short terms (5-6.7 days). We explain that they are

inner disks. The object HD 104237 is A-type hot young stars.

from the modulation with stellar rotation of GW Ori A.

Its inner radius of a disk set by the dust evaporation is atoun— The variance profiles of the dHdand H3 lines of GW Ori
0.5AU, comparable to the one that are supposed to be trun- present blue-shifted peaks and are featureless on the red
cated by the companion. In Fig.]23, we also see that two sys- side. The autocorrelation matrices for the Hnd H3 lines
tems, V4046 Sgr and Sz Cha, which have very small separationsshow a clear correlation between the blu@@0-0km s?)

(<0.1AU) but are harboring disks with much larger gaps than

the expectation from the theory (Artymowicz & Lubow 1994;

Pichardo et al. 2008). The accretion rates of these sourees a

typically lower (2x107°-6x1071°M, yr~1, [Donati et al.l 2011;

Espaillat et al. 2011), and the photoevaportion processis e
pected to takeféect in the disk dissipation and clear out the in-
ner regions of disks (Alexander et al. 2006; Owen et al. 2011)

However, it cannot be excluded that in these systems there at

“unseen” companions at separations large enough to create t
big gaps in the disks.

and the red (0-200knT¥ sides of profiles. The & and

Hp line profiles can be decomposed very well by two emis-
sion components and one blue-shifted absorption compo-
nent. The absorption component can be attributed to the disk
wind launched at a disk radius near the orbit of GW Ori B.
The strength of the disk wind can be modulated by the orbital
motion of GW Orri B.

We investigate the accretion behavior of GW Ori us-
ing the accretion-related emission lines andtband
photometry. Our results contradict the simulations of

To test the significance of the correlation between the gap |Artymowicz & Lubow (1996) at two points: (1) the accreted

sizes and separations in Figl 23, we apply a Kendgdkt. The
Kendall r test yieldsr=0.52 andp=3x10* for all the sources
in Fig.[23, suggesting the gap sizes and separations amdyclea
correlated. If we exclude the “outliers” discussed in theah
paragraph, the correlation between the values are moréd-sign
icant with 7=0.81 andp=1x10"° from the Kendallr test. In

material of GW Ori appears to be mostly funneled onto the
primary GW Ori A; (2) the accretion rates of GW Ori are
mostly constant and are only occasionally enhanced by a
factor of 2—3 within the orbital phases of 0.5-0.8. At Point
(1), our result is consistent with the new simulations from
Fateeva et all (2011).

Fig.[23, we also show the relation between the gap sizes ard We reproduce the SED of GW Ori using disk models with

the separations predicted by Pichardo et al. (2008gfdr and

gaps sized 25-55 AU. The gap sizes in our models are much

1. We note the sources in Fig.123 follow the relations in gen- larger than the previous result (3.3 AU) [in_Mathieu €t al.

eral but are distributed within a broad “band” (a large satt

(199%), which are comparable to the truncation of the inner

This can be due to the large uncertainties in both the gag size disk radius (16-32AU), as expected from the simulations,

and the separations, since the separations are mostlcoje

considering the second companion GW Ori C. In the gap,

ones and the gap sizes are usually estimated from SED model-only a small amount of tiny dust particles are added to pro-
ing (see Appendik’A). In Fid._23, about 56% of systems have duce the near-infrared excess emission and the strong and

a value of 1< Rgpp/a < 4 and the median value dyap/a
is around 3, which is consistent with the theoretical prioiic
(Artymowicz & Lubow!1994| Pichardo et al. 2008).

In Fig.[23, we also show a collection of transition objects

sharp silicate emission feature at . Using the best-fit
parameters of the disk models, we study tlfigceency of
dust filtration in the disk of GW Ori and find that dust grains
larger than 1xm can be #iciently trapped in the outer disk.

(TOs). These sources have been observed with high-resoluti— We find that GW Ori shows dramatic changes in its SED in
imaging and do not show any stellar or substellar companions near-infrared bands, which implies a major readjustment of
at separations less than several AUs, although they arerknow the inner disk on timescales 20 yr. We discuss the possi-
to have gaps in the disks. We use the detection limits of these bility that the material in the gap is drained by the accretio
observations as the upper limits of separations between “un in GW Ori and find that the timescale to exhaust the material
seen” companions and the central stars. For these TOs, somén the gap via accretion can be several years only if the gas-

other physical mechanisms, such as photoevaportion, magbe
sponsible for the clearing of their inner disks. Howevernate

to-dust ratio in the gap is100-1000, which can explain the
rapid variation in the SED of GW Ori in near-infrared bands.

that most of these TOs are still located within the broad tfian — A sample of binargmultiple systems collected in the litera-

where the binary systems are distributed in the figure. liccbe
still possible that there are “unseen” companions at séipas
smaller than the detection limits of the observations.

18

ture exhibits a strong positive correlation between thaj g
sizes and the separations of companions to the primaries,
which is consistent with the expectation from the theory.
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Table 6. Parameters for young systems with companjplasets.

With Gap
Separation Gap Size
Name Mass ratio (AU) Methodl Eccentricity (AU) Method2  Refece
CoKu Tay4 0.85 7.8 Image 12.6 SED Fit 1,2
T Cha 6.7 Image 12 Mid-IR Int 3,4
V4046 Sgr 0.96 0.04 Spec, D <0.01 29 MM Int 5,6
AK Sco 0.987 0.14 Spec, D 0.47 0.4 SED Fit 7
GG Tau A 0.9 352% Image 0.30.2 180 MM Int 8,910
CS Cha ~3.6 Spec, S 43 SED Fit 11, 12,13
HD 98800 B 0.83 0.98 Spec, D 0.78 35 SED Fit 14, 15,16
DQ Tau 0.97 0.13 Spec, D 0.556 <0.4 SED Fit 17,18
162814-2427 0.92 0.28 Spec, D 0.48 0.4 SED Fit 19, 20
162819-2423S >0.26 0.1 Spec, S 0.41 0.24 SED Fit 19, 20
FL Cha 2.6 Image 8.3 SED Fit 21
LkHa 330 10-13 Image 68 MM Int 22,23
T21 22.4 Image 146.7 SED Fit 24, 25
DF Tau 0.75 12% Image 0.51 179 SED Fit 26, 27, 28
MHO 3 0.5 4.5 Image 61 42 SED Fit 29, 30
CHX22 39.5 Image 37 §g SED Fit 24, 30
ST 34 ~1 ~0.2 Spec, D T SED Fit 31, 32
Sz Cha ~0.07 Spec, S 29.5 SED Fit 33,30
LkCa 15 ~0.006 ~15.9 Image 50 MM Int 34, 35
Without Gap
Separation R
Name Mass ratio (AU) Methodl Eccentricity (AU) Method2  Refece
HD 104237 0.64 0.2 Spec, S 0.66 0.5 SED Fit 36, 37, 38
UZ Tau E 0.30 0.124 Spec, D 0.33 ~0.02 Rsub 39, 40
DP Tau 0.74 15.5 Image ~0.01 Rsub 29,41
TOs without known companions and their detection limit
Separation Gap Size
Name Mass ratio  (Detection limit, AU) Methodl Eccentricity (AU) Method2  Reference
GM Aur 0.01 5.7 Image 28 MM Int 29, 22
UX Tau A 0.01 6 Image 25 MM Int 29,22
RY Tau 0.01 2.9 Image 27.6 SED Fit 29, 30
DM Tau 0.02 5.7 Image 19 MM Int 29, 22
GK Tau 0.02 5.6 Image 9.7 SED Fit 29, 22
HK Tau 0.02 6.1 Image 16.1 SED Fit 29, 30
RX J1604.3-2130 0.02 3 Image 72 MM Int 42,43
IP Tau 0.03 5.5 Image 12.6 SED Fit 29, 30
RX J1633.9-2442 ~0.02 2.4 Image ~25 MMT Int 44
TW Hya 2.3 Image 4 SED Fit 45, 46

Referencesl.lIreland & Kraus|(2008); 2. Nagel etlal. (2010); 3. Huélagnal. (2011); 4. Olofsson etlal. (2013)] 5. Stempels & Gah@®42; 6.
Rosenfeld et all (2013); 7. Alencar et al. (2003); 8. Whital2{1999); 9| McCabe et al. (2002); 10. Guilloteau etlal 99 11.| Guenther et al.
(2007); 12.| Espaillat et al! (2007); 13. Nagel €t al. (2011; [ Torres et al.| (1995); 15. Boden et al. (2005); 16. Andreind. (2010); 17.
Mathieu et al.[(1997); 18. Boden et al. (2009);19. Mathieale(1989); 20. Jensen & Mathieu (1997); 21. Cieza et al. §2042 [ Andrews et al.
(2011); 23. Isella et al. (2013); 24. Lafreniere €t al. @0®@5. Kim et al. (2009); 26. White & Ghez (2001); 27. Marsh &hbney [(1993);
28.|Tamazian et all (2002); 20. Kraus et al. (2011) [30. Kim.e(2013); 31.. White & Hillenbrand| (2005); 32. Hartmann et €2005); 33.
Reipurth et al..(2002); 34. Kraus & Ireland (2012); 35. Riet al. (2006); 36. Bohm et al. (2004); 37. Tatulli et al.@Zp, 38/ Garcia et al. (2013);
39.Jensen et al. (2007); 40. Jensen et al. (1996)); 41. Feirkn(2006); 42. Kraus etlal. (2008); 43. Mathews et al. 22044, Cieza et al. (2012);
45./Calvet et al1(2002); 45. Brandeker et al. (2003).

Notes.Column 3: If it is not specified, the separation is projectéstashce between two stellar components when the binarytecesal with
imaging, and is minimum semi-major of the orbit when it isedéd with spectroscopy. Column 4: The methods with whiehkimaries are
detected: Image for imaging, Spec for spectroscopy, D fabtiolines, and S for single line. Column 4: the methods witlclv the gap sizes are
estimated, including fitting the SED (SED Fit), mid-infrerimterferometry (Mid-IR Int), millimeter interferometfMM Int). For the full disks
(UZ Tau E and DP Tau), the inner radius of the disks are deterdby the the evaporation of duf(,). a: sum of semi-majors of the orbits for
the two stellar components with an assumption of inclima88'. b, d: the orbital semi-major from fitting the orbit. c: rolglestimated using the
orbit period 2482 day. e: roughly estimated assuming thiesyss edge-on. f: roughly estimated using the orbit peridsldays.g: the semi-major
of the orbit assuming an inclination 17
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Appendix A: Young binary systems

We collect a sample of binary systems with disks and pres
them in TabléB. We list the companijgnimary mass ratios, the

separations, then eccentricities of the binaries, the gags of

Fedele, D., van den Ancker, M. E., Henning, T., JayawardhBna& Oliveira,
J. M. 2010, A&A, 510, A72
Fischer, D. A. & Marcy, G. W. 1992, ApJ, 396, 178
Furlan, E., Hartmann, L., Calvet, N., et al. 2006, ApJS, 588
Garcia, P. J. V., Benisty, M., Dougados, C., et al. 2013, MI$RA30, 1839
Ghez, A. M., McCarthy, D. W., Patience, J. L., & Beck, T. L. Z9%\pJ, 481,
378
Ghez, A. M., Neugebauer, G., & Matthews, K. 1993, AJ, 106,500
Grankin, K. N., Melnikov, S. Y., Bouvier, J., Herbst, W., & 8lthenko, V. S.
2007, A&A, 461, 183
Guenther, E. W., Esposito, M., Mundt, R., et al. 2007, A&A746147
é(‘;ﬂ{lloteau, S., Dutrey, A., & Simon, M. 1999, A&A, 348, 570
ullbring, E., Hartmann, L., Briceno, C., & Calvet, N. 199§J, 492, 323
Gullbring, E., Petrov, P. P,, llyin, I., et al. 1996, A&A, 31435
Gunther, R. & Kley, W. 2002, A&A, 387, 550

the disks, and the methods using which the gap sizes areederiHaisch, Jr., K. E., Lada, E. A, & Lada, C. J. 2001, ApJ, 55331
In the table, the young star LkCa 15 with a possible plandsis a Hartigan, P., Hartmann, L., Kenyon, S., Hewett, R., & Sy J. 1989, ApJS,

listed. As a comparison, we also list three spectroscopiarigs
without sign of gaps in their disks in Talile 6.

1

Hartmann, L., Calvet, N., Gullbring, E., & D’Alessio, P. 1®%ApJ, 495, 385
Hartmann, L., Calvet, N., Watson, D. M., et al. 2005, ApJ,,d2B17

In Table[®, ten TOs are listed. Kraus et dl. (2008) angkckmann, O. 1975, AGK 3. Star catalogue of positions angerenotions
Kraus et al.|(2011); Cieza etlal. (2012) have imaged these TOorth of -2.5 deg. declination
with a high spatial resolution and found no companions. Tiﬂ%’b'g' G. H.1977, ApJ, 214, 747

rczeg, G. J. & Hillenbrand, L. A. 2008, ApJ, 681, 594

separations of these TOs are on a lower limit of distances frQye;nandez, 3., Hartmann, L., Megeath, T., et al. 2007, 86, 1067
the central stars, where the observations can detect caomsanHilienbrand, L. A. 2002, ArXiv Astrophysics e-prints

at given companigiprimary mass ratios.

References

Alencar, S. H. P, Melo, C. H. F., Dullemond, C. P., et al. 2088A, 409, 1037

Alexander, R. D., Clarke, C. J., & Pringle, J. E. 2006, MNRA89, 229

Andrews, S. M., Czekala, I., Wilner, D. J., et al. 2010, AplQ,7462

Andrews, S. M., Wilner, D. J., Espaillat, C., et al. 2011, Ap32, 42

Artymowicz, P. & Lubow, S. H. 1994, ApJ, 421, 651

Artymowicz, P. & Lubow, S. H. 1996, ApJ, 467, L77

Basri, G., Johns-Krull, C. M., & Mathieu, R. D. 1997, AJ, 1781

Berger, J.-P., Monnier, J. D., Millan-Gabet, R., et al. 204&A, 529, L1

Beristain, G., Edwards, S., & Kwan, J. 2001, ApJ, 551, 1037

Bisikalo, D. V., Dodin, A. V., Kaigorodov, P. V., et al. 201&stronomy Reports,
56, 686

Boden, A. F., Akeson, R. L., Sargent, A. |., et al. 2009, A25,8.111

Boden, A. F., Sargent, A. I., Akeson, R. L., et al. 2005, Aigh,642

Bohm, T., Catala, C., Balona, L., & Carter, B. 2004, A&A, 43D7

Bouvier, J. 1990, AJ, 99, 946

Bouvier, J., Alencar, S. H. P., Harries, T. J., Johns-Ki@llM., & Romanova,
M. M. 2007, Protostars and Planets V, 479

Bouvier, J., Bertout, C., & Bouchet, P. 1988, A&AS, 75, 1

Bouvier, J., Grankin, K. N., Alencar, S. H. P, et al. 2003, A&09, 169

Bouwman, J., Henning, T., Hillenbrand, L. A., et al. 2008 JAG83, 479

Bouwman, J., Lawson, W. A., Dominik, C., et al. 2006, ApJ, 8537

Brandeker, A., Jayawardhana, R., & Najita, J. 2003, AJ, 2269

Calvet, N., D'Alessio, P., Hartmann, L., et al. 2002, ApJ3 58008

Calvet, N. & Gullbring, E. 1998, ApJ, 509, 802

Calvet, N., Muzerolle, J., Bricefio, C., et al. 2004, AJ, 1234

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 3285

Cieza, L. A., Lacour, S., Schreiber, M. R, et al. 2013, AR, 1.12

Cieza, L. A., Mathews, G. S., Williams, J. P., et al. 2012, Af&R, 75

Cieza, L. A., Padgett, D. L., Allen, L. E., et al. 2009, ApJ66984

Coelho, P., Barbuy, B., Meléndez, J., Schiavon, R. P., &ibas B. V. 2005,
A&A, 443, 735

Cohen, M. 1973, MNRAS, 161, 97

Cohen, M. 1980, MNRAS, 191, 499

Cohen, M. & Schwartz, R. D. 1976, MNRAS, 174, 137

Donati, J.-F., Gregory, S. G., Montmerle, T., et al. 2011, RAE, 417, 1747

Dotter, A., Chaboyer, B., Jevremovit, D., et al. 2008, A{URB, 89

Dullemond, C. P. & Dominik, C. 2004, A&A, 417, 159

Dullemond, C. P., Dominik, C., & Natta, A. 2001, ApJ, 560, 957

Duquennoy, A. & Mayor, M. 1991, A&A, 248, 485

Espaillat, C., Calvet, N., D’'Alessio, P., et al. 2007, Apg46L111

Espaillat, C., Furlan, E., D'Alessio, P., et al. 2011, Ap28,749

Fang, M., Kim, J. S., van Boekel, R., et al. 2013a, ApJS, 207, 5

Fang, M., van Boekel, R., Bouwman, J., et al. 2013b, A&A, 5495

Fang, M., van Boekel, R., King, R. R., et al. 2012, A&A, 539,181

Fang, M., van Boekel, R., Wang, W., et al. 2009, A&A, 504, 461

Fateeva, A. M., Bisikalo, D. V., Kaygorodov, P. V., & Sytov, % 2011, Ap&SS,
335,125

20

Houck, J. R., Roellig, T. L., van Cleve, J., et al. 2004, Apl¥s}, 18

Huélamo, N., Lacour, S., Tuthill, P., et al. 2011, A&A, 528,

Ireland, M. J. & Kraus, A. L. 2008, ApJ, 678, L59

Isella, A., Pérez, L. M., Carpenter, J. M., et al. 2013, Af{®, 30

Ishihara, D., Onaka, T., Kataza, H., et al. 2010, A&A, 5144A1

Janson, M., Hormuth, F., Bergfors, C., et al. 2012, ApJ, 484,

Jensen, E. L. N., Dhital, S., Stassun, K. G., etal. 2007, 84, 241

Jensen, E. L. N., Koerner, D. W., & Mathieu, R. D. 1996, AJ,, 12431

Jensen, E. L. N. & Mathieu, R. D. 1997, AJ, 114, 301

Johns, C. M. & Basri, G. 1995a, AJ, 109, 2800

Johns, C. M. & Basri, G. 1995b, ApJ, 449, 341

Joy, A. H. 1949, ApJ, 110, 424

Kaufer, A., Stahl, O., Tubbesing, S., et al. 1999, The Megserd5, 8

Kenyon, S. J. & Hartmann, L. 1995, ApJS, 101, 117

Kim, K. H., Watson, D. M., Manoj, P., et al. 2013, ApJ, 769, 149

Kim, K. H., Watson, D. M., Manoj, P., et al. 2009, ApJ, 700, 01

Kraus, A. L. & Ireland, M. J. 2012, ApJ, 745, 5

Kraus, A. L., Ireland, M. J., Hillenbrand, L. A., & Martinaeh F. 2012, ApJ,
745,19

Kraus, A. L., Ireland, M. J., Martinache, F., & Hillenbrand, A. 2011, ApJ,
731, 8

Kraus, A. L., Ireland, M. J., Martinache, F., & Lloyd, J. P.O&) ApJ, 679, 762

Kurosawa, R. & Romanova, M. M. 2013, MNRAS, 431, 2673

Lafreniére, D., Jayawardhana, R., Brandeker, A., Ahmig, &van Kerkwijk,
M. H. 2008, ApJ, 683, 844

Landolt, A. U. 1983, AJ, 88, 439

Leinert, C., Zinnecker, H., Weitzel, N., et al. 1993, A&A,27129

Lin, D. N. C. & Papaloizou, J. C. B. 1993, in Protostars anchfts Ill, ed.
E. H. Levy & J. I. Lunine, 749-835

Lubow, S. H. & Artymowicz, P. 2000, Protostars and Planets/BA

Marsh, K. A. & Mahoney, M. J. 1993, ApJ, 405, L71

Martin, E. L., Magazzu, A., Delfosse, X., & Mathieu, R. D0@5, A&A, 429,
939

Mathews, G. S., Williams, J. P., & Ménard, F. 2012, ApJ, 753,

Mathieu, R. D., Adams, F. C., Fuller, G. A., et al. 1995, AJ9 19655

Mathieu, R. D., Adams, F. C., & Latham, D. W. 1991, AJ, 101,218

Mathieu, R. D., Stassun, K., Basri, G., et al. 1997, AJ, 18311

Mathieu, R. D., Walter, F. M., & Myers, P. C. 1989, AJ, 98, 987

Mayor, M., Pepe, F., Queloz, D., et al. 2003, The Messender, 20

McCabe, C., Duchéne, G., & Ghez, A. M. 2002, ApJ, 575, 974

Mendigutia, |., Calvet, N., Montesinos, B., et al. 2011, A&35, A99

Mohanty, S., Jayawardhana, R., & Basri, G. 2005, ApJ, 628, 49

Muller, A., Roccatagliata, V., Henning, T., et al. 2013, A&556, A3

Mdiller, A., van den Ancker, M. E., Launhardt, R., et al. 20ARA, 530, A85

Murdin, P. & Penston, M. V. 1977, MNRAS, 181, 657

Muzerolle, J., Hartmann, L., & Calvet, N. 1998, AJ, 116, 455

Nagel, E., D'Alessio, P., Calvet, N., et al. 2010, ApJ, 708, 3

Nagel, E., Espaillat, C., D’'Alessio, P., & Calvet, N. 2013JA 747, 139

Olofsson, J., Benisty, M., Le Bouquin, J.-B., et al. 2013,A&52, A4

Owen, J. E., Ercolano, B., & Clarke, C. J. 2011, MNRAS, 412, 13

Pecaut, M. J. & Mamajek, E. E. 2013, ApJS, 208, 9

Pichardo, B., Sparke, L. S., & Aguilar, L. A. 2005, MNRAS, 3521



M. Fang et al.: GW Ori: Inner disk readjustments in a triplstsyn

Pichardo, B., Sparke, L. S., & Aguilar, L. A. 2008, MNRAS, 3®15

Piétu, V., Dutrey, A., Guilloteau, S., Chapillon, E., & RPefl. 2006, A&A, 460,
L43

Prato, L., Huerta, M., Johns-Krull, C. M., et al. 2008, Ap876L103

Przygodda, F., van Boekel, RRpraham, P., et al. 2003, A&A, 412, L43

Queloz, D., Henry, G. W., Sivan, J. P., et al. 2001, A&A, 37892

Reipurth, B., Lindgren, H., Mayor, M., Mermilliod, J.-C., &ramer, N. 2002,

AJ, 124, 2813

Rice, W. K. M., Armitage, P. J., Wood, K., & Lodato, G. 2006, RS, 373,
1619

Rigliaco, E., Natta, A., Randich, S., Testi, L., & Biazzo, 2011, A&A, 525,
A4T7+

Rigliaco, E., Natta, A., Testi, L., et al. 2012, A&A, 548, A56

Roccatagliata, V., Ratzka, T., Henning, T., et al. 2011, A&B4, A33

Romanova, M. M., Ustyugova, G. V., Koldoba, A. V., & Lovelaée V. E. 2004,
ApJ, 610, 920

Rosenfeld, K. A., Andrews, S. M., Wilner, D. J., Kastner, J, & McClure,
M. K. 2013, ApJ, 775, 136

Rydgren, A. E. & Vrba, F. J. 1983, AJ, 88, 1017

Schaller, G., Schaerer, D., Meynet, G., & Maeder, A. 1992 A&% 96, 269

Schegerer, A. A., Wolf, S., Hummel, C. A,, Quanz, S. P, & Ribhh A. 2009,
A&A, 502, 367

Schlafly, E. F. & Finkbeiner, D. P. 2011, ApJ, 737, 103

Shevchenko, V. S., Grankin, K. N., Mel'Nikov, S. Y., & Lamzifs. A. 1998,
Astronomy Letters, 24, 528

Shu, F. H. 1977, ApJ, 214, 488

Sicilia-Aguilar, A., Hartmann, L., Calvet, N., et al. 2008pJ, 638, 897

Sicilia-Aguilar, A., Henning, T., & Hartmann, L. W. 2010, 8p710, 597

Sicilia-Aguilar, A., Késpal A., Setiawan, J., et al. 2012, A&A, 544, A93

Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, A31, 1163

Stempels, H. C. & Gahm, G. F. 2004, A&A, 421, 1159

Storzer, H. & Hollenbach, D. 1998, ApJ, 502, L71

Strom, K. M., Strom, S. E., Edwards, S., Cabrit, S., & Skrigskl. F. 1989, AJ,
97, 1451

Stumpf, P. 1980, A&AS, 41, 1

Tamazian, V. S., Docobo, J. A., White, R. J., & Woitas, J. 2002, 578, 925

Tatulli, E., Isella, A., Natta, A., et al. 2007, A&A, 464, 55

Tognelli, E., Prada Moroni, P. G., & Degl'Innocenti, S. 20BK.A, 533, A109

Toomre, A. 1964, ApJ, 139, 1217

Torres, G., Stefanik, R. P., Latham, D. W., & Mazeh, T. 199pJ/452, 870

van der Marel, N., van Dishoeck, E. F., Bruderer, S., et al.32@cience, 340,
1199

Wang, Sharon, X., Wright, J. T., Cochran, W., et al. 2012, A161, 46

Weise, P., Launhardt, R., Setiawan, J., & Henning, T. 2018044617, A88

White, R. J. & Ghez, A. M. 2001, ApJ, 556, 265

White, R. J., Ghez, A. M., Reid, I. N., & Schultz, G. 1999, Ap20, 811

White, R. J. & Hillenbrand, L. A. 2005, ApJ, 621, L65

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 20AJ, 140, 1868

Wright, J. T. & Howard, A. W. 2009, ApJS, 182, 205

Zechmeister, M. & Kirster, M. 2009, A&A, 496, 577

Zhu, Z., Nelson, R. P., Dong, R., Espaillat, C., & Hartmann2012, ApJ, 755,
6

21



M. Fang et al.: GW Ori: Inner disk readjustments in a triplsteyy Online Material p 1

Table 4.EWs (A) of emission lines and Li absoprtion line of GW Ori.

D Hy HB  Ha  Hel Ol Ol Ol Ol cCall Call cCall call Nal ol

(4341 A) (4861 A) (6563 A) (5876 A) (6300 A) (6363 A) (7773 A5 A) (3933 A) (3968 A) (8498 A) (8662 A) (5898896 A) (6708 A)
1 -193 463 -3029 -0.18 -028 -006 -029 -0.77 -10.21 087. 6.09 -6.46 1.15 0.20
2 -1.90 -4.33 -28.93 -0.22 -0.29 007 -037 -074 -8.86 16.8-529 -5.69 -1.01 0.20
3 -1.72 -373 -2421 -025 -029 -0.07 -027 -061 -845 46.3-500 -5.36 -0.75 0.21
4 -126 -296 -2027 -0.09 -0.26 -0.07 -0.01 -0.35 -655 14.7-3.12 -3.37 -0.28 0.23
5 -1.22 -300 -2050 -0.10 -0.27 -0.06 -0.11 -0.40 -6.57 74.7-3.40 -3.66 -0.43 0.23
6 -124 -301 -2028 -011 -0.26 -0.06 -0.10 -041 -6.55 24.8-3.31 -3.61 -0.48 0.22
7 -143 -345 -22.99 -013 -027 -0.06 -0.14 -050 -7.46 94.9-387 -4.14 -0.60 0.23
8 -156 -3.66 -2355 -0.15 -0.27 -0.06 -0.13 -044 -7.06 05.1-3.60 -3.88 -0.57 0.22
9 -155 -354 -2334 -023 -026 -006 -0.13 -051 -7.84 553-400 -4.30 -0.56 0.22
10 -1.26 -3.12 -22.21 -0.08 -0.26 -0.05 -0.06 -0.43 -6.48 534. -321 -3.60 -0.50 0.23
11 -1.22 -292 -2061 -0.08 -025 -0.06 .. .. 777 516 . . .. -0.36 0.20
12 -145 -3.36 -22.28 -0.14 -025 -0.06 .. .. 806 -553 . . .. -0.52 0.22
13 -1.43 -3.38 -2241 -0.16 -0.25 -0.06 .. .. -819 542 . . .. -0.40 0.21
14 -1.26 -2.93 -19.07 -0.09 -027 -007 -0.00 -0.33 -6.54 874. -326 -3.50 -0.37 0.22
15 -1.24 -2.85 -1889 -0.07 -0.27 -0.07 -0.03 -0.36 -6.87 744. -3.27 -3.53 -0.46 0.22
16 -1.20 -273 -18.01 -0.06 -0.26 -0.07 -0.04 -0.39 -6.15 474. -2.97 -3.27 -0.41 0.22
17 -1.12 -2.64 -1800 -0.07 -027 -0.07 -0.03 -0.36 -6.03 654. -2.93 -3.22 -0.44 0.22
18 -1.24 -2.81 -19.35 -0.14 -0.27 -0.07 -0.10 -0.39 -6.27 374. -3.08 -3.29 -0.49 0.22
19 -1.18 -2.85 -19.04 -0.15 -0.27 -0.06 -0.09 -0.31 -6.28 634. -3.09 -3.28 -0.48 0.22
20 -1.20 -2.84 -1869 -0.09 -0.28 -0.06 -0.04 -0.37 -6.92 794. -3.30 -3.46 -0.52 0.22
21 -1.30 -3.01 -19.35 -0.08 -0.27 -0.06 -0.04 -0.35 -7.05 784. -326 -3.51 -0.50 0.23
22 -119 -2.86 -1865 -0.13 -0.26 -0.08 -0.03 -0.33 -6.48 694. -2.97 -3.22 -0.50 0.22
23 -1.25 -2.88 -18.84 -0.14 -0.27 -0.06 -0.05 -0.32 -6.56 734. -3.03 -3.33 -0.50 0.22
24 -1.48 -3.17 -2043 -019 -027 -007 -012 -041 -7.00 764. -3.31 -3.58 -0.50 0.23
25 -144 -320 -2057 -0.19 -0.27 -0.07 -0.16 -0.39 -7.04 974. -3.36 -3.60 -0.51 0.22
26 -115 -2.68 -19.15 -0.09 -0.27 -0.07 -0.01 -0.35 -6.21 544. -2.98 -3.17 -0.47 0.23
27 -1.17 -2.73 -19.06 -0.07 -0.26 -0.07 -001 -0.33 -6.16 694. -3.01 -3.22 -0.47 0.24
28 -1.93 -421 -2420 -022 -026 -0.07 -021 -0.65 -8.44 925 -439 -4.67 -0.70 0.22
29 -1.84 -4.04 -23.82 -022 -027 -007 -019 -053 -7.93 006. -4.32 -4.62 0.77 0.22
30 -152 -3.44 -21.68 -0.19 -026 -0.07 -0.10 -0.50 -7.37 175. -3.59 -3.96 -0.53 0.22
31 -1.42 -3.30 -21.36 -0.18 -0.27 -0.08 -0.10 -0.42 -7.08 025. -3.45 -3.78 -0.52 0.23
32 -141 -323 -2143 -0.10 -0.28 -0.07 -0.08 -0.44 -6.66 075. -3.40 -3.73 -0.52 0.23
33 -1.69 -3.53 -22.86 -0.28 -0.30 -0.07 .. .. 832 58 . . .. -0.75 0.24
34 -101 -225 -1946 -0.18 -0.32 -0.07 .. .. -808 514 . . .. -0.60 0.21
35 -1.52 -3.41 -21.98 -024 -030 -0.09 .. .. 870 560 . . .. -0.54 0.23
36 -1.02 -231 -19.10 -0.17 -0.34 -0.07 .. .. 802 521 . . .. -0.42 0.21
37 -1.16 -3.21 -19.67 -0.08 -031 -0.07 .. .. 653 -4.41 . . .. -0.45 0.23
38 -125 -3.24 -21.94 -009 -027 -0.07 .. .. 754 490 . . .. -0.53 0.21
39 -1.45 -3.47 -2333 -018 -030 -007 .. .. 747 490 . . .. -0.55 0.23
40 -1.32 -335 -2239 -0.13 -030 -0.08 .. .. 774 518 . . . -0.59 0.22
41 -179 -428 -2870 -0.15 -034 -0.11 -027 -0.69 -6.86 205. -4.76 -5.15 -0.92 0.22
42 -139 -441 -31.58 -013 -037 -021 -002 -040 .. -1.704.00 -3.98 -0.52 0.24
43 -183 -432 -3113 -0.17 -0.34 -011 -0.16 -0.64 -7.80 855. -4.34 -4.64 -0.81 0.22
44 147 -346 -27.38 -008 -035 -0.09 003 -045 -6.22 83.7-3.07 -3.42 -0.50 0.21
45 -1.75 -447 -3098 -0.14 -0.35 -0.11 -0.13 -0.63 -8.07 545. -4.85 -4.92 -0.76 0.22
46 -1.63 -402 -27.78 -011 -036 -0.11 003 -0.46 -7.32 254-3.69 -3.88 -0.56 0.23
47 171 -419 -27.03 -017 -0.35 -0.10 -0.07 -0.54 -7.88 305. -4.15 -4.29 -0.70 0.23
48 -1.40 -3.65 -26.44 -0.07 -035 -0.09 -0.07 -0.49 -6.95 105. -3.55 -3.80 -0.68 0.22
49 -1.29 -307 -2384 -009 -0.34 -009 -0.11 -048 -6.47 954. -3.59 -3.83 -0.48 0.23
50 -1.25 -2.99 -22.36 -0.06 -0.33 -0.09 -0.06 -0.43 -5.89 404. -328 -3.43 -0.43 0.23
51 -1.67 -3.88 -2578 -021 -033 -0.07 -0.16 -051 -7.25 275. -3.44 -3.84 -0.51 0.21
52 -171 -3.90 -2554 -0.17 -0.33 -0.11 -0.13 -046 -7.00 295. -3.47 -3.90 -0.49 0.23
53 -1.54 -3.55 -2524 -011 -032 -0.09 -0.05 -0.42 -6.42 574. -3.19 -3.48 -0.45 0.24
54 -118 -2.80 -22.46 -0.05 -0.32 -0.09 -0.03 -0.38 -574 224. -2.85 -3.16 -0.37 0.23
55 -1.42 -355 -27.59 -0.11 -032 -011 012 -042 -6.15 84.9-3.73 -3.59 -0.58 0.23
56 -1.32 -3.37 -26.22 -0.08 -0.32 -0.09 -003 -0.39 -6.98 804. -3.35 -3.66 -0.47 0.24
57 -1.23 -3.02 -23.09 -0.02 -029 -0.09 -0.04 -0.39 -531 2%4. -3.15 -3.43 -0.47 0.24

58 -1.28 -3.08 -23.15 -0.05 -0.32 -0.11 -001 -0.36 -583 574. -3.37 -3.48 -0.48 0.23
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