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ABSTRACT

The GW Ori system is a pre-main sequence triple system (GW Ori A/B/C) with companions (GW Ori B/C) at ~1 AU and ~8 AU,
respectively, from the primary (GW Ori A). The primary of the system has a mass of 3.9 M, but shows a spectral type of G8. Thus,
GW Ori A could be a precursor of a B star, but it is still at an earlier evolutionary stage than Herbig Be stars. GW Ori provides
us an ideal target for experiments and observations (being a “blown-up” upscaled Solar System with a very massive “sun” and at
least two “upscaled planets”). We present the first spatially-resolved millimeter interferometric observations of the disk around the
triple pre-main-sequence system GW Ori, obtained with the the Submillimeter Array, both in continuum and in the 2CO J = 2 — 1,
BCOJ =2-1,and C®O J = 2 — 1 lines. These new data reveal a huge, massive, and bright disk in the GW Ori system. The
dust continuum emission suggests a disk radius around 400 AU. But, the '>?CO J = 2 — 1 emission shows much more extended disk
with a size around 1300 AU. Due to the spatial resolution (~1"), we cannot detect the gap in the disk which is inferred from spectral
energy distribution (SED) modeling. We characterize the dust and gas properties in the disk by comparing the observations with the
predictions from the disk models with various parameters calculated with a Monte Carlo radiative transfer code RADMC-3D. The
disk mass is around 0.12 M., and the disk inclination with respect to the line of sight is around ~ 35°. The kinematics in the disk
traced by the CO line emission strongly suggest that the circumstellar material in the disk is in Keplerian rotation around GW Ori.

©ESO 2017

Tentatively substantial C'3O depletion in gas phase is required to explain the characteristics of the line emission from the disk.

Key words. stars: circumstellar matter — stars: pre-main-sequence — stars: binaries: spectroscopic — stars: individual: GW Ori

1. Introduction

Spectroscopic and imaging surveys suggest that a majority of
young stars are formed in binary/multiple systems (Ghez et al
1993; |Leinert et al! 11993; |Ghez et al. [1997; [Lafreniére et al.
2008; [Kraus et al/|2011)). Theoretical and observational studies
indicate that the interaction between disks and companions is an
efficient mechanism to dissipate disks (Lin & Papaloizou [1993;
Cieza et al!2009; Kraus et al.[2012). Thus, it is very important to
investigate disks around the binary or multiple stellar systems, in
order to understand disk evolution, as well as planet formation.
The triple system GW Ori is an ideal target for such study.

GW Ori is located at A Ori (~400pc, Bell et al/[2013), and
was revealed as a triple stellar system recently (GW Ori A/B/C,
Mathieu et al![1991}; Berger et al.[2011)). The primary GW Ori A
is a G8 pre-main sequence star with a mass of ~4 Mg, which
makes it a very interesting system between Herbig Be stars
and classical T Tauri stars (Fang et all [2014). The close com-
panion GW Ori B was discovered as a spectroscopic binary
with an orbital period of ~242days and a separation of ~1 AU
(Mathieu et all[1991; [Fang et all[2014). The second companion
GW Ori C, located at a projected separation of ~8 AU from
GW Ori A, was detected with near-infrared interferometric tech-
nique (Berger et al. 2011)). The sub-millimeter and millimeter

observations show that GW Ori is still harboring a massive
disk (Mathieu et al) [1995), which is one of the most massive
disks around a G-type star. Strong ongoing accretion activity
(Maee~3-4x1077 My, yr~!) from the disk to the central star(s) in
the GW Ori system was suggested from the U-band excess, and
strong and broad Ha and HB emission lines on the spectrum of
GW Ori (Calvet et all2004; [Fang et al.2014).

InFang et al| (2014, hereafter Paper I), we presented a study
of the inner disk in the GW Ori system based on the infrared data.
We reproduced the spectral energy distribution (SED) of GW Ori
using disk models with gaps sized 25-55 AU. We found that the
SED of GW Ori exhibited dramatic changes on timescales of
~20yr in the near-infrared bands, which can be interpreted as the
change in the amount and distribution of dust particles in the gap
due to a “leaky dust filter”. Due to its brightness at submillime-
ter and millimeter wavelengths, the disk mass and size has been
subject to lot of speculation with sizes up to 500 AU radius and
masses that could render it gravitational unstable (Mathieu et al.
1993; ISchegerer et al. [2009). In this work, we present an inves-
tigation of the outer disk around GW Ori using the new millime-
ter data obtained from the Submillimeter Array (SMA, [Ho et al.
2004). These new observations have spatially resolved the disk
around GW Oiri for the first time. We arrange this paper as fol-
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lows: In Sect.[2lwe describe the observations and data reduction.
In Sect.[Blwe present our observational results, and in Sect. [ we
describe the disk modeling, and compare the model results with
the observations, which are then discussed in [5l We summarize
our results in Sect.

2. Observations, data reduction

The object GW Ori was observed with the SMA on January 5,
2010 in the compact configuration with six antennas, on January
19, 2011 in the very extended configuration with six antennas,
and February 2, 2011 in the extended configuration with seven
antennas. The phase center of the field was RA=05h29m08.38s
and Dec=+11°52"12.7" (J2000.0). The SMA has two spectral
sidebands, both 4 GHz wide and separated by 10 GHz. The re-
ceivers were tuned to 230.538 GHz in the upper sideband (v}
= 11 km s~!) with a maximum spectral resolution of 1.1 kms™!
on the upper sideband and 1.2 km s™! on the lower sideband.
The system temperatures (7sys) were around ~80-200 K dur-
ing the observation on January 5, 2010, ~100-200 K on January
19, 2011, and ~110-300 K on February 2, 2011. For the com-
pact configuration on January 5, 2010, the bandpass was derived
from the quasar 3¢273 observations. Phase and amplitude were
calibrated with regularly interleaved observations of the quasar
0530+135 (1.7° away from the source). The flux calibration was
derived from Titan observations, and the flux scale is estimated
to be accurate within 20%. For the very extended configuration
on January 19, 2011, the bandpass was derived from the quasar
3c279 observations. Phase and amplitude were calibrated with
regularly interleaved observations of the quasar 0530+135 and
0423-013. The flux calibration was derived from Ganymede ob-
servations, and the flux scale is estimated to be accurate within
20%. For the extended configuration on February 2, 2011, the
bandpass was derived from the quasar 3¢279 observations. Phase
and amplitude were calibrated with regularly interleaved obser-
vations of the quasar 05304135 and 0423-013. The flux calibra-
tion was derived from Titan observations, and the flux scale is
estimated to be accurate within 20%.

We merged the three configuration data sets, applied differ-
ent robust parameters for the continuum and line data, and got
the synthesized beam sizes between 1.03”” x0.70” (PA~89.5°)
and 1.15” x 0.83” (PA~ -88.6°), respectively. The rms of
1.3 mm continuum image is 0.96 mJy beam™', and the rms of
the >CO J = 2 — 1 data is 0.05 Jy beam™' at 1.1 kms~! spec-
tral resolution, 0.04 Jy beam™! at 1.2kms™! spectral resolution
for 3CO J =2 -1, and 0.03 Jy beam™' at 1.2kms™! spectral
resolution for C'80 J = 2 — 1. The flagging and calibration was
done with the IDL superset MIR (Scoville et all [1993), which
was originally developed for the Owens Valley Radio Observa-
tory and adapted for the SMA[]. The imaging and data analysis
were conducted in MIRIAD (Sault et alll1995).

3. Observational Results
3.1. Dust continuum emission

In Fig. [[la), we show the continuum emission map of GW Ori
with contours starting at 4.8 mJy beam~! (50) and increasing at
9.5mJy beam™! (100) intervals. Considering a 20% systematic
calibration uncertainty, the integrated continuum flux density in
this map is 320+64 mJy, consistent with the result (255+60 mJy)

' The MIR cookbook by Chunhua Qi can be found at
http://cfa-www.harvard.edu/~cqi/mircook.html.
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inMathieu et al. (1995). From a two-dimensional Gaussian fit to
the image, the full width at half maximum (FWHM) of the con-
tinuum emission is 174(x£07004)x1773(+07004), suggesting that
the continuum emission of GW Ori is resolved given the synthe-
sized beam size of 1.03"” x0.70”. After the deconvolution of the
synthesized beam, the FWHM of the continuum emission map
is 0”79x1"/1 which is corresponding to 360x400 AU at a distance
400pc. In Fig. [lc, d) we show the distribution of the intensi-
ties for the the continuum emission map along the east-west and
north-south directions cross the center of the map, and the ex-
pected distrubutions for an unresolved object according to the
spatial resolutions of our observations. We note that the emission
of GW Ori along the east-west direction is marginally resolved,
but the one along the north-south direction is well resolved.

3.2. Molecular line emission

In the top three panels in Fig.[2] we show the integrated intensity
maps of 2COJ =2-1,"COJ=2-1,andCBOJ =2-1
lines. The '>CO J = 2 — 1 line emission map shows an elon-
gated structure extended from the north-east to the south-west
direction with a single peak coincided with the center of the
continuum emission. The '?CO J = 2 — 1 line emission map
is clearly spatially resolved. A two-dimensional Gaussian fit to
the 2CO J = 2 — 1 integrated intensity map gives an FWHM
size of 2”/5x3"/4 after the deconvolution of the synthesized beam,
corresponding to 890x1300 AU at a distance 400 pc, which is
much more extended than the continuum emission map. The
13CO J = 2 - 1 line integrated intensity map of GW Ori is more
compact than the ?CO J = 2 — 1 one, and comparable to the
continuum emission map. From the disk of GW Ori, we only
marginally detect C'*0 J = 2 — 1 line.

In Fig.[3(a) and Fig. @(a), we show the ?CO J = 2 — 1 and
3CO J = 2 - 1 velocity (1st) moment maps, respectively, sug-
gesting northern and southern parts of the disk are redshifted and
blueshifted with respect to the relative velocity of GW Ori, re-
spectively. Fig. B displays the channel maps of ?CO J = 2 — 1
line emission with contours starting at 0.127Jy beam™' (30)
with intervals of 0.127Jy beam~!. The velocity moment maps
and the channel maps are generally consistent with the expected
kinematic pattern for gas material in Keplerian rotation with sub-
stantial inclination to our line of sight. The disk inclination can
be constrained using the position-velocity (PV) diagram of the
molecular lines. In Fig. [f(a), we present the PV diagram from
the '>CO J = 2 — 1 map along the north-south direction cross
the peak of the integrated intensity maps of 2CO J =2 —1.In
the figure, we plot the expected Keplerian rotation curves for a
disk inclined by 20°, 40°, and 60° around a star with a mass of
3.9 M, for comparison. From the comparison, we infer that the
disk inclination should be between 20° and 60°.

Fig. [ shows the channel maps of '2CO J = 2 — 1 line emis-
sion. In the figure, at the channels with velocities of 12.0 and
13.1kms™!, we note a tail structure originating from the outer
disk and pointing to the north-western direction. Such a tail is
also evident as the blueshifted structure in the '>’CO J = 2 - 1
velocity moment map. One explanation for the structure could
be the cloud contamination which can be severe for CO lines. If
it is the case, it is required that the velocity of the parental cloud
around GW Ori is ~1 kms™! bluer than GW Ori. A Gaussian fit
to the '2CO J = 2 — 1 spectrum at the peak of the integrated
line intensity map suggests that the velocity of GW Ori with re-
spect to the local standard of rest (LSR) is around 13.6 km s,
and the LSR velocity of the parental cloud of GW Ori is around
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Fig. 1. (a) The observed map of the continuum emission observed toward GW Ori at the wavelength of 1.3 mm, with contours (solid lines) drawn
at 9.5mJy beam™! (10 o) intervals, starting at 4.8 mJy beam™! (5 o). The synthesized beam is shown in the lower left corner. The position of the
central star is indicated with the star symbol. (b) The modeled map of the continuum emission for the GW Ori disk system at the wavelength of
1.3 mm. The contour levels are same as in Panel (a). (c, d) The distribution of the observed intensities (filled circles) along the east-west (c) and
north-south (d) direction cross the center of the map compared with the our model (solid lines). The dash lines show the expected profiles for an

unresolved object.

12.7kms™! (Lang et al![2000), which supports the above expla-
nation of the blueshifted tail structure.

4. Disk modeling

In this section, we use a simple disk model to reproduce the
SMA observations of GW Ori. Given that our data has low spa-
tial resolution, any model involves a strong simplification of the
very complex GW Ori disk system (Fang et al. 2014). Further-
more, the complexity of disks means that the parameter space
is highly degenerated and non-continuous (Sicilia-Aguilar et al.
2016). Our aim is thus to explore the global gas and dust con-
tent of the GW Ori disk in the light of typical disk models, and
to compare it to other similar objects. Any further modeling is
beyond the scope of this paper and worth only when higher res-
olution data becomes available.

4.1. Continuum emission
4.1.1. Parameters for modeling continuum emission

We define a global dust surface density in the same form as in
Andrews et al/ (2009),

ey

where X is the normalization parameter at the characteristic
scaling radius R., and vy is the gradient parameter. The above pro-
file, which has been used to successfully model different types
of disks in the literature (Andrews et all[2009, 2011, 2012), is
the similarity solution for a simple accretion disk with time-
independent viscosity (v) and v « R” (Lynden-Bell & Pringle
1974; Hartmann et all[1998). In this work, we do not take X as
the free parameter. Instead, we use the disk dust mass (Mqys),
and Z. can be calculated when we set up other parameters about
the disk structure. We set y as a free parameter.

We include a vertical gradient in the dust size distribution in
disk modelling, to simulate the dust settling in disks. In practice,
we use two dust populations: small dust population, and large
dust population, as did |Andrews et al.! (2011)). The dust density
structure for each dust population in a spherical coordinate sys-
tem (R, 6, and ¢) is parameterized as

_aA-pnx /2= Y

Psmall = \/ﬂRh CXP[ 2( ]’l ) :|7 (2)
B fx B l /2 — 6\?

plarge - \/Q;RA]/I ex |: 2( Ah ) :|7 (3)

where psman is the density for the small dust population, pjarge is
the one for the large dust population, and # is the angular scale
height. Following [Andrews et all (2011), we assume the large
grains are distributed to 20% of the scale height (A=0.2), and

Article number, page 3 of Q]



A&A proofs: manuscript no. GW_Ori_SMA

'2c0(2-1) Observation| *CO(2-1) Observation CjéO'(‘Z—1) > Observation .
477-20 km/s T7-18 km/s T11-18 km/s “ 1
oo ‘

-— S 1
o 2
N L 1 : d +4 41 310@
5 ° = 3
1S

ok 1 R N 1 @ |

_ab i N i |
. . . . _-..I:,» . LR L . . . . . i, .O 1

. '2C0(2-1) Model | *CO(2-1) Model | C'®0(2-1) Model
2 - 4 -4 -
<
_2 - -+ - -
_4 - -4 + -
4 2 0 -2 -4 4 2 0 -2 -4 4 2 0 -2 -4
Aa(u) AO((") Aa(u)

Fig. 2. Top panels: The velocity-integrated intensities (contours) for the 2CO J = 2—1, 3CO J = 2—1, and C'*0 J = 21 line emission, overlaid on
the the continuum emission. For '>CO J = 21, the intensities are integrated over the velocity range between 6.5 and 20.8 km s™!, and the contours
are drawn at 0.69 Jy beam~! km s~!(3 o) intervals, starting at 0.69 Jy beam™! km s™!(3 o). For 13CO J = 2 -1, the intensities are integrated over the
velocity range between 7 and 20 km s~ and the contours start at 0.48 Jy beam~' kms~!(3 o) with an interval of 0.16 Jy beam™~! kms~!(1 o). For
C'30 J = 2—1, the intensities are integrated over the velocity range between 7 and 20 km s~!, and the contours begin at 0.24 Jy beam™~! kms~!(3 o),
and increase in 0.08 Jy beam™' kms~!(1 o) increments. In each panel, the negative contours, shown with the dashed lines, are drawn at —1 o
intervals, starting at —3 0. The synthesized beam for each line emission is shown in the lower left corner in each panel. Bottom panels: The
modeled velocity-integrated intensities (contours) for the 2cO0J=2-1,%C0OJ =2-1,and C'®0 J = 2 — 1 line emission, overlaid on the
modeled continuum emission, for the GW Ori disk system. The contour levels are same as in the top panels at the corresponding molecular lines.
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Fig. 3. (a) '>CO J = 2 — 1 velocity (1st) moment map. The contours are for the '2CO J = 2 — 1 velocity-integrated intensities (see Fig.2)), starting
at 0.69 Jy beam™!' kms™! (3 o) with an interval of 0.69 Jy beam™' kms~' (3 o). The synthesized beam is shown in the lower left corner. (b) Same
as in Panel (a), but for the predicted map from modeling.

Article number, page 4 of



M. Fang et al.: Millimeter Observations of the disk around GW Ori

*co(2-1) (a)
4r ] 15
(=
2
147
~
~ £
5 of 1 =
= 2
> e
2
C 13
72— —
74— —
12
, Mbservation
A Ll Ll [N RN
4 2 0 -2 -4
A(X(H)

——
(0)
4 ] 15
27 —
1479
~
~ £
S o 1=
= 2
°
2
13
72— —
74— —
12
Model
Ll Ll Ll L Ll
4 2 0 -2 —4
Aa<\\)

Fig. 4. (a) 3CO J = 2 — 1 velocity (1st) moment maps. The contours are for the 3CO J = 2 — 1 velocity-integrated intensities (see Fig.2)), starting

at 0.48 Jy beam™! kms~' (3 o) with an interval of 0.16 Jy beam™' km s~
as in Panel (a), but for the predicted map from modeling.

(10). The synthesized beam is shown in the lower left corner. (b) Same

48(")

LRAARE BRI b L AR R R RAbAC RALAL AR Brosd oy ..

1
o

A6(")
N O N b

8w . LA km/Shee 2153 km/ste

184 kn/she

mJy/Beam

G Q

i e F ] E

= -
©° o .

75 kin/ste

O 18.6 km/s

8 6 4 2 0-2-4-6-88 6 4 2 0-2-4-6-88 6 4 2 0O
ra(™) Aa(") Aa(

-2-4-6-88 6 4 2 0-2-4-6-88 6 4 2 0 -2-4-6-8
) da(")

ba(")

Fig. 5. The channel maps of the 2’CO J = 2 — 1 emission toward GW Ori. Channels are 1.1 kms~! wide with the synthesized beam marked in
the bottom left corner. Contour levels are drawn at intervals of 0.127 Jy beam™' (30), starting at 0.127 Jy beam™'. The dashed contours are the
negative features with the same contours as the positive ones in each panel. The synthesized beam is shown in the lower left corner in each panel.

account for 85% of the total column (f=0.85). We do not ex-
plore the parameter space of A and f since our observational
data cannot provide an efficient constraint on them. The angular
scale height % is defined as

04
h=h, (5) :

R.
where A, is the angular scale height at the scaling radius R, and
Y characterizes the flaring angle of the disk.

In Paper I, we have shown that a gap sized at 25-55 AU needs
to be included in the disk model. A small population of tiny dust
particles (sizes 0.005—1 um) is also needed to distribute in the
gap, in order to reproduce the moderate excess emission at near-
infrared bands and the strong and sharp silicate feature at 10 um
on the SED of GW Ori. In this work, we include a dust depletion

“

factor (£gap) to modify the surface density within the gap. We
simply set the gap size Ry,,=45 AU, according to the results in
Paper], since our SMA data cannot provide any constraints on
the inner disk. The inner radius of the gap (Rj,) is fixed to be
1.2 AU, which is the orbital semi-major axis of the close com-
panion GW Ori B (see PaperI). When the disk radius R < Ry,
the modified surface density is ¥ = &,,X, where X is obtained
from Equation[dl

In the disk models, we use two populations of amorphous
dust grains (25% carbon and 75% silicate) with a power-law size
distribution with an exponent of —3.5 and a minimum size of
0.005 um. The maximum size of dust grains is set to be 1 ym in
the gap, as suggested in Paperl, and to be 1 um for the small
dust population and 1000 um for the large dust population in the
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Fig. 6. (a) The observed position-velocity diagram from the 2CO J = 2 — 1 map along the north-south direction cross GW Ori. The offset refers
to the distance along cut from GW Ori. The contours start at 0.15 Jy beam™' (30) with an interval of 0.05 Jy beam™! (1¢°). The dotted, dashed, and
dash-dotted lines show a Keplerian rotation curve with a central mass of 3.9 M, with disk inclinations of 20°, 40°, and 60°, respectively. (b) Same
as in Panel (a) but for the modeled position-velocity diagram with a disk inclination of 35°.

outer disk (R > Rgyp). In Fig.[7} we show the opacity spectra for
the two dust populations derived from Mie calculations.

The stellar parameters adopted in the models are
Te=5500K, R,=7.6Ry, and M,= 3.9 M, taken from Pa-
per I. We use the RADMC-3D code (version 0.40, Dullemond
2012) to do the radiative transfer in the disk models, and vary
the free parameters to calculate the continuum emission maps
at 1.3 mm and the SEDs. For simplicty, we convolve the model
continuum emission maps with the synthetical beam for the
SMA continuum emission map to simulate the observations.

4.1.2. Scheme for modeling continuum emission

In order to model the continuum emission from the disk of
GW Ori, we have 10 parameters. Among them, the 8 parameters,
Rin, Reaps Egaps Re, s he, ¥, and Mgy, are for the disk structure.
As discussed above, we have fixed Ri;=1.2 AU, Rg,,=45 AU. To
compare the model results with the observations, we need to
know the orientation of the disk with respect to the observer,
which can be characterized with two more parameters, the incli-
nation (i) of the disk with respect to the line of sight (i = 90°
for edge-on disks), and the position angle (PA) of the disk major
axis. The disk of GW Ori is well resolved in the '>CO J =2 — 1
line. From the integrated intensity map of the ’CO J = 2 — 1
line, we derive an inclination of ~40° and a position angle~10°.
In disk modelling, we allow the inclination to change from 30°,
40°, to 50°, and fix position angle to be 10°.

The exploration of the parameter spaces is divided into three
steps. At the first step, we calculate the continuum emission map
at 1.3 mm for a coarse and wide grid of parameters listed in Ta-
ble[Il Here we fix fgap=3><10’3, according to the SED modelling
in Paperl, since it only insignificantly affects the 1.3 mm con-
tinuum emission modelling. In total, we obtain 9360 modeled
1.3 mm continuum emission maps. We compare the calculated
continuum emission maps with the observation, which can effi-
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ciently constrain Mg,s and R.. For each model, the goodness of
the fit y2, . is calculated by

1 N 2

2 N i —wi)
mm 2
(o

(&)

where o is the noise of the observed 1.3 mm map, N the number
of pixels with the values above 30, u the modeled data, and w
the observed data. By comparing with the observations, we ob-
tain sets of disk models providing a good fit which we define as
Xim — X, bese < 2 Where 7 is the minimum yy,,, among
all the models. In total, we have 102 good-fit models. Then, we
calculate the SEDs of the good-fit disk models in the range from
70um to 1.3 mm, and compare them with the one of GW Ori.
The goodness of the fit of the SED XéED is calculated by

1< (i — wi)?

2 i i
= — g —_— 6
XSED N P 0_12 ( )

where N is the number of the observed wavelengths, u the syn-
thetic flux density, w the observed flux density, and o the obser-
vational uncertainities. The total goodness of the fit )([zt |18 given
by ota

(N

We derive the ranges for the free parameters of the models
providing a good fit with thmal < 2 where thmal best

2 .2 2
Xtotal = XAmm +)(SED

- tholal, best
is the minimum thmal among the 102 models. The parameters of
the good-fit models are listed in Table [T}

At the second step, we refine the grid of parameters with
knowledge of the above good-fit models, and list them in Ta-
ble 2l We repeat the procedure in the first step, but require
Xoum = X, best < 0-3 and xo 1 = xo 1 po < 0.5. We obtain
the ranges for the free parameters of the models providing a fit
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Table 1. Coarse grids of the parameters for modeling disk continuum emission.

Range
Parameters Input lzoml — thmal best < 2)
Central star
Effective temperature (Teg)* 5500K
Stellar radius® 7.5Rs
Stellar mass (M, )* 3.9M,
Disk
Inner radius (Ry,)* 1.2AU
Gap size (Rgap)” 45 AU
Dust depletion factor (£gqp)* 3x1073
Characteristic scaling radius (R.) 250, 270, 290, 310, 330, 350, 370, 390 AU 290-350 AU
Surface density gradient parameter (y) 0.1,0.3,0.5,0.7,0.9, 1.1 0.1-0.5
Angular scale height () 0.15,0.17,0.19,0.21,0.23 0.15-0.19
v 0.1,0.15,0.2 0.1-0.2
Disk mass [1,1.5,2,2.5,3,3.5,4,4.5,5,5.5,6,6.7,71x1072 M, 3-3.5x1072 M,
Disk inclination (i) 30°, 40°, 50° 30°—40°
Position angle® 10°

Notes. ) Fixed parameters.

O oo v v
1 10 100
A (pum)
Fig. 7. Opacity spectra (k.s for absorption and k., for scattering) for

the small dust population (solid line) and the large dust population (dash
line) used in our disk modeling.

1000

withy2  —x2 . <0.5. The disk model with minimum 2,
is considered as the best-fit model.

At the final step, we will constrain the dust depletion factor
(€gap) by fitting the full SED of GW Ori. We calculate a set of
model SEDs by varing &g, from 1x107 to 1x107> with other
parameters from the above best-fit model. Since the change of
&qap can only obviously vary the shape of the SED within near-
and mid-infrared wavelengths, we compare the model SEDs
with the observed one within the within the wavelengths rang-
ing from 1 um to 37 um. We find the model SEDs with &, =
1.5-4x 1073 can reproduce the observations, and the one with
Egap = 2.5 x 1072 can give the best fit to the data. As mentioned
before, our model is highly simplified and the low resolution
does not allow us to expore in depth the degenerated and non-
continuous parameter space of this very complex system. Thus
the 2 approach has to be taken as a tool to measure the goodness
of fit, but it cannot be used to derive statistics on the significance
of any particular model.

4.2. CO emission

With the parameters of the above best-fit model, we can com-
pute the model map of the '2CO J = 2 — 1 velocity-integrated
intensities, and compare it with the observation. However, to cal-
culate the CO emission, one needs to know the gas temperaure
distribution in the disk. At the first step, we assume that the gas
and dust has equal temperatures, and ignore that CO molecules
are frozen out of the gas phase when Ty, < 20K and that the
gas temperatures may be higher than the dust temperatures near
the disk surface. The velocity fields of gas material in the disk
models are assumed to be Keplerian. The thermal line broad-
ening is automatically included in the RADMC-3D code. Be-
sides it, we also include the turbulent line broadening by assum-
ing a constant linewidth of 0.01kms™' from turbulence. Tak-
ing an abundance ratio 12CO/H2 = 104, which is the canon-
ical abundance of interstellar medium (ISM), we calculate the
12CO J = 2 — 1 line emission using the RADMC-3D code with
an assumption of local thermal equilibrium (LTE) conditions.
The resulting maps are simply convolved with the corresponding
synthetical beams, and then compared with the observation. We
find that the predicted peak intensity of '>’CO J = 2—1 is about 3
time weaker than the observation. We vary the parameters among
the good-fit models listed in Table2] and the model emission for
2CO J = 2 - 1 line are all 2-3 time weaker than the obser-
vation. The previous studies have shown that the gas tempera-
tures could exceed the dust temperatures in the disk surface lay-
ers (Qi et al. 2006; [Pani¢ et al.2009), possibly due to additional
ultraviolet or X-ray heating from central stars (Glassgold et al.
2004; Jonkheid et al. [2004). In order to reproduce the observed
CO emissions of GW Ori, following |Andrews et all (2012), we
parameterize the gas temperature as

25
n n/2-0 .
s =1 T+ (Toia = Tam) [cos(E > )] itx/2-6<h,
Tatm if /2 -0>n,
(8)

Where Thiq is the midplane temperature derived from the
RADMC-3D simulations of the dust, § describes the steepness
of the vertical profile, and hq = 4H, where H, is the angular
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Table 2. Refined Grids of the parameters for modeling disk continuum emission.

Range
Parameters Input tzowl - Xlzotal best < 0-5) Best-fit
Characteristic scaling radius (R.) 290, 300, 310, 320, 330, 340, 350 AU 300-340 AU 320 AU
Surface density gradient parameter (y) 0.1,0.2,0.3,04, 0.5 0.1-0.4 0.2
Angular scale height (4.) 0.15,0.16,0.17,0.18, 0.19 0.15-0.19 0.18
v 0.1,0.15,0.2 0.1-0.2 0.1
Disk mass [3.0,3.1,3.2,3.3,3.4,3.5]x1072 M, 3.0-3.4x1072 M, 3.1x1072 M,
Disk inclination (i) 30°, 35°, 40° 30°-35° 35°

pressure scale height determined from 7',;q. We calculate H,, as

Hy = (kT1iaR/GM ,pumy)'/?> where k is the Bolzmann’s constant,

G is the gravitational constant, and u = 2.37 is the mean molec-

ular weight of the gas. Ty is the temperature in the disk atmo-

sphere, parameterized as

R 14
) ©

T. =1, o —
atm dtm,IOOAU( 100 AU

For gas temperatures, we only set Tym 100 AU as a free parameter
and fix 6 = 2 and {=-0.5. We assume that the CO molecules
are frozen out of the gas phase when T, < 20K. Since
12CO J = 2 - 1 line emission can be used to constrain the disk
inclination better than dust continuum emission, we calculate the
12CO J = 2 - 1 line emission using three disk inclinations, 30°,
35°, and 40°. The '2CO J = 2—1 line emission are computed us-
ing RADMC-3d assuming non-local thermal equilibrium (non-
LTE) conditions for different Ty 100au. The result integrated
intensity maps of >2CO J = 2 — 1 are simply convolved with
the corresponding synthetical beams, and then compared with
the observations to characterize Tym 100 au- For each model, the
goodness of the fit X%O is calculated in the similar way as Equa-
tion[3] but only for the pixels with values above half of the peak
intensity to reduce the possibility of CO contamination by the
parental cloud. We also compare the PV diagrams from the ob-
servation and from the models to constrain the disk inclination.
from a y? test, we find a disk model with Tam.100au=200£10K
and i = 35° — 40° can fit the observations. In Table 3] we list the
best-fit parameter for modeling continuum and gas emission of
GW Ori.

4.3. Model results

In our disk models, we have 8 free parameters. The dust deple-
tion factor (£4,p) are mainly constrained by comparing the model
SEDs with the observed one at near- and mid-infrared wave-
lengths, A can be estimated by fitting the SED at mid- and far-
infrared bands, and Mgy can be constrained by fitting the SED
of GW Oiri at submillimeter and millimeter wavelengths and the
1.3 mm continnum emission map. The parameters R, and y are
mainly constrained by comparing the model continuum emission
map at 1.3 mm with the observations. The disk inclination (i) is
constrained by fitting the 1.3 mm continuum emission map, the
12CO J = 2 - 1 line emission map, and the PV diagram. And the
gas temperature parameter Ty 100 AU 1S constrained by fitting the
2CO J = 2 — 1 line emission map. In Table[3] we list the disk
model which can satisfactorily reproduce both the 1.3 mm con-
tinnum emission, the SED, and the '2CO J = 2 — 1 line emission
of GW Oiri. In the following, we compare the model results using
these parameters with the observations.

In Fig. [[ib), we show the model continuum emission at
1.3mm. In Fig. [(c, d), we compare the distribution of the
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Table 3. Disk model parameters for modeling dust and gas emission of
GW Ori.

Parameters Values
Central star
Effective temperature® 5500K
Stellar radius® 7.5R,
Stellar mass® 3.9 M,
Disk
Inner radius (Rj,)* 1.2 AU
Gap size (Rgap)” 45 AU
Dust depletion factor (£gap) 2.5x1073
Characteristic scaling radius (R.) 320 AU
Surface density gradient parameter (y) 0.2
Angular scale height (h) 0.18
¥ 0.1
Disk mass 0.12 Mg
Tatm, 100 AU 200K
Power index for Ty ()¢ -0.5
o 2
Disk inclination (7) 35°
Position angle® 10°

Notes.  Fixed parameters.

intensity along the east-western and south-northern direction
across the center of the map, respectively, from the model.
The model results can fit the observations well. In Fig. [8]
we compare the model SED with the observed one. The ob-
served SED in the figure is the type 1 SED for GW Ori in
Paper1, and constructed using the UBVRcIc photometry from
Calvet et all (2004), the JH K, photometry from the 2MASS sur-
vey (Skrutskie et all2006), the photometry at 3.4, 4.6, 12, and
22 ym from the WISE survey (Wright et al.[2010), the photome-
try at 9 and 18 um from the AKARI survey (Ishihara et al/2010),
the MIPS 70 um photometry from Paper I, the fluxes at 350, 450,
800, 850, 1100, 1360 um from [Mathieu et al! (1995), and the
5—37 um low-resolution IRS spectrum from paperI. In Fig. [8
it can be seen that our simple disk model can well reproduce the
observed SED of GW Ori. In Fig. Bl we show the model map
of the 2CO J = 2 — 1 velocity-integrated intensities calculated
with the parameters in Table[3] which reproduces the observation
very well. Figure B(b) displays the model '>CO J = 2 — 1 veloc-
ity moment map, and Fig.[6(b) shows the model PV diagram for
the ?’COJ=2-1 1ine%

Using the disk parameters listed in Table 3] and taking the
typical abundances of ISM for '*CO and C'®0, *CO/H, =
1.43x107%and C'*O/H, = 1.82x 1077, i.e. >CO/'*CO=70 and
12Cc0/C'80=550 (Wilson & Rood [1994), we calculate the the

2 The LSR velocity of GW Ori is assumed to be 13.6kms™' (see
Sect.[3.2).
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Fig. 8. The observed SED of GW Ori. The broad band photometry is
shown with the filled circles, and the IRS spectrum of this source is dis-
played in solid line. The open circle show the flux from our SMA ob-
servations. The thick gray line shows our model SED. The photospheric
emission level is indicated with a thin gray curve.

predicted emission of the '*CO and C'*O lines using RADMC-
3D assuming Non-LTE conditions. We note the predicted line
emission of 3*CO J = 2 — 1 is consistent with the observa-
tions (see Fig.2land Figure[d(b)), but the model line emission of
C'30 J = 21 is three time stronger than the observational data.
A simple solution to reduce the model line emission is to de-
crease the abundance of C'30 in gas phase, which can be due to
the real reduction in their abundances or more freezing than we
assumed. We find that a satisfactory fit to the SMA data required
that C'80/H, ~ 2.3 x 1078, In Fig. 2l we show the model map
of C'80 J = 2 — 1 velocity-integrated intensities calculated us-
ing the above abundances. Such global C'30 gas-phase depletion
in circumstellar disks has been suggested before (Dutrey et al.
1994,11996; IDartois et al![2003; Isella et al/[2007), which can be
due to a selective photodissociation of CO and its isotopes in
disks (Visser et al.2009). However, we must stress that the con-
straint on the abundance of C'30 in the disk of GW Ori based
on the SMA data is just tentative since the detection of C'30 is
marginal. Furthermore, an underestimate of the dust absorption
of the line emission in the disk modelling or over-subtraction of
continuum around C'80 J = 2 — 1 could complicate the issue.

We have shown that our disk model can reproduce the SMA
observations of GW Ori. However, multi-parameter disk mod-
els are known to be highly degenerated and non-continuous. In
addition, there are other sources of uncertain in disk modeling.
The dust growth and settling in disks can change the dust prop-
erties vertically and radially (Birnstiel et al/ 2010, 2012). And
it is unknown whether the gas and dust are well mixed in the
GW Ori disk, and the gas-to-dust ratio may vary vertically and
radially (Birnstiel et all/2010). All these put strong limitations on
the interpretations of the results from our disk modeling. The in-
ferred disk masses can be strongly dependent on the assumed
dust model (size distribution) and gas-to-dust ratio. In addi-
tion, it should be expected that the structure of the disk, vertical
scale height, dust distribution, and heating may differ from typi-
cal cases due to the interaction between the two companions and
the very massive disk in GW Orri.

5. Discussion

The disk inclination of GW Ori is constrained by the gas kine-
matics in the disk traced by the '>CO line, which gives an
intermediate inclination (~35°). In Paper] we have estimated
the inclination of the stellar rotation axis of the primary star
(GW Ori A), which is around 35-50°. Thus the stellar rotation
axis of GW Ori A and the disk spin axis could be aligned. It
is still unclear if the the binary orbital plane and the disk is
aligned in the GW Ori system. If it is the case, the mass of
the close companion GW Ori B is estimated to be 0.44 M,
using the minimum companion mass (mpsin i, = 0.25, i, is
the inclination of the orbit) derived in PaperI. In this case, the
expected H-band flux ratio between the primary GW Ori A
(3.9My) and GW Ori B (0.44 M) is 30:1 at age of ~0.9 Myr
from the pre-main-sequence evolutionary tracks of |Siess et al
(2000). On the contrary, the near-infrared interferometric obser-
vations show that the two stellar components may have near-
equal H-band fluxes (2:1), which requires a low inclination of
the orbit (~10°) for GW Ori to have a massive close compan-
ion GW Ori B. However, an inclined orbit of a massive com-
panion can drastically disturb the disk (Larwood et all |1996).
In addition, IShevchenko et al. (1998) detected the eclipses to-
ward GW Ori during 1987-1992, which may suggest a nearly
edge-on inclination of the the orbit for GW Ori A/B. How-
ever, recent observation with Kepler/K2 observations detect
many quasi-periodic or aperiodic dimming events from young
stars with disks, which are not edge-on, and could be due
to inclined and variable inner dust disk warps (Ansdell et al.
2016a)b; [Scaringi et al.2016). Thus, an intermediate disk incli-
nation of GW Ori does not contradict with the observation from
Shevchenko et al! (1998).

6. Summary

Using the SMA we have mapped the disk around GW Ori both
in continuum and in the J = 2 — 1 transitions of '2CO, 3CO,
and C'%0. The dust and gas properties in the disk are obtained
by comparing the observations with the predictions from disk
models with various parameters.

We find a clear evidence that the circumstellar material in the
disk is in Keplerian rotation around GW Ori with a disk inclina-
tion of ~35°.

We present a disk model which can reproduce the dust con-
tinuum and line emission of CO and its isotopes from the disk of
GW Ori. To reproduce the line emission of C'80, we may need
the substantially depleted abundances of C'30 in gas phase.

GW Ori is one of the most remarkable disks regarding its
mass, and one of the most remarkable stellar systems (a massive
G8 star with two companions). This object is bright at the whole
electromagnetic spectrum and well studied, and an ideal target
for future observations with ALMA.
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