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ABSTRACT

Aims. The aim of this work is to constrain properties of the disk around the archetype FU Orionis object, FU Ori, with as good as∼25
au resolution.
Methods. We resolved FU Ori at 29-37 GHz using the Karl G. Jansky Very Largy Array (JVLA) in the A-array configuration, which
provided the highest possible angular resolution to date atthis frequency band (∼0′′.07). We also performed complementary JVLA
8-10 GHz observations, the Submillimeter Array (SMA) 224 GHz and 272 GHz observations, and compared with archival Atacama
Large Millimeter Array (ALMA) 346 GHz observations to obtain the spectral energy distributions (SEDs).
Results. Our 8-10 GHz observations do not find evidence for the presence of thermal radio jets, and constrain the radio jet/wind flux to
at least 90 times lower than the expected value from the previously reported bolometric luminosity-radio luminosity correlation. The
emission at frequencies higher than 29 GHz may be dominated by the two spatially unresolved sources, which are located immediately
around FU Ori and its companion FU Ori S, respectively. Theirdeconvolved radii at 33 GHz are only a few au, which is two orders of
magnitude smaller in linear scale than the gaseous disk revealed by the previous Subaru-HiCIAO 1.6µm coronagraphic polarization
imaging observations. We are struck by the fact that these two spatially compact sources contribute to over 50% of the observed fluxes
at 224 GHz, 272 GHz, and 346 GHz. The 8-346 GHz SEDs of FU Ori andFU Ori S cannot be fit by constant spectral indices (over
frequency), although we cannot rule out that it is due to the time variability of their (sub)millimeter fluxes.
Conclusions. The more sophisticated models for SEDs considering the details of the observed spectral indices in the millimeter
bands suggest that the>29 GHz emission is contributed by a combination of free-freeemission from ionized gas, and thermal
emission from optically thick and optically thin dust components. We hypothesize that dust in the innermost parts of thedisks (.0.1
au) has been sublimated, and thus the disks are no more well shielded against the ionizing photons. The estimated overallgas and
dust mass based on SED modeling, can be as high as a fraction ofa solar mass, which is adequate for developing disk gravitational
instability. Our present explanation for the observational data is that the massive inflow of gas and dust due to disk gravitational
instability or interaction with a companion/intruder, was piled up at the few au scale due to the development of a deadzone with
negligible ionization. The piled up material subsequentlytriggered the thermal instability and the magnetorotational instability when
the ionization fraction in the inner sub-au scale region exceeded a threshold value, leading to the high protostellar accretion rate.

Key words. Stars: formation — radio continuum: ISM — submillimeter: ISM — stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

The episodic accretion of young stellar objects (YSOs) may re-
solve the problem of the observed too low luminosities from

Class 0/I YSOs as compared with what are expected from the
stationary accretion models (Dunham & Vorobyov 2012). In-
deed, optical and infrared monitoring observations have found
accretion-outbursting YSOs (see Audard et al. 2014), some of
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Fig. 1. Interferometric images of FU Ori (contour and grayscale). Left:– SMA 224 GHz image. Contour levels are 4.8mJy beam−1 (3σ) × [-2, -1,
1, 2, 3]. Right:– JVLA 29-37 GHz image. Contour levels are 10.8 µJy beam−1 (3σ) × [-2, -1, 1, 2, 3, 4,· · · , 13, 14, 15]. Dashed contours present
negative intensity. Cross and square in the left panel mark the locations of FU Ori and FU Ori S, which were obtained from the 2-dimensional
Gaussian fits to the JVLA 33 GHz image. Green box in the left panel shows the field of view of the right panel. We assume a distance of 353 pc.

which remain embedded within their circumstellar envelopes
(Quanz et al. 2007). The longer duration (few tens of years or
longer) ones are named FU Orionis objects after the archetype
source FU Ori (see Hartmann & Kenyon 1996 for a review).
The shorter duration (few hundreds days to few years) and
repetitive ones are named EXors after the archetype source EX
Lupi (see Herbig 1977 for a review). The physical mechanisms
to trigger the accretion outbursts of YSOs are not yet certain.
They can be disk thermal instability (Lin et al. 1985; Bell &
Lin 1994; Hirose 2015), gravitational instability and diskfrag-
mentation (Vorobyov & Basu 2010, 2015), a combination of
magneto-rotational instability and gravitational instability which
also subsequently trigger thermal instability (Zhu et al. 2009),
planet-disk interactions (Nayakshin & Lodato 2012), or dueto
the encounters of stellar companions (Bonnell & Bastien 1992;
Pfalzner 2008). These mechanisms are not mutually exclusive,
but rather being suitable for different size scales and physi-
cal conditions. Resolving properties of the circumstellardisks
around FU Orionis objects and EXors on various spatial scales
helps diagnose the probable outburst-triggering mechanisms in
individual YSOs.

Whether or not the disk gravitational instability is likelyto
occur may be addressed by the resolved gas and dust mass dis-
tribution in a disk. However, FU Orionis objects and EXors have
not yet been well resolved in (sub)millimeter observationsof
dust spectral energy distributions (c.f., Cieza et al. 2016; Ruíz-
Rodríguez et al. 2017), which may provide estimates for the
overall gas mass. Previous Submillimeter Array (SMA)1 obser-
vations of four EXors suggested that the short duration and repet-
itive accretion outbursts may not necessarily be triggeredby disk

1 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of Astron-
omy and Astrophysics, and is funded by the Smithsonian Institution and
the Academia Sinica (Ho et al. 2004).

gravitational instability (Liu et al. 2016a). The same conclusion
was also given by the previous Atacama Pathfinder EXperiment
(APEX) observations of CO 3-2 towards EX Lupi (Kóspál et al.
2016).

The triggering mechanism(s) for the long duration outburst
is/are less clear. By performing the 0′′.15 resolution Combined
Array for Research in Millimeter-wave Astronomy (CARMA)
observations towards the FU Orionis-like object PP 13S*, Perez
et al. (2010) suggested that surface density of the PP 13S* disk
is ten times lower than the required density to trigger disk gravi-
tational instability. However, they also reported that thePP 13S*
disk is optically thick inside the 48 au radius at shorter than 1.3
mm wavelengths. Therefore, the estimates of disk mass may be
uncertain. Dunham et al. (2012) did not detect the FU Orionis
object HBC 722 using the SMA at 1.2 mm band, and based on
assumptions of optically thin and certain dust opacity and tem-
perature deduced that HBC 722 has a too low disk gas and dust
mass to trigger gravitational instability. However, it is not yet
possible to rule out that the disk around HBC 722 is optically
thick but has a much smaller sizescale than the synthesized beam
of the SMA observations, thus escaped from being detected. On
the other hand, the previous CO observations have shown that
FU Orionis objects may be associated with extended gaseous
disk (Kóspál 2011; Hales et al. 2015). The high angular resolu-
tion near infrared coronagraphic polarization imaging of the pre-
vious Subaru-8.2m telescope observations further resolved spi-
ral arm-like patterns and large-scale (>500 au) arcs on the disks
of the four FU Orionis objects FU Ori, Z CMa, V1057 Cyg, and
V1735Cyg, which can be explained by the signatures of disk
gravitational instability (Liu et al. 2016b; Dong et al. 2016).
However, the CO and infrared emission are both optically thick
in the observed regions, and therefore cannot provide good con-
straints on disk mass distributions.

Article number, page 2 of 10



Hauyu Baobab Liu et al.: High angular resolution millimeterobservations on FU Ori

Fig. 2. JVLA 33 GHz image (contour), overlaid with the Subaru-
HiCIAO H-band (1.6µm) polarized intensity image (color; see Liu et
al. 2016b). The synthesized beam of the JVLA observations isplotted
in bottom left. Contour levels are 36µJy beam−1 (10σ) × [1, 2, 3, 4, 5].
The central 0′′.3 region of the Subaru-HiCIAO image is masked due to
the obscuration of the coronagraph. We assume a distance of 353 pc,
which is different from the distance quoted in Liu et al. (2016b).

To better understand the detailed disk property of FU Ori,
we have performed high angular resolution 29-37 GHz and 8-10
GHz observations using the NRAO2 Karl G. Jansky Very Large
Array (JVLA). In addition, we have performed 224 GHz and
272 GHz observations using the SMA. Our observations are in-
troduced in Section 2. The results are presented in Section 3. We
modeled the spectral energy distributions (SEDs) of the resolved
sources, and derived the lower limits of the disk gas and dust
mass, which are discussed in Section 4. In addition, we intro-
duce our hypothesis to explain all observed features by far.Our
conclusion is given in Section 5.

Through out this manuscript, we assume the distance of FU
Ori to bed∼353(+81

−56) pc, according to the parallax measurement
published in the first data release of the Gaia space telescope
(Gaia Collaboration 2016). Based on the updated distance, we
have accordingly corrected the previously measured physical
quantities which were based on thed∼450 pc assumption, if it is
not specifically mentioned in the related discussion.

2. Observations

2.1. JVLA Observations

2.1.1. Ka band (29-37 GHz)

We have performed JVLA Ka band (29-37 GHz) standard con-
tinuum mode observations toward FU Ori in the A array con-
figurations on 2016 October 06 and 11 (project code: 16B-080).

2 The National Radio Astronomy Observatory is a facility of the Na-
tional Science Foundation operated under cooperative agreement by As-
sociated Universities, Inc.

We took full RR, RL, LR, and LL correlator products. These ob-
servations had an overall duration of 6 hours, with∼2.2 hours
of integration on the target source. The observations on Octo-
ber 06 and 11 covered the parallactic angle ranges of 313◦-365◦

and 328◦-391◦, respectively. After initial data flagging, 25 an-
tennas were available. The projected baseline lengths covered
by these observations are in the range of 650–36600 m (∼72-
4026kλ), which yielded aθmaj×θmin=0′′.080×0′′.071 (P.A.=15◦)
synthesized beam, and a maximum detectable angular scale of
∼1′′.4. We used the 3-bit sampler and configured the backend to
have an 8 GHz simultaneous bandwidth coverage by 64 con-
secutive spectral windows, which were centered on 33 GHz
sky frequency. The pointing and phase referencing centers for
our target source is on R.A.= 05h45m22s.357 (J2000), decl.=
+09◦04′12′′.4 (J2000). Antenna pointing was calibrated approxi-
mately every one hour. The complex gain calibrator J0532+0732
was observed for 20s every 80s to calibrate atmospheric and in-
strumental gain phase and amplitude fluctuation. We observed
the bright quasar 3C147 for passband and absolute flux calibra-
tions.

We manually followed the standard data calibration strategy
using the Common Astronomy Software Applications (CASA;
McMullin et al. 2007) package, release 4.7.0-1. After imple-
menting the antenna position corrections, weather information,
gain-elevation curve, and opacity model, we bootstrapped delay
fitting and passband calibrations, and then performed complex
gain calibration. We applied the absolute flux reference to our
complex gain solutions, and then applied all derived solution ta-
bles to the target source.

We generated images using the CASA taskclean. The im-
age size is 6000 pixels in each dimension, and the pixel size is
0′′.01. To maximize sensitivity, we performed multi-frequency
clean jointly for all observed spectral windows, which yielded
a∼33 GHz averaged frequency and a Stokes I rms noise level of
∼3.6 µJy beam−1. The measured noise level is consistent with
the theoretical noise level. We also imaged every 1 GHz of
bandwidth separately (rms∼10 mJy beam−1), to allow measuring
spectral index.

2.1.2. X band (8-10 GHz)

We have performed JVLA X band (8-10 GHz) continuum mode
observations toward FU Ori in the A array configurations on
2016 September 30 (project code: 16B-080). We took full RR,
RL, LR, and LL correlator products. These observations had an
overall duration of 1 hours, with∼0.6 hours of integration on
the target source. After initial data flagging, 25 antennas were
available. We used the 8-bit sampler and configured the backend
to have a 2 GHz simultaneous bandwidth coverage by 16 con-
secutive spectral windows, which were centered on 9 GHz sky
frequency. The pointing center for the target source is identical
to that of the Ka band observations (Section 2.1.1) The complex
gain calibrator J0532+0732 was observed for 20s every 472s to
calibrate atmospheric and instrumental gain phase and amplitude
fluctuation. We observed the bright quasar 3C147 for passband
and absolute flux calibrations.

Passband, complex gain, and absolute flux calibrations were
carried out manually using CASA release 4.7.0-1. We applied
the absolute flux reference to our complex gain solutions, and
then applied all derived solution tables to the target source. We
generated images using the CASA task clean. Using Briggs Ro-
bust=2 weighting yielded aθmaj×θmin=0′′.31×0′′.23 (P.A.=-41◦)
synthesized beam. By performing multi-frequencyclean uti-
lizing the full bandwidth coverage, we achieved an rms noise
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Table 1. Millimeter fluxes of FU Ori and FU Ori S

Frequency1 UTC Flux2

(GHz) (µJy)

32.991 2016Oct06/2016Oct11 206±4.3 (FU Ori)

104±5.6 (FU Ori S)

223.776 2013Nov09/2013Nov22 (16.7±1.6)×103

272.412 2008Dec06 (35±7)×103

345.7843 2012Dec02 (50.1±0.3)×103 (FU Ori)

(21.2±0.4)×103 (FU Ori S)

1 Central frequency of the observations.
2 Measured fluxes from FU Ori and FU Ori S, which are only separately
listed when they can be spatially differentiated.
3 Taken from Hales et al. (2015).

level of 4.7µJy beam−1, which is 11% higher than the theoretical
noise level estimated assuming no radio frequency interference
(RFI). The higher noise in our X band image is likely due to the
RFI flagging.

2.2. SMA Observations

2.2.1. 224 GHz

We performed the SMA 1.3 mm observations in the extended
array configurations on 2013 November 09 and 22. The obser-
vations were carried out using a track-sharing strategy. The de-
tails of these SMA observations have been summarized in Ta-
ble 1 of Liu et al. (2016a). The pointing and phase-referencing
centers are on the stellar position of FU Ori. The projected
baseline lengths covered by the on-source observations arein
the range of 25-165kλ, which yielded a synthesized beam of
θmaj×θmin=1′′.5×0′′.76 (P.A.=70◦), and a maximum detectable
angular scale of∼4′′ (1400 au). These observations used the
Application-Specific Integrated Circuit (ASIC) correlator, which
provided 4–8 GHz intermediate frequency (IF) coverages in the
upper and the lower sidebands, with 48 spectral windows in each
sideband. The observations tracked the rest frequency of 230.538
GHz at the spectral window 22 in the upper sideband.

The application of Tsys information and the absolute flux,
passband, and gain calibrations were carried out using the MIR
IDL software package (Qi 2003). After calibration, the zeroth-
order fitting of continuum levels and the joint (Briggs Robust
= 2) weighted imaging of all continuum data were performed
using the Miriad software package (Sault et al. 1995). The cal-
ibrated image achieved an rms noise levels of 1.6 mJy beam−1

at the averaged frequency of∼224 GHz. A typical absolute flux
calibration accuracy can be∼15-20% for SMA observations.

2.2.2. 272 GHz

We retrieved the archival SMA 1.2 mm observations taken in the
compact array configuration on 2008 December 06 (PI: Tyler
Bourke). The projected baseline lengths covered by the on-
source observations are in the range of 14-72kλ. These observa-

tions used the ASIC correlator (Section 2.2.1). The application
of Tsys information and the absolute flux, passband, and gain
calibrations were carried out using the MIR IDL software pack-
age (Qi 2003). After calibration, the zeroth-order fitting of con-
tinuum levels and the joint imaging of all continuum data were
performed using the Miriad software package to produce the 272
GHz continuum image.

3. Results

Figure 1 shows the SMA 224 GHz image and the JVLA 33 GHz
image, which were generated utilizing the full bandwidth cov-
erages of these observations (Section 2.1.1, 2.2.1). An overlay
of the JVLA 33 GHz image with the previous Subaru High Con-
trast Instrument for the Subaru Next Generation Adaptive Optics
(HiCIAO) 1.6µm polarization intensity image (Liu et al. 2016b)
is presented in Figure 2. The 33 GHz image resolved two com-
pact emission sources, which are immediately around FU Ori
and a projectedly nearby source FU Ori S. They center at R.A.=

05h45m22s.368 (J2000), decl.= +09◦04′12′′.25 (J2000) and R.A.
= 05h45m22s.377 (J2000), decl.= +09◦04′11′′.77 (J2000), re-
spectively, which are in excellent agreement with the dust com-
ponents identified by Hales et al. (2015). FU Ori S is presently
considered as a∼1 M⊙ pre-main sequence star (Wang et al.
2004). Our SMA observations do not have high enough angular
resolution to differentiate these two sources. Table 1 summarizes
the observed fluxes from the JVLA 29-37 GHz, and the SMA
∼224 GHz and∼272 GHz observations. The JVLA 8-10 GHz
observations show no significant detection, which constrained
the 3σ upper limit to 14µJy for both sources.

Fitting two-dimensional (2D) Gaussians to the 33 GHz im-
age yielded the deconvolved size scales (FWHM) of 36±4.5
(mas)× 30±5.1 (mas) at position angle (P.A.) 7.9◦±66◦ and
25±9.2 (mas)× 13±6.5 (mas) at P.A. 100◦±28◦, respectively.
Assuming a distance of 353 pc, the deconvolved size scales of
FU Ori and FU Ori S in terms of Gaussian standard deviations
are 5.4 au× 4.5 au and 3.8 au× 2.0 au. These are two orders of
magnitude smaller linear size scales than the gaseous disk traced
by the Subaru-HiCIAO image (Figure 2), and by the previous
ALMA observations of CO 3-2 (Hales et al. 2015). Assuming
that the observed 33 GHz fluxes are contributed from the decon-
volved projected areas of FU Ori and FU Ori S, their averaged
brightness temperature at 33 GHz areT FU Ori

B, 33 GHz∼210+81
−51 K and

T FU Ori S
B, 33 GHz∼360+780

−180 K.
We note that the JVLA observations carried out in between

August 9, 2016 and November 14, 2016 were affected by a soft-
ware bug, which induced delay errors. The delay errors yielded
displaced absolute positions of the target source in the direction
of elevation, of which the magnitude can be approximated by

offset= 5× a × b [milli-arcsecond],

wherea = sec2(z)tan(z), b is the separation of the target source
from the calibrator in the elevation direction (in degrees), andz is
the zenith angle. Our Ka band observations were carried out with
the elevation range of∼50◦-65◦; b was.1◦ at lower than 62◦ el-
evation, which gradually increased to the maximum value of∼2◦

at∼65◦ elevation. The largest position displacements during our
Ka band observations of FU Ori, is∼0′′.007. The resulting bias in
the measured source sizes is comparable, or smaller than 0′′.007
given that such position displacements only smear the source ge-
ometry when the parallactic angle changes considerably (Section
2.1.1). The bias in source sizes can be roughly characterized by
the error bars we gave, although we have to bear in mind that the
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errors in the measured source sizes are not symmetric but instead
are negatively skewed. Our X band observations were carriedout
at∼45◦-51◦ elevation withb∼1◦. The delay errors did not seri-
ously affect our X band observations due to the lower angular
resolution at 8-10 GHz.

The 33 GHz emission around FU Ori is not very elongated
before and after deconvolution, and there is no observed evi-
dence for the presence of an ionized jet. The absence of thermal
radio jet was also reported by the previous, less sensitive VLA
8.5 GHz observations (Rodríguez 1990). Assuming a distanceof
353 pc and a measured bolometric luminosity of 139L⊙ (Zhu et
al. 2007) for FU Ori, we can use the bolometric luminosity-radio
luminosity correlation of Anglada et al. (2015) to estimatethat
a radio flux density of 1.24 mJy is expected at 8 GHz. This is
a factor of 90 above the 3-σ upper limit of 0.014 mJy obtained
by us. Clearly, something is strongly suppressing the ionized jet
activity in FU Ori. We also refer to the report of no enhancement
of thermal radio jet emission from the recent Class 0 FU Orio-
nis outburst of HOPS 383 (Galván-Madrid et al. 2015). Liu et
al. (2014) also reported that the radio emission of Class 0/I ob-
jects may be bimodal, while the exact reason for such radio flux
bimodality is not yet certain.

We note that the previous Very Large Telescope Interferom-
eter (VLTI) Mid-Infrared Interferometric Instrument (MIDI) ob-
servations towards FU Ori have suggested a hot inner disk, which
has 1.8-2.0 au and 0.94-1.2 au semimajor and semiminor axes
(Quanz et al. 2006). Limited by sensitivity and missing short
spacing, the size of the mid-infrared disk observed by VLT-MIDI
may be considered the lower limit of the disk size observed inthe
millimeter bands. The previous detection of linearly polarized
infrared scattered light from the∼0′′.07 resolution observations
of Subaru-HiCIAO (Liu et al. 2016b) also suggested that FU Ori
S is associated with an unresolved dusty disk (Figure 2).

Upper panel of Figure 3 shows the measured 29-37 GHz
SEDs of FU Ori and FU Ori S. We performed Least Square fit-
tings to determine their spectral indices (α). We determine our
fitting results and errors using a bootstrapping process. Wedis-
turb data points at each frequency with a Gaussian random num-
ber of which the standard deviation is the 1σ uncertainty of the
measured flux. In the end,α and its error were determined by
the mean and standard deviations of the fittings to 10,000 inde-
pendent realizations of perturbed fluxes. The derivedα in this
frequency range for FU Ori and FU Ori S are labeled in Figure
3, which are 1.56±0.47 and 1.43±0.72, respectively. The large
fitting errors ofα are related to our small frequency coverage. In
this case, small flux errors at the highest and the lowest observed
frequencies can significantly impact the fittings ofα. The fittedα
values are consistent with the black body emission in Rayleigh-
Jeans limit to 1σ (i.e.,α=2; for more discussion see Section 4.1).
Incorporating free-free emission from a little amount of ionized
gas may explain the lower than 2.0 spectral indices, which how-
ever is only marginally constrained by our present frequency
coverage (Section 4.1). Extrapolating the overall 33 GHz flux to
224 GHz and 272 GHz assumingα=2 can account for 86% and
60% of the fluxes detected by SMA at these frequencies. Extrap-
olating the 33 GHz fluxes of FU Ori and FU Ori S to 346 GHz
assumingα=2 can account for 45% and 54% of the flux detected
by ALMA (Hales et al. 2015). We note that the typical absolute
flux calibration error of ALMA at high frequency bands, and
that of SMA, can be 15%-20%, which is not considered in the
estimates of percentages here.

Jointly fitting all observed data (Figure 3, bottom panel) as-
suming that the flux ratio between FU Ori and FU Ori S at
224 GHz and 272 GHz is identical to that at 33 GHz yielded

Fig. 3. Observed fluxes from the two components, FU Ori and FU Ori
S, resolved at 33 GHz (Figure 1, right). Top:– Blue and red data points
are the JVLA Ka band measurements around FU Ori and FU Ori S,
respectively. Solid lines are regression curves to derive spectral indices
(α). Bottom:– A comparison of the measured fluxes from the JVLA X
band (8-10 GHz) and Ka band (29-36 GHz), the SMA 224 GHz and 272
GHz, and the ALMA 345 GHz observations. The ALMA measurements
were quoted from Hales et al. (2015). We do not obtain any significant
detection with the observations of JVLA at X band (8-10 GHz) and
provide here the 1-3σ upper limits. In the bottom panel, the plotted
224 GHz and 272 GHz data assume that the flux ratio between FU Ori
and FU Ori S is identical to that at 33 GHz. We considered a∼20%
nominal absolute flux errors for the SMA and ALMA measurements.
We caution that the 33 GHz, 224 GHz, 272 GHz, and 346 GHz data
presented here were not observed with the sameuv coverage.

α=2.3±0.06 for both sources. The derived larger values ofα after
incorporating the SMA 272 GHz and ALMA 346 GHz measure-
ments in the fits may be explained by the fact that these SMA and
ALMA 3 observations covered shorter spacing inuv sampling
than the SMA 224 GHz and the JVLA observations (Section
2.1.1, 2.2.1. Therefore, the 272 GHz and 346 GHz observations
may have recovered more extended fluxes (more discussion see
Dunham et al. 2014). Since these observations were separated

3 The ALMA observations of Hales et al. (2015) covers the projected
baseline lengths of 15-384 meter, which corresponds to 17-440 kλ.
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Fig. 4. Fiducial SED models for FU Ori (upper) and FU Ori S (lower). Dotted lines show the fluxes of the optical thinner and cooler dust compo-
nents; dashed-dotted lines show the fluxes of the optically thicker hot dust components; dashed lines show the fluxes of the ionized components;
solid curves show the integrated fluxes. The horizontal barsin the left panels are the same with those the bottom panel of Figure 3. The plotted
224 GHz and 272 GHz data assume that the flux ratio between FU Ori and FU Ori S is identical to that at 33 GHz.

in time by several years, we also cannot rule out the interpre-
tation by time varying (sub)millimeter fluxes. For an optically
thick emission source, both changing temperature distribution
or changing surface geometry can result in time varying fluxes.
For a few au scale circumstellar disks, the characteristic varia-
tional time scale may be as short as a few years (e.g., dynamical
timescale). On the other hand, there is not yet observational evi-
dence for flux variability at>20µm wavelengths (e.g., Green et
al. 2016). Finally, it is also possible that the JVLA, SMA, and
ALMA observations have recovered all fluxes at the observed
frequency bands without being affected by missing short spacing
issues. Instead, the fluxes are contributed by an optically thicker
dust component, an optically thinner dust component, and po-
tentially an ionized gas component, which dominate the fluxes
at frequencies higher than∼224 GHz, frequencies in between 29
GHz and 224 GHz, and frequencies lower than 10 GHz, respec-
tively. Such a combination naturally leads to the varying spectral
index over frequency. Example of SED models based on such
hypothesis will be given in Section 4.

4. Discussion

4.1. Fiducial SED model

Around FU Ori and FU Ori S, the dominant emission mecha-
nisms at the observed frequency bands can be thermal emission
of circumstellar dust and ionized gas. Flux of interstellardust
thermal emission as a function of frequency (Fν), assuming a
power-law distribution of grain size, follows the modified black
body formula (Hildebrand 1983):

Fν = Bν(T )(1− e−τν)Ω, (1)

whereΩ is the observed solid angle,τν is the optical depth at
frequencyν, and Bν(T )=(2hν3/c2)(ehν/kBT − 1)−1 is the Planck

function at temperatureT , h andkB are Planck and Boltzmann
constants. Dust optical depthτν can be further expressed by
τν=

∫

κνρdℓ, whereκν is the dust opacity,ρ is the dust mass vol-
ume density, andℓ is the optical path length. In the case of spa-
tially uniform κν, τν=κν

∫

ρdℓ=κνΣ, whereΣ is dust mass surface
density. The following derivations assume spatially uniform κν
if it is not specifically mentioned. Opacity of interstellardust
can be approximated byκν=κ0(ν/ν0)β, whereκ0 is the dust opac-
ity at the frequencyν0, andβ is the dust opacity index. In the
optically thick and Rayleigh-Jeans limit (i.e.,τ≫1, hν≪kBT ),
Fν∼(2ν2/c2)kBTΩ, which has a power equal to 2 dependence
on observing frequencyν. In other words, we expect to observe
spectral indexα∼2 from optically thick (τ≫1), high temperature
black body emission sources.

Ionized gas emits free-free emission, of which the flux as a
function of frequencyν is described by a similar formula with
Equation 1, but withτν being substituted by the free-free emis-
sion optical depthτ f f

ν . Following Keto et al. (2003) and Mezger
& Henderson(1967), we approximateτ f f

ν by:

τ
f f
ν = 8.235× 10−2

(Te

K

)−1.35 (

ν

GHz

)−2.1
(

EM

pc cm−6

)

, (2)

whereTe is the electron temperature, and EM is the emission
measure defined as EM=

∫

n2
edℓ, ne is the electron number vol-

ume density. Equations 1 and 2 show that the spectral index of
free-free emission is∼2 in the optically thick limit, when the
frequency dependence is dominated by Planck function. In the
optically thin limit, the spectral index is∼−0.1. Given a certain
EM, free-free emission is optically thicker at low frequency, and
is optically thinner at high frequency.

Assuming that the (sub)millimeter fluxes of FU Ori and FU
Ori S are not varying with time since 2008, the simplest inter-
pretation for their (sub)millimeter SED, and the non-detection at
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the 8-10 GHz band, may be optically thick dust emission, which
naturally results inα∼2. Based on this interpretation and Equa-
tion 1, we estimate the lower limit of the overall gas and dust
mass to be 8.6-17×10−3 M⊙, which is outlined in detail in Ap-
pendix A. This interpretation requires attributing all observed
deviations from the fitting results (which assumed constantα
over frequency), to measurement errors.

A slightly more complex model fits better all the observa-
tions. A composition of an ionized gas component, which emits
optically thick free-free emission at.8-10 GHz and optically
thin free-free emission at&29-37 GHz, and aβ∼1.75 thermal
dust emission source, which is optically thin at.8-10 GHz (e.g.,
α∼3.75) and is optically thick at&29-37 GHz (e.g.,α∼2), can
result inα<2.0 at 29-37 GHz and a rapidly dropping overall flux
toward lower frequency such that it cannot be detected by sensi-
tive JVLA X band observations at 8-10 GHz. Including an addi-
tional optically thinner dust emission source, which can have a
more dominant contribution to the overall flux at high frequency
due to its larger spectral index, can allow the raising ofα at&224
GHz.

Examples of such three-components SED models for FU
Ori and FU Ori S based on this concept, are provided in Fig-
ure 4. The detailed parameters in our fiducial models are sum-
marized in Table 2. We fix the dust opacity index toβ=1.75,
which is commonly observed from the dense molecular clouds
and star-forming cores. The relatively large value ofβ (as com-
pared with T Tauri disks) we choose here is to avoid detectable
flux at X band. In our models, the overall fluxes for each of FU
Ori and FU Ori S at all frequencies were evaluated by simply
co-adding the fluxes of a free-free emission component, an opti-
cally thicker dust thermal emission component, and an optically
thinner dust component. The derived optical depths of the free-
free emission component at 8 GHz and 33 GHz, and those of the
optically thicker and thinner dust thermal emission component,
are summarized in Table 3. We note that since all of the pre-
sented JVLA, SMA and ALMA observations cannot spatially
resolve the sources, and also because that our observationsdo
not provide enough of independent sampling in frequency do-
main, the parametersκ230 GHzΣ, T , andΩ are degenerated. The
values ofβ for the optically thicker dust components is not cer-
tain, since our observations at 8-10 GHz only provide upper lim-
its of fluxes. The non-detection of FU Ori at 8-10 GHz however
prefersβ&1.5, such that the dust emission drops rapid enough to-
ward lower frequency. We note that the 1-3σ limits provided in
the left panels of Figure 4 were derived assuming imaging with
a full 2 GHz bandwidth. Averaging the modeled 8-10 GHz flux
of FU Ori will yield <2σ significance when comparing with our
detection limits. On the other hand, extrapolating the observed
flux of FU Ori at 33 GHz (Table 1) to 9 GHz assumingα=2
will yield FFU Ori

9 GHz=15µJy, which is slightly above our 3σ detec-
tion limit. Therefore, we do not think the observations of FUOri
at 8-10 GHz and 29-37 GHz can be explained only with free-
free emission since the spectral index of free-free emission can
only be smaller than 2, although this observational constraint is
yet marginal. The fitting for FU Ori S is less constrained by our
detection limit at 8-10 GHz since its observed flux at 33 GHz
is lower, which allows higher fractional contribution fromα∼2
emission components (e.g., relatively optically thick free-free
emission orβ→0 dust).

For these particular SED models, the choices ofΩ for the
optically thicker dust components were motivated by the decon-
volved size scales of FU Ori and FU Ori S at 33 GHz, and as-
sumed that the optically thicker dust component is spatially more

compact than the optically thinner dust component. According
to the previous ALMA observations at 346 GHz (Hales et al.
2015), we set the optically thinner dust components around FU
Ori and FU Ori S to have sub-arcsecond angular scales. The de-
generacy in our SED modeling can allow reducing the temper-
atures of the optically thinner dust components by a factor of
2 while increasing the linear size scales of them by a factor of√

2, which still leaves the parameters in very reasonable ranges.
The size-temperature degeneracy of the optically thinner dust
components can be resolved by future, higher angular resolution
ALMA observations at<1 mm bands (e.g., ALMA band 6-9).
The ionized gas components are required to be spatially very
compact, such that they do not contribute to detectable fluxes in
the optically thick regime at 8-10 GHz. Our present models do
not uniquely explain the measured fluxes, but serve as simplified
cases for qualitatively comprehending the observational results.
In the case that the emission components are optically thick, the
precise evaluation of overall fluxes also need to consider more
carefully the radiative transfer effects, which requires ray-tracing
modeling and is beyond the possibilities of our present datadue
to degeneracy. Sources with the same geometric configuration
and temperature profile as FU Ori but are observed in close to
edge-on projection, may present very different (sub)millimeter
SEDs, since the presumably centrally embedded free-free emis-
sion component and the optically thicker hot dust components
may be partly or fully obscured.

We note that based on the infrared spectral line observational
results, Zhu et al. (2007) has suggested the presence of an au
scale hot disk surrounding FU Ori. The 2D simulations of Zhu
et al. (2009) also showed that in the inner few au radii, the sur-
face temperature of the disk surrounding FU Ori can be several
hundreds Kelvin (see also Vorobyov et al. 2014), which may be
consistent with our derived high brightness temperatures (Sec-
tion 3), and the assumed dust temperatures in our SED models.
The simulations of Zhu et al. (2009) suggested that when the
thermal instability is triggered, the inner.0.1 au scale disk can
reach a gas mass density of∼10−8 g cm−3, and a gas temperature
of 104 K (see also Hirose 2015). When dust is sublimated at such
a high temperature, the disk is no more well self-shielded against
the ionizing photons. Therefore, it may be possible that theinner
.0.1 au disk becomes partially ionized due to stellar irradiation
and viscous heating. Dust sublimation on its own can also in-
crease the ionization fraction because dust particles may have
electrons stuck to their surface. A line-of-sight averagedioniza-
tion fraction of&10−15, which may be plausible (e.g., Dudorov
& Khaibrakhmanov 2014), is already adequate for explaining
the assumed EMs in our SED models. Our SED models are op-
tically thick at 8-10 GHz, and therefore the fluxes observed in
this frequency range is not sensitive to the exact ionization frac-
tion, but are more sensitive toTe andΩ. However, a too high
ionization fraction will make the free-free emission become op-
tically thick also at 29-37 GHz, which may seem contradictory
with the measured<2.0 spectral indices (Figure 3). Empirically,
photo-ionized wind is too faint to be detected at the distance of
FU Ori (Galván-Madrid et al. 2014), although this can be uncer-
tain. It is also less trivial to confine the photo-ionized wind to
a characteristic sub-au size scale. The very sensitive (rms∼sub-
µJy) and high angular resolution (1 mas) centimeter band ob-
servations (e.g., connecting the European VLBI Network with
the Square Kilometer Array) may directly image the ionized gas
component, which will help address its origin.
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Table 2. Parameters for SED modeling

Te EM Ω f f T thicker Ωthicker κ230 GHzΣ
thicker T thinner Ωthinner κ230 GHzΣ

thinner

(1) (2) (3) (4) (5) (6) (7) (8) (9)

(102 K) (cm−6 pc) (sr) (102 K) (sr) (102 K) (sr)

FU Ori 160 6.98×109 1.41×10−16 3.0 1.38×10−14 103 0.6 3.88×10−12 2.06×10−2

FU Ori S 160 4.85×109 1.94×10−16 3.6 5.19×10−15 32 0.6 1.04×10−12 3.87×10−2

We use dust opacity indexβ=1.75 for the optically thicker and the optically thinner dust components.
(1) Electron temperature. (2) Emission measure of the ionized gas component. (3) Solid angle of the ionized gas component. (4) Temperature of
the optically thicker dust thermal emission component. (5)Solid angle of the optically thicker dust thermal emission component. 1 sr∼4.25×1010

square arcsecond. (6) The dust mass surface density multiplied by the dust opacity at 230 GHz for the optically thicker dust thermal emission
component, which is dimensionless. (7) Temperature of the optically thinner dust thermal emission component. (8) Solid angle of the optically
thinner dust thermal emission component. (9) The dust mass surface density multiplied by the dust opacity at 230 GHz for the optically thinner
dust thermal emission component, which is dimensionless.

4.1.1. Dust mass and the inferred gas mass

For the model described by Table 2, assuming a 100 gas-to-
dust mass ratio, distanced=353 pc, the implied gas mass of
the optically thicker and thinner dust components of FU Ori,
multiplied by dust opacity at 230 GHz (κ230 GHz) are (i.e.,
mgas×κ230 GHz) 0.086 and 0.0048M⊙cm2g−1, respectively. The
values ofmgas×κ230 GHz for the FU Ori S dust components are
0.0098 and 0.0024M⊙cm2g−1. The probable values ofκ230 GHz
may be in between 0.1 cm2g−1 and 2 cm2g−1 (e.g., Draine 2006).
Depending on the assumption ofκ230 GHz, the overall gas mass
can be as high as a fraction of solar mass. If the gas mass is
indeed this high, disk gravitational instability will likely be trig-
gered (e.g., Figure 1 of Vorobyov 2013). Considering the rela-
tively extreme parameter space may reduce the deduced overall
gas and dust mass. For example, we may increase the temper-
ature of the optically thick dust component of FU Ori to 1,500
K, which will reduce its solid angle and thus the dust mass by a
factor of 5. Dust starts to sublimate at higher temperature.The
conceptual design of the Next Generation Very Large Array may
be ideal for providing better constraints for the disk size with a
10 times improved angular resolution (Isella et al. 2015). Oth-
erwise, the long baseline observations of ALMA at the 90-200
GHz (band 3, 4, 5) frequency, where the optically thicker dust
component is likely brighter than the optically thinner dust com-
ponent, may be considered. An alternative way to significantly
reduce the overall dust and gas mass is to reduce the gas-to-dust
mass ratio, which is very difficult to be tested with observations.
We note that the summed gas mass implied by the optically thin-
ner dust components associated with FU Ori and FU Ori S are
very well consistent with the previous estimates of Hales etal.
(2015)4, which were derived based on the optically thin assump-
tion. However, our estimates show that the majority of the overall
gas and dust mass can be contributed from the optically thicker
component of FU Ori.

Deeper observations in the<29 GHz bands may test whether
or notα starts increasing with the observing wavelengths, due to
the larger than zeroβ and the dropping optical depths of the dust
emission components, as long as the centimeter band emission
is not confused by the not yet detected non-thermal magneto-
spheric emission (α<0 for most of the known cases but there
may be exceptions, c.f., Liu et al. 2014). Otherwise,α remains

4 Based on the optically thin assumption, Hales et al. (2015) derived a
1.7×10−4 M⊙ overall dust mass.

close to 2.0 because of a significant contribution ofβ→0 dust,
or because of the dominant contribution of optically thick free-
free emission in the long wavelength bands. The observations
at >346 GHz will provide better constraints for the mass sur-
face density of the optically thinner dust components. Finally,
we argue that the very detailed SED shapes instead of the sparse
sampling at only a few frequencies in the millimeter and sub-
millimeter bands, may be in general required to unambiguously
derive the properties of the dusty disk and constrain dust grain
growth. This is becoming feasible thanks to the high sensitivity
of ALMA and JVLA, which can make good synergy with ana-
lytic estimates or numerical simulations.

4.2. A concordant scenario to explain the observed features

The discussion in this section assumes that our present fiducial
SED models are realistic, and assuming that dust and gas are
well (although not necessarily perfectly) coupled. The implied
high concentration of mass in the central few au regions, theas-
sumed&1.5 dust opacity index, the inferred little amount of ion-
ized gas in a sub-au region from our SED models, together with
the previously resolved∼400 au scales spiral arm- or arc-like
features from the Subaru-HiCIAO infrared polarimetric coron-
agraphic imaging observations (Liu et al. 2016b), may be ex-
plained by the following concordant scenario. First, the disk
gravitational instability likely caused by the interactions of the
disk with FU Ori S induced the massive inward motion of gas
and dust from the several hundreds au radii to the inner few au
regions. The very high density gas and dust then piled up around
the few au radii due to the development of a deadzone with neg-
ligible ionization, which yielded a significantly suppressed gas
viscosity. The short timescale of the gas accumulation in the
dead zone have lead only to a modest dust grain growth in the
inner disk, while in the rest of disk the dust grains remain of
much smaller size. The piled-up gas and dust eventually led to
104 K temperature in a sub-au scale, optically thick region, al-
lowing dust sublimation and a weak ionization fraction and ul-
timately triggering thermal and magneto-rotational instabilities
(Lin et al. 1985; Bell & Lin 1994; Zhu et al. 2009; Hirose 2015).
In the theoretical frameworks of thermal+magneto-rotational in-
stability (e.g., Zhu et al. 2009), the weakly ionized gas canin-
stantaneously enhance gas viscosity and thereby triggers proto-
stellar accretion outburst. We note that FU Ori S and FU Ori
are presently projectedly separated by∼2.4×1010 km (∼160 au),
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Table 3. Evaluated optical depths from SED modeling

FU Ori FU Ori S

τ f f (8 GHz)a 15 11

τ f f (33 GHz)b 0.79 0.55

τthicker(8 GHz)c 0.29 0.09

τthicker(33 GHz)d 3.5 1.1

τthicker(346 GHz)e 210 66

τthinner(8 GHz) f 5.8×10−5 1.1×10−4

τthinner(33 GHz)g 6.9×10−4 1.3×10−3

τthinner(346 GHz)h 4.2×10−2 7.9×10−2

a Optical depth of the free-free emission component at 8 GHz.
b Optical depth of the free-free emission component at 33 GHz.
c Optical depth of the optically thicker dust thermal emission compo-
nent at 8 GHz.
d Optical depth of the optically thicker dust thermal emission compo-
nent at 33 GHz.
e Optical depth of the optically thicker dust thermal emission compo-
nent at 346 GHz.
f Optical depth of the optically thinner dust thermal emission compo-
nent at 8 GHz.
g Optical depth of the optically thinner dust thermal emission compo-
nent at 33 GHz.
h Optical depth of the optically thinner dust thermal emission compo-
nent at 346 GHz.

and the accretion outburst of FU Ori was since 1936. If there is
a very close encounter (e.g., impact parameter from a few to a
few tens au) of FU Ori and FU Ori S when the accretion outburst
was triggered, it will require these two sources to have a time-
averaged relative velocity of∼8 km s−1 or higher over the last 80
years, which appears too fast considering that the mean stellar
velocity is likely on the order of∼1 km s−1. Allowing a piling-
up mechanism for the inward moving gas and dust may however
induce a time lag between the accretion outburst and the clos-
est encounter, which can reduce the inferred relative velocity be-
tween FU Ori and FU Ori S. In other words, the closest encounter
between FU Ori and FU Ori S may occur at some longer time
before the begin of the accretion outburst of FU Ori. Quicklyac-
cumulating dust via a fast inward motion may also support our
hypothesis of modest dust grain growth andβ&1.5. We refer to
Ormel et al. (2009) and references therein, for the characteristic
timescale of dust grain growth as a function of density.

5. Conclusion

We have performed∼0′′.07 resolution 29-37 GHz and∼0′′.3 res-
olution 8-10 GHz JVLA observations, and have performed∼1′′

resolution 224 GHz and∼2′′ resolution 272 GHz SMA obser-
vations, towards the archetype long duration accretion outburst
YSO FU Ori. We do not find any evidence for the presence of
thermal radio jets. Our 33 GHz image resolves two compact
sources around FU Ori and its companion FU Ori S, of which
the deconvolved radii are only a few au. The comparison with
the previous ALMA cycle-0 observations show that the spectral
indices of these two sources may not be constant over the ob-
served frequency ranges, although it can be interpreted by the

time variability of (sub)millimeter fluxes. For FU Ori, the spec-
tral index is larger than 2.0 at 8-29 GHz, is very close to 2.0
at 29-224 GHz, and becomes larger than 2.0 at 272-346 GHz.
For FU Ori S, the spectral index is not well constrained at 8-29
GHz, is around 2.0 at 29-224 GHz, and is larger than 2.0 at 272-
346 GHz. Such varying spectral index may also be realized by
a composition of a free-free emission component, an optically
thicker dust emission component, and an optically thinner dust
emission component. If this is indeed the case, then the disks of
FU Ori and FU Ori S may be weakly ionized inside the sub-au
radii, which may be better constrained by deeper observations
covering a broad range of frequency (e.g.,∼5-50 GHz). Finally,
the dust emission at 29-224 GHz around FU Ori and FU Ori S
is unlikely to be fully optically thin unless the grain growth is
extreme (β→0). In the case that dust emission is optically thick
at 33 GHz, we estimate the lower limit of the overall gas and
dust mass to be 8.6-17×10−3 M⊙. The more sophisticated SED
fittings show that the overall gas mass in the FU Ori and FU Ori
S system can be as high as a fraction of a solar mass, which can
trigger disk gravitational instability. If the gas and dustare well
coupled, our SED models will imply piling up sub-solar mass of
gas within a few au (or smaller) radii.
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Appendix A: Estimates of the lower limits of dust
and gas masses

The observed fluxes and spectral indices at∼33 GHz from FU
Ori and FU Ori S may be explained by the optically thick dust
emission from their surrounding circumstellar disks. If this is in-
deed the case, then the lower limits of dust masses in the disks
are related to the assumed values ofκ33 GHz. We consider three
generic assumptions of dust opacity and opacity index whichare
motivated by Draine et al. (2006): (1)κ230 GHz=0.35 cm2g−1,
β=0.5, (2)κ230 GHz=0.67 cm2g−1, β=1.0, and (3)κ230 GHz=1.29
cm2g−1, β=1.5. The derivedκ33 GHz in these three cases are 0.13
cm2g−1, 0.096 cm2g−1, and 0.07 cm2g−1. The requiredΣ value
to yield optical depthτ33 GHz=1 are 7.7 g cm−2, 10 g cm−2, and
14 g cm−2, respectively. In these cases, the integrated dust mass
within 1σ radii of the deconvolved 2D Gaussians for FU Ori
(Section 3) are 16×1028 g, 22×1028, and 31×1028, respectively;
the integrated dust mass in the deconvolved area of FU Ori S are
5.1×1028 g, 6.6×1028, and 9.4×1028, respectively. Assuming an
interstellar gas-to-dust mass ratio of 100, the derived lower limit
of overall gas mass is in the range of 8.6-17×10−3 M⊙. We note
that gas and dust are not necessarily well coupled. Therefore, the
predicted gas do not need to spatially coincides with the resolved
emission regions at 33 GHz (Figure 1). However, the extended
gaseous disk may be traced by the observations of (sub-)micron
size dust grains, which are better coupled with gas (e.g., Figure
2) We also note that if the maximum dust grain size is smaller
than 100µm, then the actual dust opacity can be one order of
magnitude smaller than the values we assume here (Draine et al.
2006), which will imply one order of magnitude higher dust and
gas masses than our present estimates. In addition, theτ33 GHz=1
criterion is merely a marginally optically thick condition. It re-
quiresτ33 GHz to be larger by one order of magnitude to make
α close to 2, unless there is significant grain growth (more in
Section 4). Ifα is not very close to 2.0, the predicted SED will
show tension with the observational results at 29-37 GHz and
224 GHz, unless we consider that our JVLA observations have
frequency-dependent absolute flux calibration errors.

The deconvolved size scales of FU Ori and FU Ori S at 33
GHz can be overestimated due to the limited angular resolution,
or due to some residual phase calibration errors (e.g., Perez et

al. 2013). If the observed 33 GHz fluxes are contributed by the
combination of optically thick emission regions and optically
thin emission regions, it is also likely that the former havemore
compact size scales. If the optically thick disks actually occupy
smaller projected areas than the deconvolved size scales derived
in Section 3, then the estimated lower limits of dust and gas
masses can be reduced. However, for FU Ori, we may not be able
to reduce the estimated projected areas and whereby the dust
and gas masses by more than a factor of∼7, which will require
the average brightness temperature to be higher than the dust
sublimation temperature of∼1,500 K to achieve the observed
total fluxes. The observed spectral index of∼2 may also be in-
terpreted by very efficient grain growth, such thatβ→0. In the
cases of efficient grain growth, achievingα→2 does not require
dust emission to be optically thick. On the other hand, the dust
optical depth still cannot be too low, otherwise will require dust
temperature to be higher than the dust sublimation temperature
to achieve the observed brightness temperature. We are not sure
whetherβ→0 can be realistic (c.f. Draine et al. 2006), in par-
ticular, for young stellar objects which are still in an embedded
phase.

Finally, given that FU Ori has been maintaining a∼10−4

M⊙ yr−1 accretion rate for∼80 years (Zhu et al. 2007), if the
present actual gas mass in its disk is lower than the 8.6-17×10−3

M⊙ lower limit we derive, it will imply that the disk material had
been extremely centrally concentrated, and the majority ofdisk
material was accreted onto the host protostar FU Ori over thelast
century. Our estimated lower limits of disk mass may not be suf-
ficient for the development of disk gravitational fragmentation
(Vorobyov 2013), but is probably sufficient for the development
of gravitational instability, especially if an external gravitational
perturbation from an intruder or companion is applied to thedisk
(Thies et al. 2010)
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