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ABSTRACT

Aims. The aim of this work is to constrain properties of the diskuathe archetype FU Orionis object, FU Ori, with as good 25
au resolution.

Methods. We resolved FU Ori at 29-37 GHz using the Karl G. Jansky Vemglarray (JVLA) in the A-array configuration, which
provided the highest possible angular resolution to dathistfrequency band~(007). We also performed complementary JVLA
8-10 GHz observations, the Submillimeter Array (SMA) 224 Gdthd 272 GHz observations, and compared with archival Ataca
Large Millimeter Array (ALMA) 346 GHz observations to obiathe spectral energy distributions (SEDSs).

Results. Our 8-10 GHz observations do not find evidence for the presefithermal radio jets, and constrain the radigwetd flux to

at least 90 times lower than the expected value from the gusly reported bolometric luminosity-radio luminosityregation. The
emission at frequencies higher than 29 GHz may be domingtdteliwo spatially unresolved sources, which are locatedentiately
around FU Ori and its companion FU Ori S, respectively. THezonvolved radii at 33 GHz are only a few au, which is two osddé
magnitude smaller in linear scale than the gaseous disklexyéy the previous Subaru-HiCIAO 1uén coronagraphic polarization
imaging observations. We are struck by the fact that thesespatially compact sources contribute to over 50% of thees! fluxes
at 224 GHz, 272 GHz, and 346 GHz. The 8-346 GHz SEDs of FU Oririn@®ri S cannot be fit by constant spectral indices (over
frequency), although we cannot rule out that it is due toithe wariability of their (sub)millimeter fluxes.

Conclusions. The more sophisticated models for SEDs considering thelsletathe observed spectral indices in the millimeter
bands suggest that the29 GHz emission is contributed by a combination of free-fee@ssion from ionized gas, and thermal
emission from optically thick and optically thin dust conmgmts. We hypothesize that dust in the innermost parts dithe 0.1
au) has been sublimated, and thus the disks are no more wedtlesth against the ionizing photons. The estimated ovegesland
dust mass based on SED modeling, can be as high as a frac@osotdr mass, which is adequate for developing disk grastitalt
instability. Our present explanation for the observatiateta is that the massive inflow of gas and dust due to diskitgtanal
instability or interaction with a companigntruder, was piled up at the few au scale due to the developwfea deadzone with
negligible ionization. The piled up material subsequetrilygered the thermal instability and the magnetorotaianstability when
the ionization fraction in the inner sub-au scale regioreexied a threshold value, leading to the high protostellzetion rate.

Key words. Stars: formation — radio continuum: ISM — submillimeterMS— stars: variables: T Tauri, Herbig Age

1. Introduction Class @ YSOs as compared with what are expected from the
stationary accretion models (Dunham & Vorobyov 2012). In-

The episodic accretion of young stellar objects (YSOs) neay deed, optical and infrared monitoring observations haumndo
solve the problem of the observed too low luminosities frogccretion-outbursting YSOs (see Audard et al. 2014), soine o
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Fig. 1. Interferometric images of FU Ori (contour and grayscal@ft’= SMA 224 GHz image. Contour levels are 48y beam? (30) x [-2, -1,

1, 2, 3]. Right:— JVLA 29-37 GHz image. Contour levels are8}@ly beam* (30) x [-2, -1, 1, 2, 3, 4; - -, 13, 14, 15]. Dashed contours present
negative intensity. Cross and square in the left panel nfekdcations of FU Ori and FU Ori S, which were obtained from #idimensional
Gaussian fits to the JVLA 33 GHz image. Green box in the lefepahows the field of view of the right panel. We assume a distah 353 pc.

which remain embedded within their circumstellar envetopegravitational instability (Liu et al. 2016a). The same doson
(Quanz et al. 2007). The longer duration (few tens of yearswas also given by the previous Atacama Pathfinder EXperiment
longer) ones are named FU Orionis objects after the archetypPEX) observations of CO 3-2 towards EX Lupi (Késpal et al.
source FU Ori (see Hartmann & Kenyon 1996 for a review2016).
The shorter duration (few hundreds days to few years) and
repetitive ones are named EXors after the archetype soutce E
Lupi (see Herbig 1977 for a review). The physical mechanisms The triggering mechanism(s) for the long duration outburst
to trigger the accretion outbursts of YSOs are not yet aertais/are less clear. By performing the’Ib resolution Combined
They can be disk thermal instability (Lin et al. 1985; Bell &Array for Research in Millimeter-wave Astronomy (CARMA)
Lin 1994; Hirose 2015), gravitational instability and diskag- 0observations towards the FU Orionis-like object PP 13StePe
mentation (Vorobyov & Basu 2010, 2015), a combination ¢t al. (2010) suggested that surface density of the PP 138* di
magneto-rotational instability and gravitational instiowhich  is ten times lower than the required density to trigger disk/g
also subsequently trigger thermal instability (Zhu et £109), tational instability. However, they also reported that#e13S*
planet-disk interactions (Nayakshin & Lodato 2012), or ¢e disk is optically thick inside the 48 au radius at shortenttie3
the encounters of stellar companions (Bonnell & Bastien2199nm wavelengths. Therefore, the estimates of disk mass may be
Pfalzner 2008). These mechanisms are not mutually exelusiyncertain. Dunham et al. (2012) did not detect the FU Orionis
but rather being suitable for filérent size scales and physiobject HBC 722 using the SMA at 1.2 mm band, and based on
cal conditions. Resolving properties of the circumstetlmks assumptions of optically thin and certain dust opacity amd-t
around FU Orionis objects and EXors on various spatial scafgerature deduced that HBC 722 has a too low disk gas and dust
helps diagnose the probable outburst-triggering mechenis mass to trigger gravitational instability. However, it istryet
individual YSOs. possible to rule out that the disk around HBC 722 is optically
Whether or not the disk gravitational instability is likely thick buthas a much smaller sizescale than the synthesezed b
occur may be addressed by the resolved gas and dust massiigle SMA observations, thus escaped from being detected. O
tribution in a disk. However, FU Orionis objects and EXorgéia the other hand, the previous CO observations have shown that
not yet been well resolved in (sub)millimeter observatiofis FU Orionis objects may be associated with extended gaseous
dust spectral energy distributions (c.f., Cieza et al. 206z- disk (Késpal 2011; Hales et al. 2015). The high angular tesol
Rodriguez et al. 2017), which may provide estimates for tHgn near infrared coronagraphic polarization imagingefpre-
overall gas mass. Previous Submillimeter Array (SBapser- Vious Subaru-8.2m telescope observations further reddpe
vations of four EXors suggested that the short durationepeitr "al arm-like patterns and large-scate500 au) arcs on the disks
itive accretion outbursts may not necessarily be triggbyedisk  Of the four FU Orionis objects FU Ori, ZCMa, V1057 Cyg, and
V1735 Cyg, which can be explained by the signatures of disk
1 The Submillimeter Array is a joint project between the Swuthian gravitational instability (Liu et al. 2016b; Dong et al. B)1
Astrophysical Observatory and the Academia Sinica InstifiAstron- However, the CO and infrared emission are both opticaligkthi
omy and Astrophysics, and is funded by the Smithsoniantirisin and  in the observed regions, and therefore cannot provide good ¢
the Academia Sinica (Ho et al. 2004). straints on disk mass distributions.
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mJy arcsec™? We took full RR, RL, LR, and LL correlator products. These ob-
0.5 1.0 servations had an overall duration of 6 hours, with2 hours
of integration on the target source. The observations om-Oct
T T T e TR T LT T T T ber 06 and 11 covered the parallactic angle ranges ¢f3&3
and 328-391°, respectively. After initial data flagging, 25 an-
tennas were available. The projected baseline lengthsredve
by these observations are in the range of 650-36608 T2-(
4026k1), which yielded &majx6min=07080x07071 (P.A=15")
synthesized beam, and a maximum detectable angular scale of
~174. 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 f
our target source is on R.A: 05'45"225.357 (J2000), deck
+09°04'1274 (J2000). Antenna pointing was calibrated approxi-
mately every one hour. The complex gain calibrator JG5332
was observed for 20s every 80s to calibrate atmosphericrand i
strumental gain phase and amplitude fluctuation. We obderve
the bright quasar 3C147 for passband and absolute flux aalibr
tions.
We manually followed the standard data calibration stiateg
using the Common Astronomy Software Applications (CASA,
05" 45™ 22,445 22.40° 22.36° 22.32% McMullin et al. 2007) package, release 4.7.0-1. After imple
RA (J2000) menting the antenna position corrections, weather inftiona
gain-elevation curve, and opacity model, we bootstrapedalyd
Fig. 2. JVLA 33 GHz image (contour), overlaid with the Subarufitting and passband calibrations, and then performed oexnpl
HiCIAO H-band (1.6um) polarized intensity image (color; see Liu etdain calibration. We applied the absolute flux referenceuo o
al. 2016b). The synthesized beam of the JVLA observatioptoised complex gain solutions, and then applied all derived sofuta-
in bottom left. Contour levels are 38y beam! (100) x [1, 2, 3, 4, 5]. bles to the target source.
The central 03 region of the Subaru-HICIAO image is masked due to  \We generated images using the CASA taikan. The im-
the obscuration of the coronagraph. We assume a distance306& age size is 6000 pixels in each dimension, and the pixel size i
which is diferent from the distance quoted in Liu et al. (2016b). 0701. To maximize sensitivity, we performed multi-frequency
clean jointly for all observed spectral windows, which yielded

To better understand the detailed disk property of FU Of, >33 GHz avegaged frequency and a Stokes | rms noise level of
we have performed high angular resolution 29-37 GHz and 8-16-6 #Jy beam™. The measured noise level is consistent with
GHz observations using the NRE®arl G. Jansky Very Large the the_oretlcal noise level. We also imaged every 1 GHz of
Array (JVLA). In addition, we have performed 224 GHz an@andwidth separately (rma0 mJy beam), to allow measuring
272 GHz observations using the SMA. Our observations are fRectral index.
troduced in Sectio]2. The results are presented in Sddtidie 3
modeled the spectral energy distributions (SEDs) of thelvesl 2 1 2 X pand (8-10 GHz)
sources, and derived the lower limits of the disk gas and dust
mass, which are discussed in Sec{idn 4. In addition, we-intA/e have performed JVLA X band (8-10 GHz) continuum mode
duce our hypothesis to explain all observed features byar. observations toward FU Ori in the A array configurations on
conclusion is given in Sectidd 5. 2016 September 30 (project code: 16B-080). We took full RR,

Through out this manuscript, we assume the distance of IRl LR, and LL correlator products. These observations frad a
Ori to bed~353(£2) pc, according to the parallax measuremesverall duration of 1 hours, with0.6 hours of integration on
published in the first data release of the Gaia space telescB} target source. After initial data flagging, 25 antennasew
(Gaia Collaboration 2016). Based on the updated distanee, @vailable. We used the 8-bit sampler and configured the inaicke
have accordingly corrected the previously measured palsit® have a 2 GHz simultaneous bandwidth coverage by 16 con-
quantities which were based on ttte450 pc assumption, if it is Secutive spectral windows, which were centered on 9 GHz sky

not specifically mentioned in the related discussion. frequency. The pointing center for the target source istideh
to that of the Ka band observations (Secfion 2.1.1) The cexnpl

gain calibrator J05320732 was observed for 20s every 472s to

-0.5 0.0

12.8"

12.4"

12.0"

Decl (J2000)

16"
450 AU

09° 04' 11.2"

2. Observations calibrate atmospheric and instrumental gain phase andtahgl

21, JVLA Observations fluctuation. We obse_rved_the bright quasar 3C147 for paskban
and absolute flux calibrations.

2.1.1. Ka band (29-37 GHz) Passband, complex gain, and absolute flux calibrations were

carried out manually using CASA release 4.7.0-1. We applied
We have performed JVLA Ka band (29'37. .GHZ) standard COlle absolute flux reference to our complex gain solutiond, an
tinuum mode observations toward FU Ori in the A array coré1

. . : ; en applied all derived solution tables to the target seuve
figurations on 2016 October 06 and 11 (project code: 16B-08 nerated images using the CASA task clean. Using Briggs Ro-

2 The National Radio Astronomy Observatory is a facility of tia- DUSE2 weighting yielded #majxfmin=0731x0723 (P.A=-41")
tional Science Foundation operated under cooperativergmat by As- synthesized beam. By performing multi-frequerndyean uti-
sociated Universities, Inc. 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 tions used the ASIC correlator (Section 212.1). The aptitioa
of Tsys information and the absolute flux, passband, and gain
calibrations were carried out using the MIR IDL software lpac

2
Frequency UTC FILC 2ge (Qi 2003). After calibration, the zeroth-order fittinfgcon-
(GHz) (udy)  tinuum levels and the joint imaging of all continuum data ever
performed using the Miriad software package to produce fize 2
32.991 20160c¢t020160ct11 2064.3 (FU Ori)  GHz continuum image.
104+5.6 (FU Ori S)
3. Results
223.776 2013N 013Nov22 16.71.6)x10°
ovea o ( s Figure[d shows the SMA 224 GHz image and the JVLA 33 GHz
image, which were generated utilizing the full bandwidtl-co
272.412 2008Dec06 (37)x10°

erages of these observations (Seclion 2[1.1,12.2.1). Arlayve

of the JVLA 33 GHz image with the previous Subaru High Con-

345.784  2012Dec02 (5040.3)x10° (FU Ori)  trast Instrument for the Subaru Next Generation Adaptived®p
(21.2:0.4)x10* (FU OriS)  (HICIAO) 1.6 um polarization intensity image (Liu et al. 2016b)

is presented in Figufd 2. The 33 GHz image resolved two com-

pact emission sources, which are immediately around FU Ori

! Central frequency of the observations. and a projectedly nearby source FU Ori S. They center atR.A.
2 Measured fluxes from FU Ori and FU Ori S, which are only sepdyat 0sh45m225 368 (J2000), deck +09°04'12725 (J2000) and R.A.
listed when they can be spatiallyfidirentiated. = 05'45M225.377 (J2000), declk= +09°0411777 (J2000), re-

3
Taken from Hales et al. (2015). spectively, which are in excellent agreement with the daost-c

ponents identified by Hales et al. (2015). FU Ori S is pregentl
onsidered as al My pre-main sequence star (Wang et al.
004). Our SMA observations do not have high enough angular

H solution to diferentiate these two sources. Tdlle 1 summarizes
the observed fluxes from the JVLA 29-37 GHz, and the SMA

level of 4.7uJy beam?, which is 11% higher than the theoretica
noise level estimated assuming no radio frequency intenfar
(RFI). The higher noise in our X band image is likely due to t

RF! flagging. ~224 GHz and~272 GHz observations. The JVLA 8-10 GHz
observations show no significant detection, which constii
2.2. SMA Observations the 3 upper limit to 14uJy for both sources.
Fitting two-dimensional (2D) Gaussians to the 33 GHz im-
2.2.1. 224 GHz age yielded the deconvolved size scales (FWHM) o£86

, . as) x 30+£5.1 (mas) at position angle (P.A.) 7466° and
We performed the SMA 1.3 mm observations in the extend +9.2 (mas)x 13+6.5 (mas) at P.A. 10828, respectively.

array configurations on 2013 November 09 and 22. The Obsﬁ%’suming a distance of 353 pc, the deconvolved size scales of
vations were carried out using a track-sharing strategg. dé.} U Ori and FU Ori S in terms of Gaussian standard deviations
tails of these SMA observations have been summarized in 3254 2k 4.5 au and 3.8 an 2.0 au. These are two orders of

ble 1 of Liu et al. (2016a). The pointing and phase-referegci agnitude smaller linear size scales than the gaseougdsidt

centers are on the stellar position of FU Ori. The _pro_ject% the Subaru-HICIAO image (Figuf@ 2), and by the previous
baseline lengths covered by the on-source observations ar LMA observations of CO 3-2 (Hales et, al. 2015). Assuming
tghe )r(zznge_(i,féfd}?g/l(bv;h_lgr&))ne;%d aa rfl)él?(?r]nelfrlrfegetbei??t)lg hat the observed 33 GHz fluxes are contributed from the decon
maj~min=-~- e A . volved projected areas of FU Ori and FU Ori S, their averaged
angu_lar _scale 0f~_4 (1400 au). The_se observations us_ed trl)eri hiness temperature at 33 GHz E@J O 210K and
Application-Specific Integrated Circuit (ASIC) correlatevhich 9 p ©3 ~51

3 GHZ
provided 4-8 GHz intermediate frequency (IF) coveragehén tTEU.915 ~360"780K.

upper and the lower sidebands, with 48 spectral windowsdh ea " We note that the JVLA observations carried out in between

sideband. The observations tracked the rest frequencyio$28 August 9, 2016 and November 14, 2016 weffeeted by a soft-

GHz at the spectral window 22 in the upper sideband. ware bug, which induced delay errors. The delay errors gigld
The application of Tsys information and the absolute fluxisplaced absolute positions of the target source in thextion

passband, and gain calibrations were carried out using tfe Mf elevation, of which the magnitude can be approximated by

IDL software package (Qi 2003). After calibration, the zéro .

order fitting of continuum levels and the joint (Briggs Robu®fTset= 5xaxb [mili-arcsecond,

= 2) weighted imaging of all continuum data were performegherea = sc?(Itan(2), b is the se ;
‘ o = , paration of the target source
using the Miriad software package (Sault et al. 1995). The C§ o the calibrator in the elevation direction (in degreesyizis

ibrated image achieved an rms noise levels of 1.6 mJy bearge zenith angle. Our Ka band observations were carried it w
at t_he a_veraged frequency €224 GHz. A typical absol_ute fluX the elevation range of50°-65°; b was<1° at lower than 62el-
calibration accuracy can bel5-20% for SMA observations. evation, which gradually increased to the maximum valueasf
at~65° elevation. The largest position displacements during our
29292 272 GHz Ka band observations of FU Ori,i€7007. The resulting bias in
the measured source sizes is comparable, or smaller @y 0
We retrieved the archival SMA 1.2 mm observations takenén tigiven that such position displacements only smear the s@e€
compact array configuration on 2008 December 06 (PI: Tylemetry when the parallactic angle changes considerabbyi(iBe
Bourke). The projected baseline lengths covered by the @3I.1). The bias in source sizes can be roughly charactebize
source observations are in the range of 14&7.2These observa- the error bars we gave, although we have to bear in mind that th
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errors in the measured source sizes are not symmetric lbedihs 0.25[ T T T T
are negatively skewed. Our X band observations were castied [
at~45°-51° elevation withb~1°. The delay errors did not seri- 5 oo F
ously dfect our X band observations due to the lower angulas [
resolution at 8-10 GHz. 2
The 33 GHz emission around FU Ori is not very elongate
before and after deconvolution, and there is no observed evid

dence for the presence of an ionized jet. The absence of thernf 0.10f  cPho=1.43+/-0.72 } } .
radio jet was also reported by the previous, less sensithsk V g r { 1

0.15F

T

8.5 GHz observations (Rodriguez 1990). Assuming a distahce — 0.05E ! 1
353 pc and a measured bolometric luminosity of 139Zhu et U 1
al. 2007) for FU Ori, we can use the bolometric luminositgica r

luminosity correlation of Anglada et al. (2015) to estimttat 0.00 : : : :

a radio flux density of 1.24 mJy is expected at 8 GHz. This is 28 30 32 54 56

a factor of 90 above the 3-upper limit of 0.014 mJy obtained Frequency (GHz)

by us. Clearly, something is strongly suppressing the &nhjet
activity in FU Ori. We also refer to the report of no enhancame T —
of thermal radio jet emission from the recent Class 0 FU Orio- 100.00F
nis outburst of HOPS 383 (Galvan-Madrid et al. 2015). Liu et ;
al. (2014) also reported that the radio emission of Clakel8

jects may be bimodal, while the exact reason for such radio flu

T
1

bimodality is not yet certain. 10.00 E
We note that the previous Very Large Telescope Interferom [ alpha=2.29+/-0.06

eter (VLTI) Mid-Infrared Interferometric Instrument (MiPob- 2 -

servations towards FU Ori have suggested a hotinnerdiskhwh — 1 ook 4

has 1.8-2.0 au and 0.94-1.2 au semimajor and semiminor ax&s
(Quanz et al. 2006). Limited by sensitivity and missing $hor &
spacing, the size of the mid-infrared disk observed by VLIDM
may be considered the lower limit of the disk size observelden
millimeter bands. The previous detection of linearly pized
infrared scattered light from the0”707 resolution observations
of Subaru-HiCIAO (Liu et al. 2016b) also suggested that FU Or

Inte

alpha=2.31+/-0.06 i

S is associated with an unresolved dusty disk (Figlire 2). . E
Upper panel of Figur&l3 shows the measured 29-37 GHz

SEDs of FU Ori and FU Ori S. We performed Least Square fit- et

tings to determine their spectral indiceg.(We determine our 10 100

fitting results and errors using a bootstrapping processdig/e Frequency (GHz)

turb data pomts at each freque_nc_y W!th a Gauss'a’? random n"I'lri%. 3. Observed fluxes from the two components, FU Ori and FU Ori
ber of which the standard deviation is the @incertainty of the g “resolved at 33 GHz (Figu 1, right). Top:— Blue and red gaints

measured flux. In the end; and its error were determined byare the JVLA Ka band measurements around FU Ori and FU Ori S,
the mean and standard deviations of the fittings to 10,00€-inglespectively. Solid lines are regression curves to depeetsal indices
pendent realizations of perturbed fluxes. The derived this («). Bottom:— A comparison of the measured fluxes from the JVLA X
frequency range for FU Ori and FU Ori S are labeled in Figukeind (8-10 GHz) and Ka band (29-36 GHz), the SMA 224 GHz and 272
[3, which are 1.560.47 and 1.480.72, respectively. The largeGHz, and the ALMA 345 GHz observations. The ALMA measurersent
fitting errors ofa are related to our small frequency coverage. i{ere quoted from Hales et al. (2015). We do not obtain anyifsignt

this case, small flux errors at the highest and the lowestrabde detection with the observations of JVLA at X band (8-10 GHaji a

: e : s ) provide here the 1-3- upper limits. In the bottom panel, the plotted
frequencies can significantly impact the fittings:ofThe fittede 224 GHz and 272 GHz data assume that the flux ratio between FU Or

values are consi§tent with the black body _emission in Ralgte and FU Ori S is identical to that at 33 GHz. We considered28%

Jeans limitto & (i.e.,a=2; for more discussion see Sectionl4.1},ominal absolute flux errors for the SMA and ALMA measurersent

Incorporating free-free emission from a little amount afiked \we caution that the 33 GHz, 224 GHz, 272 GHz, and 346 GHz data

gas may explain the lower than 2.0 spectral indices, whieit hopresented here were not observed with the santaverage.

ever is only marginally constrained by our present frequenc

coverage (Sectidn4.1). Extrapolating the overall 33 GHxz itu

224 GHz and 272 GHz assuming:2 can account for 86% anda=2.3+0.06 for both sources. The derived larger valuas after

60% of the fluxes detected by SMA at these frequencies. Extrépcorporating the SMA 272 GHz and ALMA 346 GHz measure-

olating the 33 GHz fluxes of FU Ori and FU Ori S to 346 GHments in the fits may be explained by the fact that these SMA and

assumingr=2 can account for 45% and 54% of the flux detecteiL MAB observations covered shorter spacinguinsampling

by ALMA (Hales et al. 2015). We note that the typical absolutdhan the SMA 224 GHz and the JVLA observations (Section

flux calibration error of ALMA at high frequency bands, an@ 1.1[2.2.11. Therefore, the 272 GHz and 346 GHz obsenstion

that of SMA, can be 15%-20%, which is not considered in thmay have recovered more extended fluxes (more discussion see

estimates of percentages here. Dunham et al. 2014). Since these observations were segarate
Jointly fitting all observed data (Figulré 3, bottom panet) as

suming that the flux ratio between FU Ori and FU Ori S at The ALMA observations of Hales et al. (2015) covers the mrisjd

224 GHz and 272 GHz is identical to that at 33 GHz yieldeashseline lengths of 15-384 meter, which corresponds to4DkA.
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Fig. 4. Fiducial SED models for FU Ori (upper) and FU Ori S (lower) tigd lines show the fluxes of the optical thinner and coolat dompo-

nents; dashed-dotted lines show the fluxes of the optidaitkér hot dust components; dashed lines show the fluxesadbtiized components;
solid curves show the integrated fluxes. The horizontal ivatise left panels are the same with those the bottom paneigof€[3. The plotted
224 GHz and 272 GHz data assume that the flux ratio between F&h@FU Ori S is identical to that at 33 GHz.

in time by several years, we also cannot rule out the interpfanction at temperatur€, h andkg are Planck and Boltzmann
tation by time varying (sub)millimeter fluxes. For an optiga constants. Dust optical deptty can be further expressed by
thick emission source, both changing temperature digtdbu TyszVpdf, wherex, is the dust opacity, is the dust mass vol-
or changing surface geometry can result in time varying Buxeime density, and is the optical path length. In the case of spa-
For a few au scale circumstellar disks, the characteristi@v tjally uniform «,, TV:Kprdgz,(vz, whereX is dust mass surface
tional time scale may be as short as a few years (e.g., dyadmigensity. The following derivations assume spatially umifo,
timescale). On the other hand, there is not yet observdtemia i it is not specifically mentioned. Opacity of interstelldust
dence for flgx vanab_lhty at>20;¢m wavelengths (e.g., Green etan be approximated by=ko(v/vo)?, Wherex, is the dust opac-
al. 2016). Finally, it is also possible that the JVLA, SMAdanity at the frequencyy, andg is the dust opacity index. In the
ALMA observations have recovered all fluxes at the observegtically thick and Rayleigh-Jeans limit (i.ez>1, hv<kgT),
frequency bands without beingfected by missing short spacingr, ~(2,2/c2)ksTQ, which has a power equal to 2 dependence
issues. Instead, the fluxes are contributed by an optidaltkér on observing frequenoy. In other words, we expect to observe
dust component, an optically thinner dust component, ard Rpectral indexx~2 from optically thick ¢=>1), high temperature
tentially an ionized gas component, which dominate the 8uxgjack body emission sources.

at frequencies higher thar224 GHz, frequencies in between 29 |onjzed gas emits free-free emission, of which the flux as a
GHz and 224 GHz, and frequencies lower than 10 GHz, resp@gnction of frequency is described by a similar formula with
tively. Such a combination naturally leads to the varyingcml  Equatior{l, but withr, being substituted by the free-free emis-
index over frequency. Example of SED models based on sughy, gptical depth!f. Following Keto et al. (2003) and Mezger

hypothesis will be given in Secti¢n 4. & Henderson(1967), we approximatt’ by:

. . -135 _2.

4. Discussion 1 _ 89235y 1@2(E) ( v ) 21/ EM )
iduci ' K GHz pcent®)’

4.1. Fiducial SED model

Around FU Ori and FU Ori S, the dominant emission mechgg{hereTe is the electron temperature, and EM is the emission

. ) )
nisms at the observed frequency bands can be thermal emisStgasure defined as EM nzdf, ne is the electron number vol-
of circumstellar dust and ionized gas. Flux of interstedlast UMe density. Equatioris 1 ahtl 2 show that the spectral index of

thermal emission as a function of frequendy), assuming a free-free emission is-2 in the optically thick limit, when the
power-law distribution of grain size, follows the modifiehgk réquency dependence is dominated by Planck function.én th

body formula (Hildebrand 1983): optically thin limit, the spectral index is—0.1. Given a certain
EM, free-free emission is optically thicker at low frequgrend
F, = B(T)(1-e™)Q, (1) is optically thinner at high frequency.

Assuming that the (sub)millimeter fluxes of FU Ori and FU
whereQ is the observed solid angle, is the optical depth at Ori S are not varying with time since 2008, the simplest inter
frequencyy, and B,(T)=(2hv3/c?)(€"/kT — 1)1 is the Planck pretation for their (sub)millimeter SED, and the non-détetat
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the 8-10 GHz band, may be optically thick dust emission, Whicompact than the optically thinner dust component. Aceaydi
naturally results inv~2. Based on this interpretation and Equao the previous ALMA observations at 346 GHz (Hales et al.
tion[d, we estimate the lower limit of the overall gas and dug015), we set the optically thinner dust components arowhd F
mass to be 8.6-710°2 My, which is outlined in detail in Ap- Ori and FU Ori S to have sub-arcsecond angular scales. The de-
pendix[A. This interpretation requires attributing all ebsed generacy in our SED modeling can allow reducing the temper-
deviations from the fitting results (which assumed constantatures of the optically thinner dust components by a factor o
over frequency), to measurement errors. 2 while increasing the linear size scales of them by a fadtor o

A slightly more complex model fits better all the observay2, which still leaves the parameters in very reasonableamng
tions. A composition of an ionized gas component, which emithe size-temperature degeneracy of the optically thinmest d
optically thick free-free emission at8-10 GHz and optically components can be resolved by future, higher angular résolu
thin free-free emission g¢29-37 GHz, and #~1.75 thermal ALMA observations at<1 mm bands (e.g., ALMA band 6-9).
dust emission source, which is optically thing®-10 GHz (e.g., The ionized gas components are required to be spatially very
@~3.75) and is optically thick at29-37 GHz (e.g.@~2), can compact, such that they do not contribute to detectabledlixe
result in<2.0 at 29-37 GHz and a rapidly dropping overall fluthe optically thick regime at 8-10 GHz. Our present models do
toward lower frequency such that it cannot be detected bgiserot uniquely explain the measured fluxes, but serve as diegpli
tive JVLA X band observations at 8-10 GHz. Including an add¢ases for qualitatively comprehending the observatioesllts.
tional optically thinner dust emission source, which cameha In the case that the emission components are optically tthiek
more dominant contribution to the overall flux at high freqoy  Precise evaluation of overall fluxes also need to consideemo

due to its larger spectral index, can allow the raising af>224 carefully the radiative transfeffects, which requires ray-tracing
GHz. modeling and is beyond the possibilities of our present da&

degeneracy. Sources with the same geometric configoratio

Examples of such three-components SED models for 'é?%d temperature profile as FU Ori but are observed in close to

Ori and FU Ori S based on this concept, are provided in Fig- ~ ~ S X -
ure[4. The detailed parameters in our fiducial models are su ge-on projection, may present veryeiient (sub)millimeter

; : . S “Ds, since the presumably centrally embedded free-frés em
marized in Tablé12. We fix the dust opacity index@el1.75, = : ;
which is commonly observed from the dense molecular clouﬁzgn component and the optically thicker hot dust companent
: . ay be partly or fully obscured.
and star-forming cores. The relatively large valugdgas com-
pared with T Tauri disks) we choose here is to avoid detegtabl
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, & op We note that based on the infrared spectral line obsenadtion

. i ._“results, Zhu et al. (2007) has suggested the presence of an au
cally thicker dust thermal emission component, and an altyic ; ; 2 . ;
thinner dust component. The derived optical depths of te-fr scale hot disk surrounding FU Ori. The 2D simulations of Zhu

ree emissioncomponentat @ Gz and 33 Gz, and those o g (2009) 1 showed hat e ner few a ra e o
optically thicker and thinner dust thermal emission corgran P g

are summarized in Tabld 3. We note that since all of the prlét_mdreds Kelvin (see also Vorobyov et al. 2014), which may be

sented JVLA, SMA and ALMA observations cannot spatiallOnSiStent with our derived high brightness temperatufies<{
resolve the sources, and also because that our observdtion on[3), and the assumed dust temperatures in our SED models.

not provide enough of independent sampling in frequency ‘{ he simulations of Zhu et al. (2009) suggested that when the

: | instability is triggered, the inng0.1 au scale disk can
main, the parametekssg gHz, T, andQ are degenerated. The erma : s 3
values ofg for the optically thicker dust components is not ce{-ﬁ?%t: E ?:l:ergﬁssosti?g;letggtg) %\m n, dauns(: g gﬁzlti?nrg?:drzttusrﬁch
tain, since our observations at 8-10 GHz only provide upper | :

its of fluxes. The non-detection of FU Ori at 8-10 GHz howev high temperature, the disk is no more well self-shielderes

preferss>1.5, such that the dust emission drops rapid enough glonizing photons. There)‘ore,_ itmay be possible th*’?““.he.f
ward lower frequency. We note that the 1=3imits provided in $0('jl au disk rt])ecqmestartlaII)tl)ll_onlz_ed due_to stellar 'rmlm _
the left panels of Figurél 4 were derived assuming imaging wif VISCk(])US. eating. . ust su blmatlon 3” Its own Ican asohm-
a full 2 GHz bandwidth. Averaging the modeled 8-10 GHz ﬂu%ease the |0nk|zat|cr)]n. ractf|on ecle_lusef u_sthpartlc s nasg

of FU Ori will yield <20 significance when comparing with pyrciectrons stuck to their surface. A line-of-sight averageiza-

. i 15 2 .
detection limits. On the other hand, extrapolating the olesk go%giigtrlgph?;zig/ éovngcr}sm;?/egg pl:g:'bdgt(ee'f%'r’ Efdlgirr?i\r/\
flux of FU Ori at 33 GHz (Tabl€]l) to 9 GHz assuming2 y y q P 9

o : L the assumed EMs in our SED models. Our SED models are op-
will yield Fo iay =154y, which is slightly above ourBdetec- oo thick at 8-10 GHz, and therefore the fluxes observed i
tion limit. Therefore, we do not think the observations of ©d  ihis frequency range is not sensitive to the exact ionirdfiac-
at 8-10 GHz and 29-37 GHz can be explained only with fregs, "yt are more sensitive 8 andQ. However, a too high
free emission since the spectral index of free-free emiss&n  jojzation fraction will make the free-free emission beoop-
only be smaller than 2, although this observational COmEtI® eIy thick also at 29-37 GHz, which may seem contradigtor
yet marginal. The fitting for FU Ori S is less constrained by Oyyiih the measured?2.0 spectral indices (Figuke 3). Empirically,
detection limit at 8-10 GHz since its observed flux at 33 GHgqi0-ionized wind is too faint to be detected at the distanic
is lower, which allows higher fractional contribution fram-2 £y orj (Galvan-Madrid et al. 2014), although this can be unce
emission components (e.g., relatively optically thicketfeee (ain It is also less trivial to confine the photo-ionized dito
emission oB—0 dust). a characteristic sub-au size scale. The very sensitive~guis

For these particular SED models, the choicefofor the uJy) and high angular resolution (1 mas) centimeter band ob-
optically thicker dust components were motivated by theodec servations (e.g., connecting the European VLBI Networkwit
volved size scales of FU Ori and FU Ori S at 33 GHz, and athe Square Kilometer Array) may directly image the ionized g
sumed that the optically thicker dust componentis spgtmtire component, which will help address its origin.
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Table 2. Parameters for SED modeling

Te EM Qff Tthicker chicker K930 Gszthicker Tthinner chinner K930 GHZZthinner
(1) (2 (3) (4) (5) (6) (7) (8) 9)
(1K) (cm™pc) (sr) (1 K) (sr) (1¢° K) (sr)
FU Ori 160 6.9%10° 1.41x10716 3.0 1.3&1014 103 0.6 3.8&%10%? 2.06x10°2
FUOri S 160 4.8%10° 1.94<10°16 3.6 5.1%10°1° 32 0.6 1.0410712 3.871072

We use dust opacity indgg<1.75 for the optically thicker and the optically thinner tsmponents.

(1) Electron temperature. (2) Emission measure of the @mhgas component. (3) Solid angle of the ionized gas compog@®riremperature of
the optically thicker dust thermal emission componentS@&ljd angle of the optically thicker dust thermal emissiomponent. 1 sk4.25<10'°
square arcsecond. (6) The dust mass surface density rredtipy the dust opacity at 230 GHz for the optically thickestdithermal emission
component, which is dimensionless. (7) Temperature of gieally thinner dust thermal emission component. (8) Galigle of the optically
thinner dust thermal emission component. (9) The dust ma$sce density multiplied by the dust opacity at 230 GHz fa@ bptically thinner
dust thermal emission component, which is dimensionless.

4.1.1. Dust mass and the inferred gas mass close to 2.0 because of a significant contributiorgefO dust,

For the model described by TaHe 2, assuming a 100 gasﬁ?ébecause of the dominant contribution of optically thioke-

dust o distanab-353 the implied ‘e emission in the long wavelength bands. The obsenation
ust mass ratio, distanae=so5 pc, the Implied gas mass olyy . 346 GHz will provide better constraints for the mass sur-
the optically thicker and thinner dust components of FU O

face density of the optically thinner dust components. Iina
multiplied by dust opacity at 230 GHz{30 cH2 are (i.e., - : :
2sXko0 o) 0.086 and 0.00481,crPg L. respectively. The we argue that the very detailed SED shapes instead of theespar

I : for the FU Ori S dust ¢ sampling at only a few frequencies in the millimeter and sub-
Values 0lMgas<k230 GHz O the 'S dust Components argyjimeter bands, may be in general required to unambigiyous
0.0098 and 0.0028,cn?g~L. The probable values @bz gHz

; 1 4 f derive the properties of the dusty disk and constrain dushgr
may be in between 0.1 ¢ig* and 2 cnig™* (e.g., Draine 2006). growth. This is becoming feasible thanks to the high seisiti

Depending on the assumption f3o gz the overall gas mass 5t ALMA and JVLA, which can make good synergy with ana-
can be as high as a fraction of solar mass. If the gas mas§jg estimates or numerical simulations.

indeed this high, disk gravitational instability will likebe trig-

gered (e.g., Figure 1 of Vorobyov 2013). Considering tha-rel

tively extreme parameter space may reduce the deducedlovet&. A concordant scenario to explain the observed features
gas and dust mass. For example, we may increase the tem

ature of the optically thick dust component of FU Ori to 1,50§
K, which will reduce its solid angle and thus the dust mass b
factor of 5. Dust starts to sublimate at higher temperaftine.
conceptual design of the Next Generation Very Large Array m
be ideal for providing better constraints for the disk sizthva
10 times improved angular resolution (Isella et al. 2015p-O
erwise, the long baseline observations of ALMA at the 90-2
GHz (band 3, 4, 5) frequency, where the optically thickertdua
componentis likely brighter than the optically thinner tiesm-
ponent, may be considered. An altern_atlve way 10 signifigan ravitational instability likely caused by the interactsoof the
reduce the overall dust and gas mass is to reduce the gasto-

; e X . isk with FU Ori S induced the massive inward motion of gas
mass ratio, which is very flicult to be.testgd with obseryatlons.and dust from the several hundreds au radii to the inner few au
We note that the summed gas mass implied by the optically th}

Bgions. The very high density gas and dust then piled upnarou
ner dust components associated with FU Ori and FU Ori S ) o .
very well consistent with the previous estimates of Haleal.et%g few au radii due to the development of a deadzone with neg-

) . . . ligible ionization, which yielded a significantly suppresgsgas
(.201551’ which were d_enved based on the optu_:al_ly thin assum@?scosity. The short timescale of the gas accumulation & th
tion. However, our estimates show that the majority of therall

: . ._dead zone have lead only to a modest dust grain growth in the
ggrsnggtrj]:nutsgfrggséﬁan be contributed from the OpUcanyem'Cl?nner disk, while in the rest of disk the dust grains remain of

Deeper observations in th9 GHz bands may test Whethermuch smaller size. The piled-up gas and dust eventuallyded t

or nota starts increasing with the observing wavelengths, dueljé K temperature in a sub-au scale, optically thick region, al-

X . ing dust sublimation and a weak ionization fraction ahd u
the larger than zer and the dropping optical depths of the du§ mately triggering thermal and magneto-rotational ibdiges
emission components, as long as the centimeter band emis ch
is not confused by the not yet detected non-thermal magne%;.)
spheric emissiona<0 for most of the known cases but there&t

may be exceptions, c.f., Liu et al. 2014). Otherwigegemains

RE discussion in this section assumes that our presenididuc
ED models are realistic, and assuming that dust and gas are
Xastl (although not necessarily perfectly) coupled. The lieth
high concentration of mass in the central few au regionsahe
gumedzl.S dust opacity index, the inferred little amount of ion-
ized gas in a sub-au region from our SED models, together with
é@e previously resolved400 au scales spiral arm- or arc-like
atures from the Subaru-HiCIAQO infrared polarimetric @or
graphic imaging observations (Liu et al. 2016b), may be ex-
glained by the following concordant scenario. First, thekdi

netal. 1985; Bell & Lin 1994; Zhu et al. 2009; Hirose 2015)
the theoretical frameworks of thermahagneto-rotational in-
ability (e.g., Zhu et al. 2009), the weakly ionized gas iten
stantaneously enhance gas viscosity and thereby triggets-p

4 Based on the optically thin assumption, Hales et al. (20&5yed a stellar accretion outburst. We note that FU Ori S and FU Oiri
1.7x10* M,, overall dust mass. are presently projectedly separatedd®:4x 10 km (~160 au),
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Table 3. Evaluated optical depths from SED modeling time variability of (sub)millimeter fluxes. For FU Ori, theec-
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.

FUOr  FUONS For FU Ori S, the spectral index is not well constrained a8-2
GHz, is around 2.0 at 29-224 GHz, and is larger than 2.0 at 272-
777(8 GH2)? 15 11 346 GHz. Such varying spectral index may also be realized by
1 b a composition of a free-free emission component, an optical
T (s3GH) 0.79 0.5 thicker dust emission component, and an optically thinmnest d
) emission component. If this is indeed the case, then the ditk
7thicker(g Gpz)e 0.29 0.09 FU Ori and FU Ori S may be weakly ionized inside the sub-au
LAhicker(gg Gy 35 11 radii, _vvhich may be better constrained by deeper ob_sematio
_ covering a broad range of frequency (e-p;50 GHz). Finally,
hickel(za6 GHYe 210 66 the dust emission at 29-224 GHz around FU Ori and FU Ori S
is unlikely to be fully optically thin unless the grain grdwis
Ahinnerg Gyt 584105 1.1x104 extreme g—0). In the case that dust.er.nission is optically thick
, at 33 GHz, we estimate the lower limit of the overall gas and
N33 GHA9  6.9x10*  1.3x10°3 dust mass to be 8.6-¥103 M,. The more sophisticated SED
AiNner36 G 4.2¢102  7.9x10°2 fittings show that the (_)verall 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 dase well
: Optical depth of the free-free emission component at 8 GHz. coupled, our SED models will imply piling up sub-solar maés o
Opt[cal depth of the free.-free emission component at 33 GHZ. gas within a few au (or smaller) radii.
¢ Optical depth of the optically thicker dust thermal emissammpo- ) )
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Appendix A: Estimates of the lower limits of dust
and gas masses

The observed fluxes and spectral indices-38 GHz from FU

al. 2013). If the observed 33 GHz fluxes are contributed by the
combination of optically thick emission regions and ogtica
thin emission regions, it is also likely that the former havere
compact size scales. If the optically thick disks actuatigupy
smaller projected areas than the deconvolved size scalesde
in Section[B, 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 Bf which will require
the average brightness temperature to be higher than the dus
sublimation temperature of1,500 K to achieve the observed
total fluxes. The observed spectral index~& may also be in-
terpreted by very ficient grain growth, such th#—0. In the
cases of ficient grain growth, achieving—2 does not require
dust emission to be optically thick. On the other hand, th&t du
optical depth still cannot be too low, otherwise will requdust
temperature to be higher than the dust sublimation temyperat
to achieve the observed brightness temperature. We areimot s
whethers—0 can be realistic (c.f. Draine et al. 2006), in par-
ticular, for young stellar objects which are still in an erdded
hase.

Finally, given that FU Ori has been maintaining~d0~*
M, yr~! accretion rate for~80 years (Zhu et al. 2007), if the
present actual gas mass in its disk is lower than the 8:8:Q7
M lower limit we derive, it will imply that the disk material da
been extremely centrally concentrated, and the majoritjisk
material was accreted onto the host protostar FU Ori ovdatie

Ori and FU Ori S may be explained by the optically thick dugentury. Our estimated lower limits of disk mass may not fe su

emission from their surrounding circumstellar disks. 1§t in-

ficient for the development of disk gravitational fragmeiota

deed the case, then the lower limits of dust masses in the di§¥orobyov 2013), but is probably ficient for the development
are related to the assumed valuesfg, We consider three of gravitational instability, especially if an externabgitational
generic assumptions of dust opacity and opacity index waieh Perturbation from an intruder or companion is applied todisé

motivated by Draine et al. (2006): (kp3g gH=0.35 cntg?,
B=0.5, (2)x230 GH#0.67 cnfg ™, B=1.0, and (3230 GH=1.29

(Thies et al. 2010)

cmPgt, B=1.5. The derivedss gHzin these three cases are 0.13

cmPgt, 0.096 cmdg, and 0.07 crig™t. The requirec® value
to yield optical depthrzz gu=1 are 7.7 g cr?, 10 g cnr?, and

14 g cnT?, respectively. In these cases, the integrated dust mass
within 1o radii of the deconvolved 2D Gaussians for FU Ori
(SectiorB) are 181078 g, 22x10°8, and 3 10?8, respectively;
the integrated dust mass in the deconvolved area of FU OB S ar
5.1x10%% g, 6.6<10%8, and 9.410%8, respectively. Assuming an
interstellar gas-to-dust mass ratio of 100, the derivectidimit
of overall gas mass is in the range of 8.6x10~3 M. We note
that gas and dust are not necessarily well coupled. Thergfoe
predicted gas do not need to spatially coincides with thelves
emission regions at 33 GHz (Figurk 1). However, the extended
gaseous disk may be traced by the observations of (subgmicr
size dust grains, which are better coupled with gas (e.gurEi
) We also note that if the maximum dust grain size is smaller
than 100um, then the actual dust opacity can be one order of
magnitude smaller than the values we assume here (Draihe et a
2006), which will imply one order of magnitude higher dustian
gas masses than our present estimates. In additiorgilgy =1
criterion is merely a marginally optically thick conditioh re-
quirest3z gHz to be larger by one order of magnitude to make
a close to 2, unless there is significant grain growth (more in
Sectior#). Ife 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 reswipti
or due to some residual phase calibration errors (e.g.zRsre
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