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Herbig (1966)

112 On the Interpretation of FU Orionis 

decline to 10.~5 by  1956, but photoelectric observations in 1961 (kindly made for 
me by I)r. J. Smak) give a mean m~g ~-- 10.3, reduced approximately to Wachmann's  
scale. Therefore, although the star is certainly fainter now than it was in 1937-47, 
it is not obvious that  a progressive decline is under way. 

The discovery announcement of F U  Ori by WACmVIAN~ (1939) mentioned that a 
small fan-shaped patch of bright nebulosity was present about the star (then at 
mpg = 9.7 and about two years past the initial flare-up), and that  this nebulosity 
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F~c. 2. The photographic light curve of FU Ori at the time of the flare-up; the observations are 
almost entirely by Miss I-IoFFLEIT (1939). Ringed points a,v of higher weight; the points with 

vertical lines are of lower weight. 

had not been present at minimum light. The absence of this small reflection nebula 
prior to the outburst has been confirmed by others, but  it is not possible to establish 
from published information how quickly the nebula appeared after the brightening 
of  the star. The nebula (Figs. 3, 4) has the form of a short, bright bar that  extends to 
about  0.'5 southeast of FU Ori, plus fainter wings 3' to northwest and nearly 5' 
southeast. There can be no doubt  that  F U  Ori and B35 are at the distance of the 

Ori association, about 500 pc, so that  the light signal from FU Ori would propagate 
in the plane of the sky at about 2~l/year. The earliest large-scale photograph of 
the nebula that  has been published (DIECKVOSS, 1939), obtained about 2.1 years after 
the initial rise of FU Ori, shows the nebula precisely as it appears on modern photo- 
graphs of the same scale and exposure level. In particular, Dieckvoss's reproduction 
shows that the bright nebulosity at that  time extended to at least 2:5 from the star, 
which is within the expected radius for the elapsed time. I t  would be of interest to 

Dr Dorrit Hoffleit

~1 year
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MOST light curve. Siwak et al. (2013)
MOST photometry of FU Ori and Z CMa 3
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Figure 1. MOST light curves of FU Ori (all data points plus 362 mean-orbital averages, left panel) and Z CMa (all 15404 data points,
right panel) in normalized flux units.
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Figure 2. Fourier analysis of the variability data computed from the mean-orbital data points of FU Ori (left panel) and from all data
points of Z CMa (right panel). The amplitude errors estimated through bootstrap repeated sampling are represented by small points.

Figure 3. Morlet-6 wavelet spectra of FU Ori (left panel) and Z CMa (right panel) calculated for the whole accessible period range up
to 11 and 5 days, respectively. The light curve in normalized flux units is shown at the bottoms of the panels. Ranges not a!ected by
edge e!ects in the wavelt transformation are located between the two white broken lines.

c! 2013 RAS, MNRAS 000, 000–000



2007: FU Ori is realized as a binary system

L84 WANG ET AL. Vol. 601

Fig. 1.—PSF-subtracted images of FU Ori, (a) in the J and (b) in the Ks band. North is up, and the east is to the left. The positions of FU Ori, FU Ori S, and
the visual companion of the PSF reference star are indicated with numbers 1–3 in (b). The image scale is marked in (b).

Fig. 2.—Canada-France-Hawaii Telescope PUEO image of FU Ori through
the K-continuum filter ( mm, mm). The observationsl p 2.260 Dl p 0.060c

were made on 1997 December 22. The total exposure time is 11.2 s, and no
PSF subtraction was applied. The position of FU Ori S is indicated.

were determined by cross-correlating the images. In order to
enhance the contrast between a possible companion and FU
Ori, we subtracted a brightness-scaled and positionally aligned
PSF, known from the PSF reference star (for details of the
method see Pantin, Waelkens, & Lagage 2000).

3. RESULTS

Our data reduction procedure yielded the PSF-subtracted J-
and Ks-band images of the star FU Ori (see Fig. 1). The central

part ( ) is heavily contaminated by the PSF-subtractionr ! 0!.4
residuals and speckle phenomena. The residuals originate from
the imperfect PSF subtraction because of the temporal varia-
tions of the PSF. The speckle pattern differences lead to the
speckle boiling (Racine et al. 1999), resulting in a dotted noisy
pattern. Southeast from the FU Ori residuals an oversubtracted
(negative) star is visible. This faint star is a previously unknown
(visual) companion of the PSF reference star HD 38224. This
(visual) companion star is also identifiable on the reduced (non–
PSF-subtracted) images of HD 38224, but it becomes very
evident after the subtraction. We note that in the Ks band the
first Airy ring of this star is well visible.
The major result of our observations is the detection of a

previously unknown star in the FU Ori images to the south of
FU Ori (see Fig. 1). In the following we refer to this star as
FU Ori S. The following facts exclude the possibility of FU
Ori S being an artifact:

1. The star has been detected in both the J and Ks bands at
the same location (see Figs. 1a and 1b). The position difference
is less than 0!.01, and the position angle difference is only 2!.8—
within the errors of the position determination (0!.03; 3!).
2. The star shows an Airy-ring pattern in the Ks-band image,

like the (visual) companion of the PSF reference star.
3. The star is also detected at the same position, when another

PSF star (HD 201731 in the J band, XY Cep in the Ks band)
from the same night is used as PSF reference. Although these
PSF stars were observed several hours before FUOri, subtracting
them from FU Ori reveals again the existence of FU Ori S.
4. Archival data from the AO system Probing the Universe

with Enhanced Optics (PUEO) mounted on the Canada-France-
Hawaii Telescope (shown in Fig. 2) provides independent con-
firmation for the existence of FU Ori S. The co-added image
was obtained through the K-continuum filter ( mm,l p 2.260c

mm) with a total exposure time of 11.2 s.Dl p 0.060

With respect to FU Ori, we derive from our Adaptive Optics
with a Laser for Astronomy (ALFA) images a position angle
of and a separation of (linear sepa-160!.8" 3! 0!.50" 0!.03

FU Ori N

FU Ori S

PSF companion

Wang et al. 2007

(3.6m Calar Alto telescope \\ AO+laser)

0.5’’



(1-0) emission was previously detected with the NRAO 11 m
telescope (Kutner et al. 1982). This suggests that unresolved
emission and/or absorption from the larger Orion molecular
clouds contaminates the emission in the central channels of the
ALMA spectrum. Nevertheless, a velocity gradient can be

perceived in the channel maps and in the !rst moment map of
the 12CO (Figure 4). Figure 4 shows the position–velocity
diagram taken in the east–west direction (where the velocity
gradient appears to be larger), which suggests that there is gas
in Keplerian rotation around the system.

4. DISCUSSION

We detect continuum emission toward both binary compo-
nents, suggesting that they both harbor circumstellar disks. The
disks are unresolved at the !0 6 ! 0 5 resolution of our
observations (or 225 AU at FU Ori!s 450 pc distance), placing
upper limits on the disk radial sizes. To be consistent with the
Gaussian !t, the disks must have radial sizes smaller than 0 1
(45 AU). At the projected separation of the binary system
(225 AU), the disks’ radii are predicted to be truncated at
0.2–0.5 times the binary separation (Artymowicz &

Figure 1. Left panel: ALMA Band 7 continuum image of the FU Ori system with contours overlayed (after self-calibration). Contour levels are 10, 20, 40, and
80 ! 0.31 mJy beam"1 (the rms noise). The stellar position from 2MASS is shown with a black star symbol. Right panel: 12CO(3-2) integrated intensity (moment 0)
image with Band 7 continuum contours overlayed (contour levels are identical in both !gures). The peak 12CO(3-2) "ux is 5.8 Jy beam"1 km s"1.

Table 1
Integrated Fluxes and Gaussian Fit Parameters

Component Gaussian 1 Gaussian 2

Position (R.A., Decl.) (05:45:22.36,
+09.04.12.24)

(05:45:22.37,
+09.04.11.75)

Major axis (mas) 662.3 ± 3.4 636.3 ± 9.0
Minor axis (mas) 536.8 ± 4.3 517.9 ± 8.9
Position angle (deg) 0.8 ± 0.7 9.9 ± 2.3
Peak Intensity

(mJy beam"1)
45.2 ± 0.3 20.9 ± 0.3

Integrated Flux (mJy) 50.1 ± 0.3 21.2 ± 0.4

Figure 2. Left panel: HCO+(4-3) integrated intensity (moment 0) image with Band 7 continuum contours overlayed. The peak "ux is 0.88 Jy beam"1 km s"1. Right
panel: HCN(4-3) moment 0 image with Band 7 continuum contours overlayed. Contour levels are identical to Figure 1. The peak "ux is 0.37 Jy beam"1 km s"1.

3

The Astrophysical Journal, 812:134 (6pp), 2015 October 20 Hales et al.

Hales et al. 2015

Early Science ALMA  observations. 0.8 mm images shows dust around both stars

Antonio Hales 
NRAO/ALMA

 [2012, 24 antennas, 381m baselines]



6 LIU, H.-B. ET AL.

Figure 3. Continuum images of FU Ori (and S) taken with ALMA at 100 GHz (Band 3, left panel) and 160 GHz (Band 4, right panel), which
were generated with 1.875 GHz spectral bandwidth. The synthesized beams of these images are ✓maj ⇥ ✓min=0.00082⇥0.00075 (P.A.=-79�) and
✓maj ⇥ ✓min=0.00047⇥0.00043 (P.A.=57�), respectively. Color bars are in units of mJy beam-1. Contours in the left and right panels are 0.21
µJy beam-1 (3�) ⇥[-1, 1, 2, 4, 8] and 0.22 µJy beam-1 (3�) ⇥[-1, 1, 2, 4, 8, 16], respectively.

Figure 4. Combined fluxes (dots) of FU Ori and FU Ori S taken with the SMA (left panel; Liu et al. 2018) and the Herschel and Spitzer
space observatories (right panel; Green et al. 2006, 2013, 2016b), and the fluxes of the au scales structures around FU Ori taken with the
VLTI/GRAVITY (i.e., the "Extended" column of Table 4). Black lines show our model of the combined fluxes of these two sources. Lines
with other colors are the fluxes of individual dust or free-free emission components in our model (see also Figure 5; c.f., Table 5). We assumed
that the envelope component was only detectable from Herschel and was resolved out by any of our interferometric observations. Model
components which are labeled but cannot be found in the right panel are due to that their fluxes are below the plotted range.

Liu, H. B. et al. 2017/2019

A&A 602, A19 (2017)

Fig. 1. Interferometric images of FU Ori (contour and grayscale). Left: SMA 224 GHz image. Contour levels are 4.8 mJy beam�1 (3�) ⇥ [�2, �1,
1, 2, 3]. Right: JVLA 29–37 GHz image. Contour levels are 10.8 µJy beam�1 (3�) ⇥ [�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 two-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.

observations show no significant detection, which constrained
the 3� upper limit to 14 µJy for both sources.

Fitting two-dimensional (2D) Gaussians to the 33 GHz im-
age yielded the deconvolved size full widths of half maximum
(FWHM) of 36± 4.5 (mas) ⇥ 30± 5.1 (mas) at position an-
gle (PA) 7.9� ± 66� and 25± 9.2 (mas) ⇥ 13± 6.5 (mas) at PA
100� ± 28�, respectively. Assuming a distance of 353 pc, the de-
convolved size scales of FU Ori and FU Ori S in terms of Gaus-
sian standard deviations are 5.4 ⇥ 4.5 au and 3.8 ⇥ 2.0 au. These
are two orders of magnitude smaller linear size scales than the
gaseous disk traced by the Subaru-HiCIAO image (Fig. 2), and
by the previous ALMA observations of CO 3–2 (Hales et al.
2015). Assuming that the observed 33 GHz fluxes are con-
tributed from the deconvolved projected areas of FU Ori and
FU Ori S, their averaged brightness temperatures at 33 GHz are
T

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 a↵ected 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

o↵set = 5 ⇥ a ⇥ b [milli-arcsec],

where a = sec2(z) tan(z), b is the separation of the target source
from the calibrator in the elevation direction (in degrees), and z

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� elevation, which gradually increased to the maximum value
of ⇠2� at ⇠65� elevation. The largest position displacement dur-
ing our Ka band observations of FU Ori is ⇠000.007. The result-
ing bias in the measured source sizes is comparable, or smaller
than 000.007 given that such position displacements only smear

the source geometry when the parallactic angle changes consid-
erably (Sect. 2.1.1). The bias in source sizes can be roughly char-
acterized by the error bars we gave, although we have to bear in
mind that the errors in the measured source sizes are not symmet-
ric but instead are negatively skewed. Our X band observations
were carried out at ⇠45�–51� elevation with b ⇠ 1�. The delay
errors did not seriously a↵ect 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 distance
of 353 pc and a measured bolometric luminosity of 139 L� (Zhu
et al. 2007) for FU Ori, we can use the bolometric luminosity-
radio luminosity correlation of Anglada et al. (2015) to estimate
that a radio flux density of 1.24 mJy is expected at 8 GHz. This
is a factor of 90 above the 3� 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 Orionis
outburst of HOPS 383 (Galván-Madrid et al. 2015). Liu et al.
(2014) also reported that the radio emission of Class 0/I objects
may be bimodal, while the exact reason for such radio flux bi-
modality 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. 2007). 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 in

A19, page 4 of 10

JVLA 29–37 GHz 
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ASIAA Taiwan
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Figure 5. Resolved fluxes of FU Ori and FU Ori S taken with the JVLA (Liu et al. 2017) at X band (8-10 GHz) and Ka band (29-37 GHz), and
with the ALMA at Band 3 (86-100 GHz), Band 4 (146-160 GHz), Band 6 (⇠225 GHz; Pérez et al. submitted) and Band 7 (⇠346 GHz; quoted
from Hales et al. 2015). Throughout this paper we assumed a nominal 10% error for the 346 GHz fluxes of FU Ori and FU Ori S since they were
not clearly separated in the previous ALMA image due to the limited angular resolution. The upside down triangle shows the 3� upper limit
for FU Ori S at 9 GHz. Colored lines show fluxes of our model for each of these two resolved sources (c.f., Table 5; for the labels see Figure 4).
For both sources, blue lines show the free-free emission component; cyan lines show the dense and hot inner disks of a few au scales; red lines
show the outer disks on few tens of au scales; the light green line shows a spatially compact dust component which is enclosing the hot inner
disk of FU Ori and has a lower dust temperature than that of the hot inner disk.
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Figure 8. Schematic picture of our models for FU Ori and FU Ori S
(omitting the envelope component). The colors are chosen only to
match the color coding of the SED components in Figure 4 and 5.
The shapes of individual components also do not have strict physical
meanings since they were not very well spatially resolved by the
observations presented in this manuscript. For FU Ori, a 1 mas angle
corresponds to a spatial scale of 0.416 au.

To assess how the FU Ori disk can be heated due to vis-
cous dissipation, we quoted the effective radiation tempera-
ture profile of a steady-state viscous disk Tviscous(r) assuming
that the disk is very dense and is optically thick such that dust
and gas can be thermalized via inelastic collisions, and that
there is no radiative heating (Pringle 1981):

Tviscous(r) =

2

43GM⇤Ṁ
8⇡�r3

 
1 -
r

R⇤
r

!3

5

1
4

, (4)

where G is the gravitational constant, M⇤ =0.5 M� is the as-
sumed host protostellar mass, Ṁ is the mass accretion rate
which we assumed to be 10-8, 10-6, and 10-4 M� yr-1, � is
the Stephen-Boltzmann constant, and R⇤ is the stellar radius
which we assumed to be 2 R�. These profiles, which may be
regarded as lower limits to the dust temperature in viscous
disks, are presented as the blue lines in Figure 9.

To assess how the FU Ori S disk can be heated due to pro-
tostellar irradiation, we scaled the approximate solutions for
the surface (Ts(r)) and interior (Ti(r)) dust temperature pro-
files of a radiative equilibrium disk (c.f. Equations 11 and
14a in Chiang & Goldreich 1997) according to the total pro-

tostellar luminosity. The upper and lower bounds of the
yellow filled area are shown with respect to Ts(r) and Ti(r)
in Figure 9. We assumed an effective stellar temperature
T⇤ =4000 K and stellar radius R⇤ =2 R�, typical for T Tauri
stars. We note that due to the Stefan-Boltzmann law the dust
temperatures have a weak dependence on the protostellar lu-
minosity.

In Figure 9, we also overplotted our fits of dust components
(c.f., Table 5). The inner and outer radii of these dust compo-
nents were estimated to be 1% and 100% of their solid angle,
assuming a circular geometry in a face-on projection. We
found that it is plausible to interpret the observed radiation
temperature of FUOri_dust1 based on Tviscous(r) given the
⇠10-4 M� yr-1 accretion rate of FU Ori. If this is the case, a
higher dust temperature at the disk mid-plane than at the sur-
face can be expected, which explains why FUOri_dust1 has a
higher temperature than FUOri_dust2 (Figure 8). Moreover,
this explains how the 0.1-0.3 au scales hot inner disk with a
10-4 M� yr-1 mass accretion rate (c.f., Section 4.1) is being
replenished by the up to ⇠10 au scales gas reservoir at a mod-
est rate, such that the hot inner disk neither becomes depleted
nor accumulates mass over a short time scales. This may ex-
plain the relatively stable mid-infrared and (sub)millimeter
fluxes in the previous monitoring observations (Green et al.
2016b; Liu et al. 2018).

The optically thinner components FUOri_dust3, FUOriS_dust3,
FUOri_dust4, and FUOriS_dust4 are likely dominated by
radiative heating. Radiative heating alone can reasonably ex-
plain the observed temperature distributions from FU Ori S.

The comparisons in Figure 9 are uncertain since the accre-
tion rates of FU Ori and FU Ori S are not necessarily constant
over all radii. In addition, FU Ori is unlikely to be in equilib-
rium, and it is not trivial to accurately estimate the disk scale-
height and thus the radiative heating. Moreover, these com-
parisons have ignored other mechanical processes which can
potentially be important in asymmetric or unstable systems
(e.g., shocks, adiabatic compression, etc; Dong et al. 2016;
Sakai et al. 2014). More realistic considerations of dust and
gas dynamics, grain growth, and dust heating/cooling would
provide better comparison. We additionally hypothesize that,
during the outburst, the inner 0.1-10 au disk may expand sig-
nificantly in the vertical direction, may be partly thermally
ionized, and some dust may be sublimated. The morphology
of the 0.1-10 au disk may also become porous due to accre-
tion and instabilities, allowing dust to be radiatively heated
close to the disk mid-plane at a relatively large range of radii.

Finally, why might we have detected millimeter sized amax
from FU Ori (i.e., from component FUOri_dust1) but not
from FU Ori S? A tentative hypothesis is that at the quies-
cent stage, dust grains of millimeter or larger sizes may ei-
ther be radially trapped in regions too small in projected area
to be detected by observations (e.g., Vorobyov et al. 2018;

FU Ori N (primary/outbursting)

Multicomponent model based on SED fitting  
(mainly resolved photometry)

Temperature inversion required 
(as in V883 Ori shown yesterday by S. Casassus)
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Multicomponent model based on SED fitting  
(mainly resolved photometry)

No temperature inversion required

FU Ori S (secondary/quiescent)
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cous dissipation, we quoted the effective radiation tempera-
ture profile of a steady-state viscous disk Tviscous(r) assuming
that the disk is very dense and is optically thick such that dust
and gas can be thermalized via inelastic collisions, and that
there is no radiative heating (Pringle 1981):

Tviscous(r) =
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where G is the gravitational constant, M⇤ =0.5 M� is the as-
sumed host protostellar mass, Ṁ is the mass accretion rate
which we assumed to be 10-8, 10-6, and 10-4 M� yr-1, � is
the Stephen-Boltzmann constant, and R⇤ is the stellar radius
which we assumed to be 2 R�. These profiles, which may be
regarded as lower limits to the dust temperature in viscous
disks, are presented as the blue lines in Figure 9.

To assess how the FU Ori S disk can be heated due to pro-
tostellar irradiation, we scaled the approximate solutions for
the surface (Ts(r)) and interior (Ti(r)) dust temperature pro-
files of a radiative equilibrium disk (c.f. Equations 11 and
14a in Chiang & Goldreich 1997) according to the total pro-

tostellar luminosity. The upper and lower bounds of the
yellow filled area are shown with respect to Ts(r) and Ti(r)
in Figure 9. We assumed an effective stellar temperature
T⇤ =4000 K and stellar radius R⇤ =2 R�, typical for T Tauri
stars. We note that due to the Stefan-Boltzmann law the dust
temperatures have a weak dependence on the protostellar lu-
minosity.

In Figure 9, we also overplotted our fits of dust components
(c.f., Table 5). The inner and outer radii of these dust compo-
nents were estimated to be 1% and 100% of their solid angle,
assuming a circular geometry in a face-on projection. We
found that it is plausible to interpret the observed radiation
temperature of FUOri_dust1 based on Tviscous(r) given the
⇠10-4 M� yr-1 accretion rate of FU Ori. If this is the case, a
higher dust temperature at the disk mid-plane than at the sur-
face can be expected, which explains why FUOri_dust1 has a
higher temperature than FUOri_dust2 (Figure 8). Moreover,
this explains how the 0.1-0.3 au scales hot inner disk with a
10-4 M� yr-1 mass accretion rate (c.f., Section 4.1) is being
replenished by the up to ⇠10 au scales gas reservoir at a mod-
est rate, such that the hot inner disk neither becomes depleted
nor accumulates mass over a short time scales. This may ex-
plain the relatively stable mid-infrared and (sub)millimeter
fluxes in the previous monitoring observations (Green et al.
2016b; Liu et al. 2018).

The optically thinner components FUOri_dust3, FUOriS_dust3,
FUOri_dust4, and FUOriS_dust4 are likely dominated by
radiative heating. Radiative heating alone can reasonably ex-
plain the observed temperature distributions from FU Ori S.

The comparisons in Figure 9 are uncertain since the accre-
tion rates of FU Ori and FU Ori S are not necessarily constant
over all radii. In addition, FU Ori is unlikely to be in equilib-
rium, and it is not trivial to accurately estimate the disk scale-
height and thus the radiative heating. Moreover, these com-
parisons have ignored other mechanical processes which can
potentially be important in asymmetric or unstable systems
(e.g., shocks, adiabatic compression, etc; Dong et al. 2016;
Sakai et al. 2014). More realistic considerations of dust and
gas dynamics, grain growth, and dust heating/cooling would
provide better comparison. We additionally hypothesize that,
during the outburst, the inner 0.1-10 au disk may expand sig-
nificantly in the vertical direction, may be partly thermally
ionized, and some dust may be sublimated. The morphology
of the 0.1-10 au disk may also become porous due to accre-
tion and instabilities, allowing dust to be radiatively heated
close to the disk mid-plane at a relatively large range of radii.

Finally, why might we have detected millimeter sized amax
from FU Ori (i.e., from component FUOri_dust1) but not
from FU Ori S? A tentative hypothesis is that at the quies-
cent stage, dust grains of millimeter or larger sizes may ei-
ther be radially trapped in regions too small in projected area
to be detected by observations (e.g., Vorobyov et al. 2018;
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Figure 5. Resolved fluxes of FU Ori and FU Ori S taken with the JVLA (Liu et al. 2017) at X band (8-10 GHz) and Ka band (29-37 GHz), and
with the ALMA at Band 3 (86-100 GHz), Band 4 (146-160 GHz), Band 6 (⇠225 GHz; Pérez et al. submitted) and Band 7 (⇠346 GHz; quoted
from Hales et al. 2015). Throughout this paper we assumed a nominal 10% error for the 346 GHz fluxes of FU Ori and FU Ori S since they were
not clearly separated in the previous ALMA image due to the limited angular resolution. The upside down triangle shows the 3� upper limit
for FU Ori S at 9 GHz. Colored lines show fluxes of our model for each of these two resolved sources (c.f., Table 5; for the labels see Figure 4).
For both sources, blue lines show the free-free emission component; cyan lines show the dense and hot inner disks of a few au scales; red lines
show the outer disks on few tens of au scales; the light green line shows a spatially compact dust component which is enclosing the hot inner
disk of FU Ori and has a lower dust temperature than that of the hot inner disk.



Motivation for ALMA observations:  

1) measure disk sizes / geometry  
2) probe kinematics for interaction/encounter



Cycle 4 ALMA  observations. 1.3 mm images. Resolved twin disks at 40 mas resolution

Perez, Hales, Liu et al. submitted

Pérez, Hales, Liu et al. submitted



Cycle 4 ALMA  observations. 1.3 mm images. Resolved twin disks at 40 mas resolution
Pérez, Hales, Liu et al. submitted

Disk parameters and geometries at 1.3 mm

Rc ≈ 10.8 au
i ≈ 38 deg

Rc ≈ 11.2 au
i ≈ 36 deg
PA ≈ 138 deg

PA ≈ 133 deg
Updated Zhu (2009) model with inclination and GAIA2 distance



Motivation for ALMA observations:  

1) measure disk sizes / geometry  
2) probe kinematics for interaction/encounter



HiCIAO polarized H (Liu et al. 2016, Takami et al. 2018)



SPHERE IRDIS polarized H (Principe et al. in prep)



Arc like structure 
Looks out of plane 

Shadows

Bands/stripes?

SPHERE IRDIS polarized H (Principe et al. in prep)



ALMA 12CO kinematics  
SPHERE scattered (polarized) light

SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)
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SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)
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SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



SPHERE IRDIS polarized H (Principe et al. in prep)



Cycle 4 ALMA observations. 12CO kinematics (Pérez S. et al. submitted) // SPHERE scattered (polarized) light (Principe et al. in prep)



Explains out of plane structure 

helps explaining small sizes of 
the dust disks  

but who’s the trigger?  
(E. Vorobyov’s talk) 

Simulations by Nicolas Cuello 
(see Cuello et al. 2019)

·MPhantom SPH simulation



Scattered light predictions from SPH simulation (phantom+mcfost)

Explains out of plane structure 

helps explaining small sizes of 
the dust disks  

but who’s the trigger?  
(E. Vorobyov’s talk) 



12CO kinematic predictions from SPH simulation (phantom+mcfost)



Dullemond et al. (2019):  Cloudlet capture?

C. P. Dullemond et al.: Cloudlet capture

Fig. 1. Snapshots of model A1 with Rcloud = 0.4 bcrit = 887 au and b= 0.8 bcrit = 1774 au. Left panel: column density, right panel: synthetic scattered
light image at �= 0.65 µm. In each panel, the 3⇥ 3 subpanels are different times, where time goes from top-left to bottom-right with intervals of
1934 yr. The yellow dot marks the location of the star. Note that the model domain extends well beyond the field of view shown here.

Fig. 2. As Fig. 1 but now for model A2 which has a larger cloudlet size. Note the different axis size compared to Fig. 1.

Fig. 3. As Fig. 1 but now for model A3 which has Rcloud = 1.2 bcrit = 2662 au and b= 1.0 bcrit = 2218 au. Note the different axis size compared to
Fig. 1.
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Scattered light prediction of cloudlet capture (Dullemond et al. 2019)

“Rejuvenated” disk



At 1.3 mm, dust disks are ~10 au in radius and share 
similar orientations 

~Keplerian rotation around both component   

Out of plane arm/structure suggests non-coplanar 
encounter.  

Cloudlet capture situation could work too.                         
FU Ori gets ‘fed’ and disk is ‘rejuvenated'. 

Interaction could potentially trigger outbursting mechanisms 
(E. Vorobyov’s talk)

ALMA + scattered light’s FU Ori picture
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