
FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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ABSTRACT 
The second and third members of the FU Ori class have now been discovered : VI057 Cyg reached 

maximum in 1970 after a rise time of about 390d, and has since declined by 1.7 mag(pg) in 
6 years. VI515 Cyg has risen very much more slowly from mag 17, requiring at least 12 years (or 
possibly more than 27) to brighten the last 2 mag. FU Ori itself has since 1960 faded very slightly, 
by about 0.2 mag (in B). All the spectra are much alike : F or G supergiants having wide absorp- 
tion lines, P Cygni structure at Ha, displaced shell components, and strong Li i A6707. Much 
detailed information is now available for V1057 Cyg, which is definitely known to have been 
a T Tau star before its outburst. The 5.5 mag brightening was due to a large rise in surface 
brightness and a moderate increase in radius. This took place rather slowly, but several high- 
velocity shells were apparently also ejected. Some of the spectral peculiarities can be understood 
qualitatively if the observable part of the stellar atmosphere is very thick, with a depth-dependent 
velocity of expansion that disappeared in a few years after the outburst. In all three cases, their 
radial velocities show that the stars share the motion of the molecular clouds upon which they are 
projected. Similarly, all three stars have strong infrared excesses and are attached to arc-shaped 
reflection nebulae which became visible when the stars brightened. The observed frequency of 
three eruptions in about 80 years, together with the known number of T Tau stars of that lumi- 
nosity in the nearer associations, indicates that unless there is some fundamental misunderstanding 
of the situation, FU Ori-type eruptions are repetitive and recur in the average T Tau star after 
roughly 104 years. There is a speculative possibility that similar activity on a minor but more 
frequent level occurs in a few peculiar T Tau stars, as might be expected if the phenomenon decays 
as the star ages. The cause of the outbursts remains unknown, but the fact that they represent an 
activity intrinsic to the star shows that shell-clearing hypotheses at least are untenable. 
Subject headings: nebulae: general — stars: evolution — stars: pre-main-sequence — 

stars : variables 

I. INTRODUCTION 
About a decade ago it was argued that the 1936- 

1937 flare-up of FU Ori represented not a nova 
outburst but rather a phenomenon of early stellar 
evolution (Herbig 1966). However, because only one 
such event had been observed, because FU Ori 
remained near maximum light with little change, and 
because nothing was known of the preoutburst state 
of the star, further progress seemed blocked. In 1970, 
however, a second example of the phenomenon was 
recognized when Y1057 Cyg rose to maximum light; 
and in 1974 a third case, VI515 Cyg, was discovered. 
A great deal of new observational information is now 
available, on VI057 Cyg in particular, and it is the 
purpose of this paper to discuss the optical material 
now on hand and to offer some tentative ideas upon 
the nature and frequency of this phenomenon. 

II. FU ORIONIS 
The history and spectrum of FU Ori has already 

been discussed (Herbig 1966), and although one 
* The Henry Norris Russell Lecture of the American 

Astronomical Society, given in Chicago, Illinois, on 1975 
December 8 before the 147th Meeting of the Society. 

t Lick Observatory Bulletin, No. 763. 

important characteristic of the star—its infrared 
excess—was discovered subsequently, that as well as 
some other of its properties will be considered later in 
connection with VI057 Cyg (§111) or in the general 
discussion (§ V). At this point, only the star’s more 
recent photometric behavior and new evidence on its 
association with interstellar matter will be described. 

Figure 1 shows the photographic/5 light curve of 
FU Ori from 1936 to the present, compiled from all 
available sources (identified in the legend). The sudden 
fading about 2 years following initial rise, and a slow 
oscillation that had disappeared by 1960, are apparent. 
Since that time, there has been a slow but definite 
fading of about 0.2 mag (in 5) in 15 years. 

No spectrograms of adequate dispersion to resolve 
the line splitting (Ay = 80 km s_1) in the blue have 
been obtained at Lick since 1963 (Herbig 1966); at 
lower resolutions, the spectrum is a confused mix of 
star and shell lines. A 1976 Mauna Kea plate shows 
that this “composite” spectrum appears approxi- 
mately as on the last Lick spectrogram. The sharp, 
longward emissions in H and K remain strong. In the 
red, a 34Âmm~1 Lick coudé spectrogram of 1975 
August showed the strong Na i D12 absorptions at a 
displacement of -98kms_1, while on plates of 
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© American Astronomical Society • Provided by the NASA Astrophysics Data System 

      July 24, 1996 14:50 Annual Reviews HARTTEX1 AR12-06

210 HARTMANN & KENYON

(a)

(b)

Figure 2 Optical (R) images of (a) FU Ori and (b) V1057 Cyg, illustrating reflection nebulae on
scales ª 0.1 pc. The images are approximately 5.6 arcmin on a side. (Courtesy C Briceño.)
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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THE FU ORIONIS PHENOMENON1

Lee Hartmann and Scott J. Kenyon
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge,
Massachusetts 01238

KEY WORDS: FU Ori objects, pre–main sequence evolution, accretion disks, outflows

ABSTRACT

We summarize the properties of FUOrionis variables, and show how accretion
disk models simply explain many peculiarities of these objects. FU Ori systems
demonstrate that disk accretion in early stellar evolution is highly episodic, vary-
ing fromª 10°7 MØ yr°1 in the low (T Tauri) state to 10°4 MØ yr°1 in the high
(FU Ori) state. This variability in mass accretion is matched by a corresponding
variability in mass ejection, with mass loss rates reaching ª 10°1 of the mass
accretion rates in outburst. It appears that the FU Ori phenomenon is restricted
to early phases of stellar evolution, probably with infall still occuring to the disk,
which may help drive repetitive outbursts. Thermal instabilities are a promising
way to produce FU Ori disk outbursts, although many uncertainties remain in the
theory; triggering by interactions with companion stars on eccentric orbits may
also play a role.

1. INTRODUCTION
The remarkable FU Orionis objects provide some of the clearest evidence for
disk accretion during early stellar evolution. FU Ori outbursts occur when the
mass accretion rate through the circumstellar disk of a young star increases
by orders of magnitude. During outburst, the disk outshines the central star
by factors of 100–1000, and a powerful wind emerges, which may have a
significant impact on the surrounding interstellar medium.
In our present view of star formation, much of a typical low-mass star’s

mass must be accreted from the disk left over from the collapse of a rotating
protostellar cloud (cf Shu, Adams & Lizano 1987). The large amounts of mass

1The US Government has the right to retain a nonexclusive, royalty-free license in and to any
copyright covering this paper.
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kilometers per second, is typically observed in the Balmer lines, especially in
HÆ. The Na I resonance lines also show broad blueshifted absorption, some-
times in distinct velocity components or “shells.” The emission component in
the P Cygni HÆ profile is often absent; when present, this emission extends
to much smaller velocities redward than the blueshifted absorption. Infrared
spectra of FUOris show strong CO absorption at 2.2µm and water vapor bands
in the near-infrared (ª 1–2 µm) region. The near-infrared spectral character-
istics are inconsistent with the optical spectra, if interpreted in terms of stellar
photospheric emission; the infrared features are best matched with K–M giant-
supergiant atmospheres (effective temperatures of ª 2000–3000 K). FGKM
supergiants are rare in any case and are not commonly found in star formation
regions; thus, optical and near-infrared spectra serve to identify FUOri systems
uniquely.

Figure 3 Optical (B) photometry of outbursts in three FU Ori objects. The FU Ori photometry
is taken from Herbig (1977), Kolotilov & Petrov (1985), and Kenyon et al (1988); the V1057
Cyg photometric references are contained in Kenyon & Hartmann (1991); and the V1515 Cyg
photometry is taken fromLandolt (1975, 1977), Herbig (1977), Gottlieb&Liller (1978), Tsvetkova
(1982), Kolotilov & Petrov (1983), and Kenyon et al (1991b).
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timescales that 
persists for decades
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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accreted in FU Ori outbursts reinforce the notion that disk accretion plays a
major role in the formation of stars and not just their associated planetary sys-
tems. FUOri outbursts also demonstrate that accretion rates through such disks
can be highly time variable and unexpectedly large at times, with implications
for disk physics and grain processing. Finally, the powerful winds of FU Ori
objects have important implications for understanding the production of bipolar
outflows and jets.
Figure 1 summarizes the current picture of a typical FU Ori object. A young,

low-mass (TTauri) star is surroundedby a disk normally accreting atª 10°7 MØ

yr°1. This slow accretion is punctuated by occasional, brief FUOri outbursts, in
which the inner disk erupts, resulting in an accretion rateª 10°4 MØ yr°1. The
disk becomes hot enough to radiate most of its energy at optical wavelengths,
and it dumps as much as 0.01 MØ onto the central star during the century-long

Figure 1 Schematic picture of FU Ori objects. FU Ori outbursts are caused by disk accretion
increasing from ª 10°7 MØ yr°1 to ª 10°4 MØ yr°1, adding ª 10°2 MØ to the central T Tauri
star during the event. Mass is fed into the disk by the remanant collapsing protostellar envelope
with an infall rate <ª 10°5 MØ yr°1; the disk ejects roughly 10% of the accreted material in a
high-velocity wind.
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ABSTRACT

We summarize the properties of FUOrionis variables, and show how accretion
disk models simply explain many peculiarities of these objects. FU Ori systems
demonstrate that disk accretion in early stellar evolution is highly episodic, vary-
ing fromª 10°7 MØ yr°1 in the low (T Tauri) state to 10°4 MØ yr°1 in the high
(FU Ori) state. This variability in mass accretion is matched by a corresponding
variability in mass ejection, with mass loss rates reaching ª 10°1 of the mass
accretion rates in outburst. It appears that the FU Ori phenomenon is restricted
to early phases of stellar evolution, probably with infall still occuring to the disk,
which may help drive repetitive outbursts. Thermal instabilities are a promising
way to produce FU Ori disk outbursts, although many uncertainties remain in the
theory; triggering by interactions with companion stars on eccentric orbits may
also play a role.

1. INTRODUCTION
The remarkable FU Orionis objects provide some of the clearest evidence for
disk accretion during early stellar evolution. FU Ori outbursts occur when the
mass accretion rate through the circumstellar disk of a young star increases
by orders of magnitude. During outburst, the disk outshines the central star
by factors of 100–1000, and a powerful wind emerges, which may have a
significant impact on the surrounding interstellar medium.
In our present view of star formation, much of a typical low-mass star’s

mass must be accreted from the disk left over from the collapse of a rotating
protostellar cloud (cf Shu, Adams & Lizano 1987). The large amounts of mass

1The US Government has the right to retain a nonexclusive, royalty-free license in and to any
copyright covering this paper.
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• Associated with sudden 
increase in accretion 
rate through 
circumstellar disc


• 


• Winds/outflows


• Main mode of mass 
growth for young stars?

·M ∼ 10−4 M⊙/yr



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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kilometers per second, is typically observed in the Balmer lines, especially in
HÆ. The Na I resonance lines also show broad blueshifted absorption, some-
times in distinct velocity components or “shells.” The emission component in
the P Cygni HÆ profile is often absent; when present, this emission extends
to much smaller velocities redward than the blueshifted absorption. Infrared
spectra of FUOris show strong CO absorption at 2.2µm and water vapor bands
in the near-infrared (ª 1–2 µm) region. The near-infrared spectral character-
istics are inconsistent with the optical spectra, if interpreted in terms of stellar
photospheric emission; the infrared features are best matched with K–M giant-
supergiant atmospheres (effective temperatures of ª 2000–3000 K). FGKM
supergiants are rare in any case and are not commonly found in star formation
regions; thus, optical and near-infrared spectra serve to identify FUOri systems
uniquely.

Figure 3 Optical (B) photometry of outbursts in three FU Ori objects. The FU Ori photometry
is taken from Herbig (1977), Kolotilov & Petrov (1985), and Kenyon et al (1988); the V1057
Cyg photometric references are contained in Kenyon & Hartmann (1991); and the V1515 Cyg
photometry is taken fromLandolt (1975, 1977), Herbig (1977), Gottlieb&Liller (1978), Tsvetkova
(1982), Kolotilov & Petrov (1983), and Kenyon et al (1991b).
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The rise of FU Ori systems on a time-scale 
less than even the dynamical time-scale at 

1au implies that the sudden increase in 
dissipation at the onset of outburst must occur 

at radii < 1 au (Clarke, Lin & Pringle 1990)

T H E  R I S E  T I M E  P R O B L E M

To explain the fastest rise times of a 
year, the eruption must involve disc 

regions smaller than one au [because 
disc evolution will occur on timescales 

much longer than an orbital period 
(Hartmann & Kenyon 1996)



P O S S I B L E  E X P L A N A T I O N S

• Disc thermal instability (Clarke et al. 1990; Bell & Lin 1994; 
Bell+1995; Kley & Lin 1999)


• Binary-disc interaction? (Bonnell & Bastien 1992). Possibly 
triggering thermal instability?


• Planet-disc interaction triggering thermal instability (Clarke 
& Syer 1996; Lodato & Clarke 2004)


• Tidal disruption of young, massive planets (Nayakshin & 
Lodato 2012)


• Pile-up of material due to dead zones/layered accretion 
(Martin, Lubow & Livio 2012; Martin & Livio 2014; 
Kadam+2020; Vorobyov+2020)


• Accretion outbursts in self-gravitating discs (Bae+2014)


• Sudden increase in turbulence due to transition between 
gravitational instability and magnetic instability (Martin & 
Lubow 2013; Martin & Livio  2014)
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accreted in FU Ori outbursts reinforce the notion that disk accretion plays a
major role in the formation of stars and not just their associated planetary sys-
tems. FUOri outbursts also demonstrate that accretion rates through such disks
can be highly time variable and unexpectedly large at times, with implications
for disk physics and grain processing. Finally, the powerful winds of FU Ori
objects have important implications for understanding the production of bipolar
outflows and jets.
Figure 1 summarizes the current picture of a typical FU Ori object. A young,

low-mass (TTauri) star is surroundedby a disk normally accreting atª 10°7 MØ

yr°1. This slow accretion is punctuated by occasional, brief FUOri outbursts, in
which the inner disk erupts, resulting in an accretion rateª 10°4 MØ yr°1. The
disk becomes hot enough to radiate most of its energy at optical wavelengths,
and it dumps as much as 0.01 MØ onto the central star during the century-long

Figure 1 Schematic picture of FU Ori objects. FU Ori outbursts are caused by disk accretion
increasing from ª 10°7 MØ yr°1 to ª 10°4 MØ yr°1, adding ª 10°2 MØ to the central T Tauri
star during the event. Mass is fed into the disk by the remanant collapsing protostellar envelope
with an infall rate <ª 10°5 MØ yr°1; the disk ejects roughly 10% of the accreted material in a
high-velocity wind.
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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A  B I N A R Y  M O D E L ?

• Tidal effects from a 
companion induce enhanced 
accretion rates


• “Accretion rates can exceed 
”


• But need very close 
encounter (< 1 au) for fast 
rise?

10−4 M⊙/yr

19
92
Ap
J.
..
40
1L
..
31
B

Bonnell & Bastien (1992)



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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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

F U  O R I  I S  A  B I N A R Y !
Wang et al. (2004)

FU Ori S

M ∼ 1.1 M⊙

FU Ori N

M ∼ 0.3 − 0.5 M⊙

“…the primary in the FU Ori binary system is in fact FU Ori S, 
rather than FU Ori itself”

…but period ~ 2700 yr if on circular orbit at 225 au. 
Binarity seems irrelevant to the 1 yr onset of outburst.



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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F U  O R I  I S  A N  I N T E R A C T I N G  B I N A R Y !
Scattered light imaging: Liu et al. (2016); Takami et al. (2018); Perez et al. (2020) 

FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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F U  O R I  W E I R D N E S S
Beck & Aspin (2012); Perez et al. (2020)

used a Briggs weighting scheme with a robust parameter of 1.0.
This weighting yields the best results in terms of achieving good
signal-to-noise without compromising on resolution. Channel
maps were produced with a spectral resolution equivalent to
1 km s−1. These broad channels are needed to pinpoint fast
Keplerian kinematics as opposed to slow outflows. Each channel
map has an rms noise of 1.2mJy beam−1, for a CLEAN beam of
0 1×0 09. The 1σ noise level is 2mJy beam−1 if systematics
(large scale fringes in the central channels) are also included. As
shown in Hales et al. (2015), the kinematics is complex and it is
heavily influenced by large scale cloud emission and absorption,
and also possibly a slow outflow. A full analysis of the global
kinematics, i.e., how outflowing and cloud material connect to the
binary FUOri kinematics, will be presented in a future publication
(S. Hales et al. 2020, in preparation). Here we focus on probing the
kinematics of the gas in the vicinity of the FUOri stars.

3. Continuum Modeling

3.1. Radiative Transfer (RT)

The RT modeling procedure described in Cieza et al. (2018)
and Hales et al. (2018) is used to derive disk structural
parameters. The model consists of a passively heated disk
characterized by a power-law surface density profile with slope
γ and a characteristic radius Rc, defined by:
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where hc is the scale height at the characteristic radius Rc, and
Ψ defines the degree of flaring in the disk. Here we use

( )wH h 100 au100 to enable comparison with previous model-
ing of FUor sources (e.g., Cieza et al. 2018). Equation (1) can
be integrated to calculate the disk mass as
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This simple disk can therefore be described by five free
parameters Md, γ, Rc, H100, and Ψ (flaring). The flux emerging
from the parametric disk model is computed using the RT code
RADMC-3D (Dullemond et al. 2012). Since FUOri is a variable
embedded object, the information about its stellar spectrum
is not well known. Here we assume an effective stellar
temperature of 104K and a stellar radius of 5Re to account for
the stellar photosphere and the accretion luminosity. The
computational grid extends from the radius at which the dust
temperature is higher than the sublimation temperature of
1200 K, up to an outer radius of 100 au. Since the model is
axisymmetric, the computation is only done in the radius and
colatitude. The latter extends from 0 (pole) to π/2 (midplane)
radians. Radial and colatitude domains are sampled with a grid
of 256 by 64 cells, respectively.
We adopt a distribution of dust grains with a power law in

size a, given by n(a) ∝ a−3.5, extending from 0.1μm to 3 mm.
For the dust optical properties, we use a mix of amorphous
carbon grains and astrosilicate grains (see Cieza et al. 2018
for details). The absorption opacity at 1.3 mm is thus κabs=
2.2 cm2 g−1. The temperature of the dust particles is calculated
using RADMC3Dʼs mctherm module. Since we aim to explore
thousands of different models, the modified random walk
option is enabled to speed up calculation over optically thick
regions.
The model parameters {Mdust, γ, Rc, H100, Ψ} were constrained

using a Bayesian approach. In addition to the disk structure
parameters, a centroid shift (δx, Ey) is also optimized. The
inclination angle i and PA of the model are fixed to the values

Figure 1. Left: 1.3 mm (225 GHz) continuum map of the FUOri binary system. The image resolution is 0 06×0 042 (shown in the left bottom corner). The
contours are 3, 5, and 10 times the image rms noise of the 30 μJy beam−1. North is up, east is left. Right: visibility amplitude as a function of baseline lengths
(ultraviolet distances) for FUOri north (blue), FUOri south (orange) and check source J0551+0829, with their respective uncertainties. The visibilities of both FU
Ori components have a profile that decreases from the peak maximum to a 5 mJy floor level (dotted line). The signal for J0551+0829 is constant with baseline length,
as expected for an unresolved source.
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FU Ori 
 



L ∼ 200 L⊙

M ∼ 0.3 − 0.5 M⊙·M ∼ 4 × 10−5 M⊙/yr

FU Ori S






L ∼ 2 − 3 L⊙
M ∼ 1.2 M⊙·M ∼ 2 × 10−8 M⊙/yr

Poor spectral fits: FU Ori N fit 
by M-dwarf spectra in IR but a 

G-type giant in optical?? 
(Beck & Aspin 2012)

The Astronomical Journal, 143:55 (11pp), 2012 March Beck & Aspin

Table 1
Observing Log

Telescope Instrument Obs. Date Data Description, Exp. Time/ No. of Exp. Total Exposure
Name Co-adds (UT) Wavelength Co-adds Time

NASA IRTF 3 m SpeX 2004 Jan 12 SXD cross dispersed 30/1 8 240 s
Gemini-North∗ NIFS 2007 Sep 30 H-band IFU spectra 5.3/7 2 74 s
Gemini-North∗ NIFS 2007 Sep 30 J-band IFU spectra 5.3/7 2 74 s
Gemini-North∗ NIFS 2007 Oct 1 K-band IFU spectra 5.3/7 2 74 s

Note. ∗ Gemini-North NIFS observations were acquired under queue program ID GN-2007B-Q-38.

orbiting on an eccentric orbit (Bonnell & Bastien 1992; Reipurth
& Aspin 2004). This scenario would imply that all FUors should
have close companions. While a few FUors have been shown to
be binaries (e.g., Z CMa; Koresko et al. 1991), most others have
eluded detection.

FU Orionis itself was believed to be a single star until a
companion was discovered by Wang et al. (2004) and subse-
quently studied in more detail by Reipurth & Aspin (2004). The
companion to FU Ori, which we refer to as FU Ori S, has a
separation of ∼0.′′5 (at our assumed 450 pc distance to FU Ori
this corresponds to ∼225 AU). The companion was estimated
to be of spectral type K based on near-infrared (NIR) adap-
tive optics (AO) spectroscopy presented by Reipurth & Aspin
(2004). NIR J, H, K, and L′ AO photometry also suggested that it
had a similar 3 µm thermal excess to FU Ori and hence con-
firmed it as a likely pre-main-sequence object rather than a
reddened background star (Reipurth & Aspin 2004).

The NIR spectrum of FU Ori S presented by Reipurth & As-
pin (2004) was of low signal to noise. Hence, little other than
a ∼K spectral type for FU Ori S could be determined about
the stellar properties. In this paper, we present new NIR inte-
gral field unit (IFU) AO spectroscopy of FU Ori and S, which
sheds considerable light on the nature and evolutionary state
of the fainter companion to this enigmatic FUor. AO-fed IFU
observations are perfect for such studies because they allow the
simultaneous detection of high-quality two-dimensional spec-
tral images of both stellar components. As a result, point-spread
function (PSF) fitting and removal of the flux of the brighter
FU Ori component can be done very accurately to measure the
spectrum of the faint companion.

2. OBSERVATIONS

The observations of FU Ori presented in this study were ac-
quired at two different observatories, the NASA 3 m Infrared
Telescope Facility (IRTF) and the “Fredrick C. Gillett” Gemini-
North 8 m telescope, both located on the summit of Mauna
Kea in Hawaii (see Table 1 for a summary of the observ-
ing log). At the IRTF, the facility NIR spectrograph “SpeX”
(Rayner et al. 2003) was used with the short-wavelength cross-
dispersed (SXD) setting resulting in cross-dispersed spectra
with a spectral resolution of R ∼ 1200 spanning the wave-
length range 0.88–2.45 µm. These data were obtained in clear
weather with astronomical “seeing” of ∼1′′. Images of FU
Ori were taken in the K band using the SpeX guide cam-
era, and these were used to flux calibrate the spectra using
standard infrared photometric comparison observations with
K-band images of flux standard star HD 40335 (K mag = 6.45).
The IDL SpexTool data reduction package (Cushing et al. 2004),
as well as the associated tools for removal of H i absorption fea-
tures in the telluric calibrator (Vacca et al. 2003), was used to
process the spectra in the standard manner. Figure 1 presents

Figure 1. 1.0–2.5 µm spectrum of FU Ori (green), a G1 III star (blue), and
an M9.5 V star (red). The broad molecular water vapor absorption bands are
present in both FU Ori and the M9.5 V. The inset shows a close-up of the
1.1–1.6 µm region of the spectrum and identifies several photospheric atomic
absorption features that are clearly present in the spectra of FU Ori and the G1
III star (e.g., H i Paβ, Mg i, and Si i) The atomic absorption spectrum of FU Ori
resembles a G-type giant, while the broad continuum absorption features are
more similar to a late-type M dwarf.
(A color version of this figure is available in the online journal.)

the spectra of FU Ori acquired with SpeX. FU Ori S cannot be
detected in these data because it is too faint.

Data from Gemini-North were obtained using the facility
AO-fed NIR IFU Spectrograph, NIFS (McGregor et al. 2003).
Standard J-, H-, and K-band spectral settings were used,
resulting in spectra with R ∼ 5000 covering the 3′′ × 3′′ field of
view of NIFS at a spatial resolution of 0.′′1 × 0.′′04. The NIFS data
were taken through very thin, sparse cirrus but with excellent
natural seeing (∼0.′′4). The Gemini-North facility AO system,
Altair, was guiding at 1000 Hz at 700 nm using FU Ori as the
wavefront reference star. Under stable seeing conditions, Altair
characteristically delivers diffraction-limited spatial resolution
in the H and K bands, or about FWHM ∼ 0.′′06 at these
wavelengths. The NIFS spectral pixels hence undersample the
AO-corrected PSF in the 1.15–2.4 µm spectral regions. The data
from NIFS were processed through sky subtraction, flat-fielding,
bad pixel cleaning, and spatial and spectral pixel rectification
using the Gemini IRAF package with the standard NIFS data
reduction tasks. The step-by-step processing of NIFS data is
described in detail in Beck et al. (2008). In the nifcube data
reduction task used to generate three-dimensional datacubes
from the NIFS data, we resampled the FU Ori data into a square
grid of 0.′′05 × 0.′′05 pixels in the spatial dimension.

Flux calibration of our IFU data was performed using J-,
H-, and K-band magnitudes for the combined FU Ori binary
system. For this, we used spatially unresolved photometry from
our SpeX IRTF imaging observations in the K band and H- and

2

ALMA continuum image at 1mm (Perez+2020)



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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P O S S I B L E  E X P L A N A T I O N S

• Disc thermal instability (Clarke et al. 1990; Bell & Lin 
1994; Bell+1995; Kley & Lin 1999)


• Binary-disc interaction? (Bonnell & Bastien 1992) 


• Planet-disc interaction triggering thermal instability 
(Clarke & Syer 1996; Lodato & Clarke 2004) 

• Tidal disruption of young, massive planets (Nayakshin 
& Lodato 2012)


• Pile-up of material due to dead zones/layered accretion 
(Martin, Lubow & Livio 2012; Martin & Livio 2014; 
Kadam+2020; Vorobyov+2020)


• Accretion outbursts in self-gravitating discs (Bae+2014)


• Sudden increase in turbulence due to transition 
between gravitational instability and magnetic instability 
(Martin & Lubow 2013; Martin & Livio  2014)
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accreted in FU Ori outbursts reinforce the notion that disk accretion plays a
major role in the formation of stars and not just their associated planetary sys-
tems. FUOri outbursts also demonstrate that accretion rates through such disks
can be highly time variable and unexpectedly large at times, with implications
for disk physics and grain processing. Finally, the powerful winds of FU Ori
objects have important implications for understanding the production of bipolar
outflows and jets.
Figure 1 summarizes the current picture of a typical FU Ori object. A young,

low-mass (TTauri) star is surroundedby a disk normally accreting atª 10°7 MØ

yr°1. This slow accretion is punctuated by occasional, brief FUOri outbursts, in
which the inner disk erupts, resulting in an accretion rateª 10°4 MØ yr°1. The
disk becomes hot enough to radiate most of its energy at optical wavelengths,
and it dumps as much as 0.01 MØ onto the central star during the century-long

Figure 1 Schematic picture of FU Ori objects. FU Ori outbursts are caused by disk accretion
increasing from ª 10°7 MØ yr°1 to ª 10°4 MØ yr°1, adding ª 10°2 MØ to the central T Tauri
star during the event. Mass is fed into the disk by the remanant collapsing protostellar envelope
with an infall rate <ª 10°5 MØ yr°1; the disk ejects roughly 10% of the accreted material in a
high-velocity wind.
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YOU ARE LOOKING 
AT THE WRONG STAR!

Outburst is on the LOW MASS object



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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F U  O R I O N I S  A S  A  F L Y B Y ?
Cuello et al. (2019, 2020)Flybys in dusty protoplanetary discs 4123

Figure 6. Face-on views of the dust disc for different grain sizes (top to bottom) and as a function of time (left to right) in the disc model β45. The last row
shows the dust evolution in absence of the gas. Each panel has 400 au in width and in height. The disc rotation is anticlockwise. Sink particles (in green) are
large for visualization purposes only. At the periastron, the 1 mm dust disc is more compact than the 1 µm one due to radial drift. The resulting spirals in the
mm are sharper, i.e. narrower, compared to other grain sizes because of gas drag. Micron-sized particles behave as gas particles given that they are strongly
coupled to the gas; while 10 cm particles, poorly coupled to the gas, behave as N-body test particles (no drag).

sized grains in the disc model with Rout = 80 au, supporting the
idea that the flyby-induced spiral structure can trap dust. Com-
paring the morphology of the spiral structure of mm dust grains
(the top panels in Fig. 8) with the spiral morphology in the mid-
dle row of Fig. 8 (‘no-drag’ case) corresponding to Rout = 80 au,
we note that when the perturber is at periastron the structure is
similar. However, just after the periastron, the spiral structure in
mm grains appears more concentrated. This indicates again that the
sharpness of the dust features is enhanced by the drag. In other
words, the drag renders the spirals narrower. Assuming that the
gas spiral structure is corotating with the local gas flow, we can
simply model the spiral structure as a collection of azimuthally lim-

ited pressure bumps in the radial direction moving with Keplerian
velocity.

The time-scale to accumulate dust particles in the pressure max-
ima is expected to be shorter than the global drift time-scale. In
detail, if the pressure inhomogeneity has a radial scale length "R,
the local radial dust velocity is ∼"v∝∂P/∂R ∼ P/"R (e.g. Laibe
et al. 2012), exceeding the unperturbed radial dust motion ∝P/R.
The time-scale for solids to pile-up at the pressure maximum is fur-
ther reduced by factor "R/R because the large grains have to move
only a distance of order "R to reach the density maxima. If we
assume that these density and pressure inhomogeneities are charac-
terized by a typical length scale ∼Hg, the time-scale to concentrate

MNRAS 483, 4114–4139 (2019)
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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Figure 14. Accretion rates onto the primary star during the encounter for different orbital inclinations: β0 (dark red), β45 (red), β90 (green), β135 (blue), and
β180 (dark blue). Shortly after the passage at periastron (vertical dashed line), the primary experiences a dramatic increase in accretion. For prograde orbits,
the increase is of one order of magnitude or higher.

star, the central star sink radius, and the resolution (Appendix C).
Numerically, the stellar accretion rate corresponds to the sink ac-
cretion rate, which varies with the sink size. Given the vast space
of parameters of this study, it is prohibitively expensive to present
fully converged results for the accretion rate. Either way, flybys are
expected to trigger outburst events regardless of the specific numer-
ical setup. In Appendix C, we show the accretion rates for β45 –
where the strongest accretion is observed – for different sink radii
(1 and 10 au) and resolution (105 and 106).

Additionally, we observe that with larger q and/or smaller rperi,
Ṁ is higher (see Fig. D4). Also, provided that the accretion rate
is proportional to the disc mass (Clarke & Pringle 2006), then by
increasing the mass by a factor 100, the accretion rate is increased
by the same factor. Thus, considering heavier or lighter discs the ac-
cretion rate can be increased or reduced, respectively. As discussed
in Section 4.1, these sudden accretion events can be directly linked
to FU Orionis stars, in which a spectacular and highly variable in-
crease in stellar luminosity is observed over a short period of time
(Vittone & Errico 2005).

4 D ISCUSSION

4.1 Flybys as a symmetry-breaking mechanism

We showed that a variety of disc structures – spirals, bridges, and
warps – appear during a stellar flyby, both in the gas and the dust
distributions. The results obtained for the gas phase agree with
previous works (e.g. Clarke & Pringle 1993, Dai et al. 2015, Xiang-
Gruess 2016). The novelty of our approach is that we also studied
how the dust responds to this kind of tidal encounter. The aerody-
namic coupling between dust and gas means that the response of the
dust disc should be a strong function of grain size (cf. Section 3.2).
Dust grains with a Stokes number close to 1 (s ≈ 1 mm for the disc
model considered here) experience the most efficient radial drift.
This translates into a more compact dust disc prior to the encounter,
for which the flyby parameters are different from those of the gas
disc. Hence, when the disc is tidally perturbed, dust and gas do not

respond in the same way. Comparing the gas and 1 cm dust distri-
butions of Figs 2 and 4, we observe that the spirals in the dust are
sharper (i.e. narrower) and less radially extended than the ones in
the gas. This is due to the combined effect of the gas drag and the
gravitational perturbation during the tidal encounter.

Our models have important implications for disc observations
that trace different dust populations at different wavelengths. For
example, near-infrared (NIR) or scattered light observations are
sensitive to the distribution of micrometric grains, while dust ther-
mal continuum observations at mm-radio wavelengths trace larger
dust grains (100 µm < s < 1 cm). These observations provide
information on the surface layer and the mid-plane of the disc,
respectively.

RW Aur is an example of a system where both kinds of ob-
servations show strong differences (Cabrit et al. 2006; Rodriguez
et al. 2018). Both RW Aur A and B show evidence of circumstel-
lar discs. The two discs are compact (15–20 au) and misaligned to
each other. There is also a prominent spiral arm around RW Aur A,
which is likely due to a tidal encounter as suggested by Dai et al.
(2015). Considering this scenario, the authors fit many of the flyby
parameters of RW Aur through hydrodynamic models and synthetic
observations. Specifically, the main morphological and kinematic
features of RW Aur were well reproduced with a single parabolic
(e = 1) flyby. However, Rodriguez et al. (2018) suggested that the
morphology of RW Aur is more likely caused by multiple eccentric
flybys, because of the multiple tidal streams observed. Addition-
ally, the probability of a recent flyby as the one suggested in RW
Aur is low given the low stellar density in Taurus. This is the main
argument in favour of a bound companion.

HD135344B – separated by 21 arcsec (in projection) from
HD135344A – is also a remarkable system: scattered light observa-
tions revealed spiral structures in the outer disc (Muto et al. 2012;
Garufi et al. 2013; Stolker et al. 2016), while (sub-)mm ALMA
observations showed a large-scale horseshoe in the dust continuum
(Pérez et al. 2014; Pinilla et al. 2015; van der Marel et al. 2016).
The effects of a (yet undetected) planet at 30 au in the disc could
explain the puzzling disc morphology. However, a (retrograde) stel-
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).

6

The Astrophysical Journal, 889:59 (8pp), 2020 January 20 Pérez et al.

F U  O R I O N I S  A S  A  F L Y B Y
Borchert, Price, Pinte & Cuello (2022)



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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Figure 2. Normalised temperature plot for the same views and snapshots as in Figure 1. The highest normalised temperatures reach ⇠ 1580 K. After the perturber
passes through the disc, the right column shows that the circumsecondary disc remains hotter than the disc surrounding the primary.

as there is no disc surrounding it. We observe a fast rise of the mass
accretion rate onto the secondary in all simulations where the sec-
ondary penetrates the disc. The amplitude of the outburst decreases
with increasing periastron distance. At AP = 60 au, when the per-
turber no longer penetrates the primary disc, there remains a small
accretion burst on the secondary, though of a considerably smaller
magnitude and duration compared to penetrating encounters (less
than half an order of magnitude increase in §"2 over the pre-burst
§"1 at AP = 60 au compared to ⇠ 2 orders of magnitude for closer

perturbers). The only simulations where we observed no outburst on
the secondary used a periastron distance of 100 au. At such a dis-
tance the secondary disturbs the primary disc but does not capture a
significant amount of material, giving §"2 . 10�8M�/yr.

The dark blue line in Figure 3 shows that, as the secondary ex-
periences an accretion burst while passing through the disc, the pri-
mary also experiences a small burst in mass accretion, visible as a
small spike at about 190 yr (11.5 years post-pericentre). This burst is
slightly delayed compared to the burst in the secondary, and with a
smaller amplitude. The primary outburst is caused by shocks in the
disc excited by the perturber, which travel inward to create the burst
in accretion on the primary. Up to periastron distances of AP = 40 au,
the amplitude of the outburst in the primary sits at about an order of
magnitude above the pre-flyby mass accretion rate. The amplitude
of the mass accretion rate for the primary decreases for more dis-
tant flybys and disappears completely when the secondary does not
penetrate the disc.

Figure 3 shows that §" of the secondary rises by more than two
orders of magnitude over a short time interval (rise time of a few
years). This is an order of magnitude shorter than the orbital timescale
of the primary disc at the perturber location (⇡ 80 years).

In the top panel of Figure 4 we show the rise times of di�erent
simulations as a function of periastron distance for our set of simula-
tions. The bottom panel shows the maximum mass accretion rate of
the outburst as a function of periastron distance. We defined the rise
time as the time it takes for the accretion rate to reach the maximum
accretion rate from the average accretion rate of the primary before
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Figure 3. Time evolution of the accretion rate of the primary (dark blue) and
the secondary (orange) from the simulation with AP = 20 au. The right axis
shows the accretion luminosity of the secondary. Dotted line indicates peri-
astron at ⇡179.5 years. We see an outburst in the secondary (happening from
171-175 yr) while the primary only experiences a small burst. Furthermore,
the accretion rate, while not maintained at the maximum, continues at 1–2
orders of magnitude higher than what was observed pre-flyby in the primary.

the outburst. That is, the time it takes for the perturber’s accretion rate
to go from the primary’s pre-burst accretion rate (⇠ 5 ⇥ 10�7 M�)
to the peak accretion (⇠ 2⇥ 10�4 M�). The dark blue shows the rise
time in the primary and the orange the rise time in the secondary.
We included a horizontal line showing the rise time we measured the
same way from the observed FU Ori lightcurve (Figure 3 in Hart-
mann & Kenyon 1996). In general, we see a trend of longer rise times
for increasing periastron distances. For AP � 35 au we observe a drop
in the rise times of the secondary from the previously observed trend.
At this point the amplitude of the outburst reduces from � 2 orders
of magnitude to < 2 orders of magnitude.
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Figure 4. Rise time (top) and maximum mass accretion rate (bottom) for
di�erent periastron distances. Dark blue is for the primary star while orange
is for the secondary. Horizontal line shows the rise time we calculated for FU
Ori from its lightcurve (see Figure 3 in Hartmann & Kenyon 1996) in the top.
The dotted line shows a theoretical estimate for the rise time of the stellar
flyby following Equation (2).

We can understand the rapid timescale as follows: While the pri-
mary receives its accretion outburst from inward evolution of disc
disturbances, the secondary goes into outburst when penetrating the
disc of the primary, capturing material and accreting rapidly due to
direct cancellation of angular momentum. We model the secondary
outburst with a theoretical relation by assuming the perturber at speed
E =

p
2⌧"/AP passes through a certain distance ! (AP) of the disc,

shown as the dotted line in Figure 4. This leads to the theoretical rise
time of:

Crise =
! (AP)p

2⌧"/AP
, (2)

with the total mass of both stars " . The length ! (AP) used for
the theoretical line in Figure 4 corresponds to ! (AP) = 5.7�, with
� = AP ⇥ (�/')'=AP . Given the primary disc aspect ratio and the
flaring index, this leads to the following dependence between the rise
time and the periastron distance:

Crise / A5/4
P . (3)

This relation holds when the perturber passes through the bulk of
the disc. We can see in Figure 4 that the results start to deviate
significantly when the periastron distance approaches the outer edge
of the disc. Figure 4 shows that deviations from the theoretical trend
occur for periastron distances above 30 au due to tidal truncation.

The accretion burst seen in Figure 3 is sustained for more than
100 years by ongoing infall onto the circumsecondary disc from the
surroundings.

4 DISCUSSION

The main objection to binary interactions as the origin for FU Ori-
onis outbursts relates to the fast rise time. According to Hartmann

& Kenyon (1996): ‘To explain the fastest rise times of a year, the
eruption must involve disc regions smaller than one au [because
disc evolution will occur on timescales much longer than an orbital
period (Pringle 1981)]’. This makes the false assumption that the
primary disc goes into outburst. This is not what was observed in
FU Ori, where the more luminous star is actually the low mass star,
i.e. the perturber (Wang et al. 2004; Reipurth & Aspin 2004; Beck
& Aspin 2012; Pérez et al. 2020).

In our simulations, it is indeed the secondary that goes into a
sustained outburst. The luminosity of our secondary exceeds 100 L�
for 40 years before continuing at about 40 L� . The primary does not
go into a sustained outburst, although a spike in §"1 occurs shortly
after periastron. This also agrees with observations: FU Ori S, the
more massive star, accretes at a normal rate with an unexceptional
luminosity of ⇠ 2 � 3 L� (Beck & Aspin 2012).

The rise times of our outbursts are on a time scale that is compa-
rable to the fastest timescales observed in FUors, e.g. in FU Ori and
V1057 Cyg (see Table 1 in Hartmann & Kenyon 1996). This is visible
in Figure 4, where we reproduce the rise time of FU Ori for a prograde
stellar flyby at 10–15 au periastron distance. With our secondary go-
ing into outburst, we do not require the interaction to happen at a
distance of less than 1 au. The main requirement for the secondary to
erupt is that the secondary penetrates the primary disc at periastron.
The trend seen in Figure 3 is in line with the findings in Vorobyov
et al. (2021), except their rise time is of order ⇠ 1 kyr, longer than
those associated with FU Orionis outbursts. Closer flybys result in
a faster and higher rise in the mass accretion rate. Wider separation
passages may explain longer rise times in other FUors (e.g. V1515
Cyg). Our findings and the results from Vorobyov et al. (2021) show
that flybys can trigger either fast or slow accretion bursts depending
on whether or not the perturber penetrates the disc, respectively.

Our models of the secondary going into outburst may also ex-
plain the distinctive optical and near infrared characteristics of
FUors (Hartmann & Kenyon 1996; Beck & Aspin 2012; Connel-
ley & Reipurth 2018). First, they all have reflection nebulae (Herbig
1977; Goodrich 1987). Second, in near infrared FUors look like K-M
giants while optical observations suggest e�ective temperatures of
6500–7200 K and low surface gravities. We can explain this because
our secondary is a low mass star (K-M) with a very high surface
temperature, up to 104 K depending on our assumed radius.

ALMA observations of FU Ori revealed direct evidence for bi-
nary interactions (Zurlo et al. 2017; Cieza et al. 2018; Pérez et al.
2020; Kóspál et al. 2021). In particular, CO line observations have
revealed distinct blue and red shifted velocities corresponding to
expanding ‘shells or rings’. These flows, previously interpreted as
conical outflows (Zurlo et al. 2017; Ruíz-Rodríguez et al. 2017a,b),
are naturally explained by line of sight motions of our interacting
discs post-periastron. Our models show both blue and redshifted
line of sight motions of order 5 � 20 km s�1, see e.g. synthetic line
observations in Cuello et al. (2020).

Instead of binary interactions, disc instabilities have previously
been the favoured scenario for FU Orionis outbursts (Bell et al. 1995).
In our simulations we triggered an outburst on the observed timescale
that is maintained for more than 100 years without the need for ther-
mal instability. Figure 2 shows the temperature evolution in our flyby
scenario. Through the use of on-the-fly radiative transfer calculations
we were able to model the changes in disc temperature. Around the
time of periastron, temperatures in the circumsecondary disc increase
significantly. The disc temperature reaches up to ⇠ 1580 K close to
the perturber. These temperatures, while high, are still considerably
below the temperatures required to initiate thermal instability. We
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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Poor spectral fits: FU Ori N fit 
by M-dwarf spectra in IR but a 

G-type giant in optical?? 
(Beck & Aspin 2012)
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Table 1
Observing Log

Telescope Instrument Obs. Date Data Description, Exp. Time/ No. of Exp. Total Exposure
Name Co-adds (UT) Wavelength Co-adds Time

NASA IRTF 3 m SpeX 2004 Jan 12 SXD cross dispersed 30/1 8 240 s
Gemini-North∗ NIFS 2007 Sep 30 H-band IFU spectra 5.3/7 2 74 s
Gemini-North∗ NIFS 2007 Sep 30 J-band IFU spectra 5.3/7 2 74 s
Gemini-North∗ NIFS 2007 Oct 1 K-band IFU spectra 5.3/7 2 74 s

Note. ∗ Gemini-North NIFS observations were acquired under queue program ID GN-2007B-Q-38.

orbiting on an eccentric orbit (Bonnell & Bastien 1992; Reipurth
& Aspin 2004). This scenario would imply that all FUors should
have close companions. While a few FUors have been shown to
be binaries (e.g., Z CMa; Koresko et al. 1991), most others have
eluded detection.

FU Orionis itself was believed to be a single star until a
companion was discovered by Wang et al. (2004) and subse-
quently studied in more detail by Reipurth & Aspin (2004). The
companion to FU Ori, which we refer to as FU Ori S, has a
separation of ∼0.′′5 (at our assumed 450 pc distance to FU Ori
this corresponds to ∼225 AU). The companion was estimated
to be of spectral type K based on near-infrared (NIR) adap-
tive optics (AO) spectroscopy presented by Reipurth & Aspin
(2004). NIR J, H, K, and L′ AO photometry also suggested that it
had a similar 3 µm thermal excess to FU Ori and hence con-
firmed it as a likely pre-main-sequence object rather than a
reddened background star (Reipurth & Aspin 2004).

The NIR spectrum of FU Ori S presented by Reipurth & As-
pin (2004) was of low signal to noise. Hence, little other than
a ∼K spectral type for FU Ori S could be determined about
the stellar properties. In this paper, we present new NIR inte-
gral field unit (IFU) AO spectroscopy of FU Ori and S, which
sheds considerable light on the nature and evolutionary state
of the fainter companion to this enigmatic FUor. AO-fed IFU
observations are perfect for such studies because they allow the
simultaneous detection of high-quality two-dimensional spec-
tral images of both stellar components. As a result, point-spread
function (PSF) fitting and removal of the flux of the brighter
FU Ori component can be done very accurately to measure the
spectrum of the faint companion.

2. OBSERVATIONS

The observations of FU Ori presented in this study were ac-
quired at two different observatories, the NASA 3 m Infrared
Telescope Facility (IRTF) and the “Fredrick C. Gillett” Gemini-
North 8 m telescope, both located on the summit of Mauna
Kea in Hawaii (see Table 1 for a summary of the observ-
ing log). At the IRTF, the facility NIR spectrograph “SpeX”
(Rayner et al. 2003) was used with the short-wavelength cross-
dispersed (SXD) setting resulting in cross-dispersed spectra
with a spectral resolution of R ∼ 1200 spanning the wave-
length range 0.88–2.45 µm. These data were obtained in clear
weather with astronomical “seeing” of ∼1′′. Images of FU
Ori were taken in the K band using the SpeX guide cam-
era, and these were used to flux calibrate the spectra using
standard infrared photometric comparison observations with
K-band images of flux standard star HD 40335 (K mag = 6.45).
The IDL SpexTool data reduction package (Cushing et al. 2004),
as well as the associated tools for removal of H i absorption fea-
tures in the telluric calibrator (Vacca et al. 2003), was used to
process the spectra in the standard manner. Figure 1 presents

Figure 1. 1.0–2.5 µm spectrum of FU Ori (green), a G1 III star (blue), and
an M9.5 V star (red). The broad molecular water vapor absorption bands are
present in both FU Ori and the M9.5 V. The inset shows a close-up of the
1.1–1.6 µm region of the spectrum and identifies several photospheric atomic
absorption features that are clearly present in the spectra of FU Ori and the G1
III star (e.g., H i Paβ, Mg i, and Si i) The atomic absorption spectrum of FU Ori
resembles a G-type giant, while the broad continuum absorption features are
more similar to a late-type M dwarf.
(A color version of this figure is available in the online journal.)

the spectra of FU Ori acquired with SpeX. FU Ori S cannot be
detected in these data because it is too faint.

Data from Gemini-North were obtained using the facility
AO-fed NIR IFU Spectrograph, NIFS (McGregor et al. 2003).
Standard J-, H-, and K-band spectral settings were used,
resulting in spectra with R ∼ 5000 covering the 3′′ × 3′′ field of
view of NIFS at a spatial resolution of 0.′′1 × 0.′′04. The NIFS data
were taken through very thin, sparse cirrus but with excellent
natural seeing (∼0.′′4). The Gemini-North facility AO system,
Altair, was guiding at 1000 Hz at 700 nm using FU Ori as the
wavefront reference star. Under stable seeing conditions, Altair
characteristically delivers diffraction-limited spatial resolution
in the H and K bands, or about FWHM ∼ 0.′′06 at these
wavelengths. The NIFS spectral pixels hence undersample the
AO-corrected PSF in the 1.15–2.4 µm spectral regions. The data
from NIFS were processed through sky subtraction, flat-fielding,
bad pixel cleaning, and spatial and spectral pixel rectification
using the Gemini IRAF package with the standard NIFS data
reduction tasks. The step-by-step processing of NIFS data is
described in detail in Beck et al. (2008). In the nifcube data
reduction task used to generate three-dimensional datacubes
from the NIFS data, we resampled the FU Ori data into a square
grid of 0.′′05 × 0.′′05 pixels in the spatial dimension.

Flux calibration of our IFU data was performed using J-,
H-, and K-band magnitudes for the combined FU Ori binary
system. For this, we used spatially unresolved photometry from
our SpeX IRTF imaging observations in the K band and H- and

2

M-dwarf star with 
Teff ~ 6000K

a modest range of Tmax and compared them with the observed
optical spectrum dereddened by differing amounts of visual ex-
tinction AV , as shown in Figure 5.

The topmost model in Figure 5 has Tmax ¼ 7240 K, comparable
to that of the FU Ori disk model of KHH88. The model optical
spectrum is too flat longward of "3900 8 in comparison with the
observations dereddened by AV ¼ 2:2, as suggested by KHH88,
or for AV ¼ 1:9. At the other extreme, we find that the bottom
model, with Tmax ¼ 5840 K, matches the observed spectrum
dereddened by only AV ¼ 1:3 quite well. However, we sus-
pect that our gray-atmosphere approximation somewhat under-
estimates the amount of line blanketing in the blue optical region,
especially shortward of the Ca ii resonance lines at 3933 and
3968 8 leading us to suspect that this agreement is somewhat
misleading. We therefore provide our best estimate of the extinc-
tion, as AV ¼ 1:5 # 0:2, and adopt the model that best matches
the mean extinction with Tmax ¼ 6420 K as our standard model.

In this connection it is worth noting that KHH88 did not
actually find a good fit for the optical spectrum of FUOri using a
G0 I standard star and extinctions AV > 2. They speculated that
the discrepancy might be alleviated by an improved treatment of
limb darkening in the disk. However, Hartmann&Kenyon (1985)
had found that a G2 I standard star and AV ¼ 1:55 provided a
good match to the optical spectrum between 3900 and 7400 8,
consistent with our results here.

The accretion disk luminosity L depends on the distance, in-
clination, and dereddened flux. We adopt a distance of "500 pc,
consistent with membership in the general Orion region (Herbig
1977). We also adopt the inclination 55$ (Malbet et al.2005;
Quanz et al. 2006). Using these parameters, observed total
flux, and AV ¼ 1:5, we obtain the true luminosity Ld ¼ 8:66 ;
1035 ergs s%1 " 226 L& according to equation (3). As mentioned
above, fitting the observed spectrum yields Tmax ¼ 6420 K. We
derive MṀ ¼ 7:2 ; 10%5 M 2

& yr%1 and Ri ¼ 5 R& by solving
equation (2) and equation (3) simultaneously.

Figure 6 shows the predicted spectrum for the adopted param-
eters and several values of the outer radius.Our computed spectrum
matches the observations at wavelengths shortward of about 4 !m,
indicating that the innermost region of the inner disk is reason-
ably well reproduced by the adopted ṀM and Ri parameters.

Because the optical and near-infrared SED is well matched by
themodel, wemay then proceed to estimate the central stellarmass
and thus the accretion rate. We used the observed optical rotation
from KHH88 to constrain the central star mass. We computed the
line profiles around 6170 8 using SYNTHE, cross-correlated it
with a nonrotating disk spectrum, and compared it with the ob-
served cross-correlation line profile given in KHH88. The uncer-
tainty in fitting the line profile widths is about #20%. However,
systematic errors in the inclination angle are probably more im-
portant for the mass estimate, and for that reason we give an un-
certainty of 0:3 # 0:1 M& (consistent with the earlier estimate
of KHH88 assuming i ¼ 50$). For a mass of 0.3M&, Ṁ " 2:4 ;
10%4 M& yr%1. Parameters of the model are given in Table 2.

As shown in Figure 6, we find that regardless of extinction and
disk parameters, steady accretion models that fit the optical to
near-infrared region predict too much emission in the IRS range
for very large outer radii. This can only be remedied by truncating
the hot inner disk. The estimate of the outburst models of Bell &
Lin (1994) suggested an outer radius of the high state of"20 R&
(with somewhat different parameters for the accretion rate and
inner disk radius); as shown in Figure 6, this truncation radius fails
to explain the SED.A truncation radius ofRout " 210 R& " 1 AU
provides a better fit to the flux at "5–8 !m, although it is some-
what low in the 3 !m band. Our results are reasonably consistent
with Green et al. (2006) considering the limitations of their black-
body modeling only out to 5 !m.

Fig. 5.—ObservedUBVR photometry and optical spectrawith different values
of AV : 2.2, 1.9, 1.5, and 1.3 (dotted lines, top to bottom) and model spectra with
Tmax values: 7240, 6770, 6420, and 5840 (solid lines, top to bottom). The total
flux spectra are produced by weighting the intensities (Fig. 4) by the appropriate
annular surface areas.

Fig. 6.—Comparison between observed data and disk models for different
values of the outer radii. All the black lines and dots are observed spectra
and photometry data, as shown in Fig. 1. All the color lines are model spectra.
The parameters of the disk models are inner disk radius 5 R&, and MṀ " 7:2 ;
10%5 M& yr%1. The corresponding Tmax is 6420 K. The four model spectra (top to
bottom) are for the disk models truncated at 5000, 210, 50, and 20 R&. The solid
lines are model spectra for a high mass accretion rate region with outer radii as
shown. The dotted lines are spectra for models in which an outer regionwithmass
accretion 1 order of magnitude smaller has been added. For the disk model trun-
cated at 5000 R&, the dotted line is coincident with the solid line. The extinction
parameter is AV ¼ 1:5.

HOT INNER DISK OF FU ORIONIS 487No. 1, 2007

see also Zhu et al. (2007) fit to SED



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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class, EX Lup, Banzatti et al. (2015) found that after the strong out-
burst of 2008 the CO decreased dramatically. This can be caused
by a rapid depletion of gas accumulated beyond the disc corota-
tion radius during quiescent periods. Kóspál et al. (2016) found
that EX Lup has a modest CO depletion. Using the 13CO line, and
the canonical 104 CO-to-H2 abundance ratio, they estimate a total
disc mass of 2.3 ⇥ 10�4 M�. This results can be a factor 10-100
lower than the actual value taking into account the CO depletion.

3.6 Outflow gas parameters

Column density, mass, momentum, and kinetic energy of the ex-
panding gas are listed in Table 3. To calculate these quantities we
used the formalism presented in Perez et al. (2015), and applied
it to both the 12CO and 13CO isotopologues. We did not deter-
mine these properties for the C18O gas because its emission was
too weak. The correction for the optical depth (see, e.g, Dunham
et al. 2014) cannot be applied for this dataset, as only a few velocity
channels present emission from both the isotopologues. The values
presented are then lower limits of these quantities. We adopt in this
paper an abundance of the 12CO relative to H2 of 10�4, and a rela-
tive abundance between 12CO and 13CO of 62 (Langer & Penzias
1993). The excitation temperature, assumed constant along the line
of sight, has a value of Tex = 50 K in this analysis. The beam fill-
ing factor is assumed to be 1. The total mass of the gas is defined
as M =

P
vM(x,y,v), the momentum surface density is defined as

P =
P

v M(x,y,v)v, and the kinetic energy surface density as E =P
v M(x,y,v)v2/2, where v = vLS R-vC18O, and M(x,y,v) is the mass

surface density calculated for each velocity channel.
The values found for our object have the same order of magni-

tude of other protostars presented in literature: for example, Arce &
Sargent (2006) presented observations of nine low-mass, Class 0, I,
and II sources with detected outflows. They found outflows’ masses
in the range of 6–150 ⇥10�3 M�, with momenta in the range 4–119
⇥10�3 M� km s�1, and kinetic energy of 2–484 ⇥1040 ergs. These
values are very similar to those reported here for V2775 Ori, keep-
ing in mind that this source is seen face-on, so only a small portion
of the outflow is detected. Similar values are found for HL Tau sys-
tem (Klaassen et al. 2016).

Due to the inclination of the outflow, we cannot estimate the
size of the outflow along the Z axis (towards us), and consequently
the age of the system. We can speculate that the component of the
velocity of the gas along the plane of the sky should be lower than
the component along the Z axis, as Arce & Sargent (2006) sug-
gests, young Class 0 object have highly collimated outflows. If this
is the case, taking the highest velocity of the gas, i.e. 4.5 km s�1

for the red-shifted part and assuming it constant, and the radius of
the ring of 1500 au, the kinetic age of the outflow would be less
than ⇠ 1600 yr. Another independent way to estimate the age of
the outburst is to assume that the axis of the hourglass is normal
to the plane of the disc, which is inclined by ⇠14 deg. Taking into
account that the center of the red-shifted ring is shifted by 600 au,
the hourglass half axis would be of 2500 au. In this case the open-
ing angle of the outflow is of 30 deg, and the age is about 2600
yr. As the disc is almost face-on, the uncertainties on these values
are high. Nevertheless, the same order of magnitude is found for
HL Tau (2600 yr; Klaassen et al. 2016) and HBC 494 (2900 yr;
Ruíz- Rodríguez, subm.). The outflow of V2775 Ori is much more
collimated than the one of HBC 494 (⇠ 150 deg, Ruíz- Rodríguez,
subm.). Arce & Sargent (2006) suggest that there is a correlation
between the opening angle of the outflow and the age of the sys-
tem: the opening angle is increasing for more evolved system. The

�+

Figure 7. Three colours to simulate a 3D image showing the blue-shifted,
central, and red-shifted part of the 12CO line emission. The three di↵er-
ent zones are shown in blue, green, and red contours for the blue-shifted,
low-velocities, and red-shifted parts respectively. The contours represent
0.2, 0.4, 0.6, 0.8 step levels of 0.04 Jy beam�1. The continuum emission is
located where the black cross is. The beam size is ⇠0.2500, shown on the
lower-left corner of the image. A cartoon representation can be found in
Fig. 8.

Figure 8. Cartoon sketch of the system V2775 Ori. The palette of colours
is the same of Fig. 7 to indicate di↵erent regions of the outflow. The disc is
not to scale. The arrows indicate the axis of the hourglass.

age of 0.1 Myr for V2775 Ori is compatible with the value of the
opening angle of 30 deg.

MNRAS 000, 1–9 (2016)

Borchert et al. 
(2022, submitted)

The ALMA Early Science of V2775 Ori 7

class, EX Lup, Banzatti et al. (2015) found that after the strong out-
burst of 2008 the CO decreased dramatically. This can be caused
by a rapid depletion of gas accumulated beyond the disc corota-
tion radius during quiescent periods. Kóspál et al. (2016) found
that EX Lup has a modest CO depletion. Using the 13CO line, and
the canonical 104 CO-to-H2 abundance ratio, they estimate a total
disc mass of 2.3 ⇥ 10�4 M�. This results can be a factor 10-100
lower than the actual value taking into account the CO depletion.

3.6 Outflow gas parameters

Column density, mass, momentum, and kinetic energy of the ex-
panding gas are listed in Table 3. To calculate these quantities we
used the formalism presented in Perez et al. (2015), and applied
it to both the 12CO and 13CO isotopologues. We did not deter-
mine these properties for the C18O gas because its emission was
too weak. The correction for the optical depth (see, e.g, Dunham
et al. 2014) cannot be applied for this dataset, as only a few velocity
channels present emission from both the isotopologues. The values
presented are then lower limits of these quantities. We adopt in this
paper an abundance of the 12CO relative to H2 of 10�4, and a rela-
tive abundance between 12CO and 13CO of 62 (Langer & Penzias
1993). The excitation temperature, assumed constant along the line
of sight, has a value of Tex = 50 K in this analysis. The beam fill-
ing factor is assumed to be 1. The total mass of the gas is defined
as M =

P
vM(x,y,v), the momentum surface density is defined as

P =
P

v M(x,y,v)v, and the kinetic energy surface density as E =P
v M(x,y,v)v2/2, where v = vLS R-vC18O, and M(x,y,v) is the mass

surface density calculated for each velocity channel.
The values found for our object have the same order of magni-

tude of other protostars presented in literature: for example, Arce &
Sargent (2006) presented observations of nine low-mass, Class 0, I,
and II sources with detected outflows. They found outflows’ masses
in the range of 6–150 ⇥10�3 M�, with momenta in the range 4–119
⇥10�3 M� km s�1, and kinetic energy of 2–484 ⇥1040 ergs. These
values are very similar to those reported here for V2775 Ori, keep-
ing in mind that this source is seen face-on, so only a small portion
of the outflow is detected. Similar values are found for HL Tau sys-
tem (Klaassen et al. 2016).

Due to the inclination of the outflow, we cannot estimate the
size of the outflow along the Z axis (towards us), and consequently
the age of the system. We can speculate that the component of the
velocity of the gas along the plane of the sky should be lower than
the component along the Z axis, as Arce & Sargent (2006) sug-
gests, young Class 0 object have highly collimated outflows. If this
is the case, taking the highest velocity of the gas, i.e. 4.5 km s�1

for the red-shifted part and assuming it constant, and the radius of
the ring of 1500 au, the kinetic age of the outflow would be less
than ⇠ 1600 yr. Another independent way to estimate the age of
the outburst is to assume that the axis of the hourglass is normal
to the plane of the disc, which is inclined by ⇠14 deg. Taking into
account that the center of the red-shifted ring is shifted by 600 au,
the hourglass half axis would be of 2500 au. In this case the open-
ing angle of the outflow is of 30 deg, and the age is about 2600
yr. As the disc is almost face-on, the uncertainties on these values
are high. Nevertheless, the same order of magnitude is found for
HL Tau (2600 yr; Klaassen et al. 2016) and HBC 494 (2900 yr;
Ruíz- Rodríguez, subm.). The outflow of V2775 Ori is much more
collimated than the one of HBC 494 (⇠ 150 deg, Ruíz- Rodríguez,
subm.). Arce & Sargent (2006) suggest that there is a correlation
between the opening angle of the outflow and the age of the sys-
tem: the opening angle is increasing for more evolved system. The

Figure 7. Three colours to simulate a 3D image showing the blue-shifted,
central, and red-shifted part of the 12CO line emission. The three di↵er-
ent zones are shown in blue, green, and red contours for the blue-shifted,
low-velocities, and red-shifted parts respectively. The contours represent
0.2, 0.4, 0.6, 0.8 step levels of 0.04 Jy beam�1. The continuum emission is
located where the black cross is. The beam size is ⇠0.2500, shown on the
lower-left corner of the image. A cartoon representation can be found in
Fig. 8.

Figure 8. Cartoon sketch of the system V2775 Ori. The palette of colours
is the same of Fig. 7 to indicate di↵erent regions of the outflow. The disc is
not to scale. The arrows indicate the axis of the hourglass.

age of 0.1 Myr for V2775 Ori is compatible with the value of the
opening angle of 30 deg.

MNRAS 000, 1–9 (2016)

Zurlo et al. (2017)
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al. (2017)
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ABSTRACT

As part of an ALMA survey to study the origin of episodic accretion in young eruptive vari-
ables, we have observed the circumstellar environment of the star V2775 Ori. This object
is a very young, pre-main sequence object which displays a large amplitude outburst char-
acteristic of the FUor class. We present Cycle-2 band 6 observations of V2775 Ori with a
continuum and CO (2-1) isotopologue resolution of 0.2500 (103 au). We report the detection
of a marginally resolved circumstellar disc in the ALMA continuum with an integrated flux
of 106 ± 2 mJy, characteristic radius of ⇠ 30 au, inclination of 14.0+7.8

�14.5 deg, and is oriented
nearly face-on with respect to the plane of the sky.

The 12CO emission is separated into distinct blue and red-shifted regions that appear to
be rings or shells of expanding material from quasi-episodic outbursts. The system is oriented
in such a way that the disc is seen through the outflow remnant of V2775 Ori, which has an
axis along our line-of-sight. The 13CO emission displays similar structure to that of the 12CO,
while the C18O line emission is very weak. We calculated the expansion velocities of the low-
and medium-density material with respect to the disc to be of -2.85 km s�1 (blue), 4.4 km s�1

(red) and -1.35 and 1.15 km s�1 (for blue and red) and we derived the mass, momentum and
kinetic energy of the expanding gas. The outflow has an hourglass shape where the cavities
are not seen. We interpret the shapes that the gas traces as cavities excavated by an ancient
outflow. We report a detection of line emission from the circumstellar disc and derive a lower
limit of the gas mass of 3 MJup.

Key words: Instrumentation: ALMA interferometry, Methods: data analysis, Techniques:
interferometry, Stars: V2775 Ori

1 INTRODUCTION

FU Orionis stars (FUors) are variable, pre-main sequence low-mass
stars that display brightness variations on a very short timescale
(less than one year) (Herbig 1966). Their brightness can increase
by 3-6 magnitudes at optical wavelengths during the course of a

? Based on ALMA observations, program number 2013.1.00710.S.
† E-mail: azurlo@das.uchile.cl

few months and remain bright for decades, a phenomenon called
“outburst”. According to the episodic accretion scenario (Hartmann
& Kenyon 1996; Audard et al. 2014), most young stars are expected
to experience these extreme luminosity outbursts during their early
evolution.

The mechanism producing these sudden mass-accretion
events, and thus the origin of these outbursts, is still poorly under-
stood and currently there are several theories proposed: disc frag-

c� 2016 The Authors
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The ALMA Early Science View of FUor/EXor objects. II. The Very
Wide Outflow Driven by HBC 494 !
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ABSTRACT
We present Atacama Large Millimeter/sub-millimeter Array (ALMA) Cycle-2 observations
of the HBC 494 molecular outflow and envelope. HBC 494 is an FU Ori-like object embedded
in the Orion A cloud and is associated with the reflection nebulae Re50 and Re50N. We use
12CO, 13CO and C18O spectral line data to independently describe the outflow and envelope
structures associated with HBC 494. The moment-1 map of the 12CO emission shows the
widest outflow cavities in a Class I object known to date (opening angle ∼ 150◦). The mor-
phology of the wide outflow is likely to be due to the interaction between winds originating
in the inner disc and the surrounding envelope. The low-velocity blue- and red-shifted 13CO
and C18O emission trace the rotation and infall motion of the circumstellar envelope. Using
molecular line data and adopting standard methods for correcting optical depth effects, we
estimate its kinematic properties, including an outflow mass on the order of 10−1 M$. Con-
sidering the large estimated outflow mass for HBC 494, our results support recent theoretical
work suggesting that wind-driven processes might dominate the evolution of protoplanetary
discs via energetic outflows.

Key words: protoplanetary discs – submillimeter: stars.

1 INTRODUCTION

FU Orionis objects (FUors) belong to an embedded pre-main-
sequence phase of young stellar evolution, usually associated with
reflection nebulae (Herbig 1966, 1977). Observational features of
these objects include similarities to the F-G supergiant optical spec-
tra and overtone CO absorption, in addition to water vapour bands
in the near-infrared wavelengths characteristic of K-M supergiants
(Mould et al. 1978). At far-infrared/submillimeter wavelengths, the
Spectral Energy Distributions (SED) of FUors are largely domi-
nated by the envelope emission. Where such envelopes are massive
enough to replenish the circumstellar disc in the stellar formation
process (Sandell & Weintraub 2001). Usually, these types of young
stellar objects (YSO) are explained with a disc in Keplerian rota-
tion that produces the observed double-peaked line profiles as seen

! Based on ALMA observations, program number 2013.1.00710.S
† E-mail:dary.ruiz@anu.edu.au

in FUors (Hartmann & Kenyon 1985); however, those objects that
do not present line broadening consistent with pure Keplerian rota-
tion might require an additional contribution from another compo-
nent such as a high-velocity inner disc wind (Eisner & Hillenbrand
2011).

The main observational feature of FUors is their eruptive vari-
ability in optical light that can reach 5 mag or even more. This vari-
ability is due to outbursts that rise in short periods of time of around
∼ 1−10 yrs and decay timescales that take place from decades to
centuries (Herbig 1966, 1977). It is believed that material falling
from a massive circumstellar disc to the central protostar at high
disc accretion rates (∼ 10−4 M$yr−1) is responsible for these events
(Hartmann & Kenyon 1996), although their outburst frequency is
unknown. During the outburst phase, large amounts of disc mate-
rial (∼ 0.01 M$) are accreted onto the parent star, thus increasing
the luminosity during these short events. If the episodic accretion
scenario (Audard et al. 2014) is correct, most systems undergo mul-
tiple FU Ori events during their evolution and the study of these
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ABSTRACT

We present Atacama Large Millimeter/ sub-millimeter Array (ALMA) observations of
V883 Ori, an FU Ori object. We describe the molecular outflow and envelope of the system
based on the 12CO and 13CO emissions, which together trace a bipolar molecular outflow.
The C18O emission traces the rotational motion of the circumstellar disk. From the 12CO
blue-shifted emission, we estimate a wide opening angle of ∼ 150

◦

for the outflow cavities.
Also, we find that the outflow is very slow (characteristic velocity of only 0.65 km s−1), which
is unique for an FU Ori object. We calculate the kinematic properties of the outflow in the
standard manner using the 12CO and 13CO emissions. In addition, we present a P Cygni profile
observed in the high-resolution optical spectrum, evidence of a wind driven by the accretion
and being the cause for the particular morphology of the outflows. We discuss the implications
of our findings and the rise of these slow outflows during and/or after the formation of a
rotationally supported disk.

Key words: protoplanetary discs – submillimeter: stars.

1 INTRODUCTION

During the early stellar evolution process the key to understand-
ing outflow motions is hidden. In stellar formation, these outflow
motions might regulate the final stellar mass with a core-to-star ef-
ficiency of only 30% (Offner et al. 2014). In addition, it is believed
that these outflows carry matter back to the molecular cloud, trans-
porting energy and momentum to it, which may affect the dynamics
of the surrounding envelope. However, the formation, evolution and
effects of these flows is highy debated. Thus, a full understanding
of the origin and evolution of these winds/outflows, might disen-
tangle the unknown physical mechanisms that dictate the 1) low
mass star formation efficiency in turbulent clouds (Krumholz et al.
2012) and 2) an efficient transport of angular momentum to permit
the accretion of matter onto the central star (Blandford & Payne
1982). However, the physical origin(s) and features of these out-
flows are not well understood and our current knowledge of the en-
trainment process is limited due to the inability to trace the molec-

! Based on ALMA observations, program number 2013.1.00710.S
† E-mail:dary.ruiz@anu.edu.au

ular gas a scale of a few au. In the ALMA era, observations of
higher sensitivity and spatial resolution of young stellar objects
surrounded by structures carved out by these outflows are required
(see Frank et al. 2014, for a review). FU Orionis objects (FUors)
are ideal candidates to observe and analyse due to their main char-
acteristics: strong outflows and massive envelopes.

FUors are generally identified by their large and sudden in-
crease of luminosity in optical light. This increase takes place in
around ∼ 1−10 yrs and can amount to ≥ 5 mag in optical light. Al-
though this optical variability has not been completely incorporated
in the big picture of stellar formation and the evolution process, a
large amount of matter (∼ 0.01 M%) accreting from the circumstel-
lar disc onto the central object (∼ 10−4 M%yr−1), is the most likely
cause of this variability (Hartmann & Kenyon 1996). These short
events might be outbursts that are connected to the broad range of
outflows observed in FUors. The surrounding envelope directly in-
teracts with these outflows, which are likely the main dispersing
mechanism of the natal circumstellar gas and dust, driving the evo-
lution from a Class 0/I object to a Class II. From an observational
perspective, an evolutionary trend in the opening angle of general
protostellar outflows has been detected (Velusamy & Langer 1998;
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ABSTRACT

We present Atacama Large Millimeter/sub-millimeter Array (ALMA) obser-

vations of the star-forming environment surrounding V1647 Ori, an outbursting

FUor/EXor pre-MS star. Dust continuum and the (J = 2 � 1) 12
CO,

13
CO, C

18
O

molecular emission lines were observed to characterize the V1647 Ori circumstellar

disc and any large scale molecular features present. We detect continuum emission

from the circumstellar disc and determine a radius r = 40 au, inclination i = 17
�+6

�9

and total disc mass of Mdisc of ⇠0.1 M�. We do not identify any disc structures associ-

ated with nearby companions, massive planets or fragmentation. The molecular cloud

environment surrounding V1647 Ori is both structured and complex. We confirm the

presence of an excavated cavity north of V1647 Ori and have identified dense material

at the base of the optical reflection nebula (McNeil’s Nebula) that is actively shaping

its surrounding environment. Two distinct outflows have been detected with dynam-

ical ages of ⇠11,700 and 17,200 years. These outflows are misaligned suggesting disc

precession over ⇠5500 years as a result of anisotropic accretion events is responsible.

The collimated outflows exhibit velocities of ⇠2 km s
�1
, similar in velocity to that

of other FUor objects presented in this series but significantly slower than previous

observations and model predictions. The V1647 Ori system is seemingly connected by

an ”arm” of material to a large unresolved structure located ⇠2000 to the west. The

complex environment surrounding V1647 Ori suggests it is in the early stages of star

formation which may relate to its classification as both an FUor and EXor type object.

Key words: stars: evolution – accretion – stars:formation – stars: mass loss –

stars:protostars – stars: kinematics and dynamics
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Figure 1. Illustration showing the different dynamical and flux components traced by 12CO, 13CO and C18O of V883 Ori. The outflows are coloured with red
to illustrate the red-shifted emission, while blue illustrates the blue shifted emission. Envelope material close to and accreting onto the disc is coloured with
green and its infalling motion is indicated by the small green arrows. The green line with a position angle of ∼ 120

◦
depicts the rotation axis of the entire

system. The inset shows a Keplerian disk probed by the C18O emission, where a water snow-line at ∼40 au reported by Cieza et al. (2016) is represented by
the brown-blue gradient colour. Outward of the snow line, grain growth is accelerated by the high coagulation efficiency of ice-covered grains.

Ori (Cieza et al. 2016), V2775 Ori (Zurlo et al. 2017), HBC 494
(Ruíz-Rodríguez et al. 2017), V1647 Ori (Principe et al. Prep),
V1118 Ori, NY Ori, V1143 Ori and ASASSN-13db (Cieza et al.
Prep). Two of three observations were performed on December
12th, 2014 and April 15th, 2015 using 37 and 39 antennas on the
C34-2/1 and C34/2 configurations, respectively. These configura-
tions are similar with the shortest baseline of ∼ 14 m and longest of
∼ 350 m. The precipitable water vapor ranged from 0.7 to 1.7 mm
with an integration time of ∼ 2 min per each epoch.

Additionally, a third observation of V883 Ori was performed
on August 30th, 2015 with 35 antennas in the C34-7/6 configura-
tion with baselines ranging from 42 m to 1.5 km, an integration
time of ∼3 min, and a precipitation water vapor of 1.2 mm. The
quasars J0541-0541, J0532-0307 and/or J0529-0519 (nearby in the
sky) were observed as phase calibrators. J0423-013 and Ganymede
were used as Flux calibrators, while the quasars J0607-0834 and
J0538-4405 where observed for bandpass calibration.

Our correlator setup included the J=2-1 transitions of 12CO,
13CO and C18O centered at 230.5380, 220.3987, and 219.5603
GHz, respectively. The correlator was configured to provide a spec-
tral resolution of 0.04 km s−1 for 12CO and of 0.08 km s−1 for 13CO
and C18O. The total bandwidth available for continuum observa-
tions was 3.9 GHz. The observations from all three nights were con-
catenated and processed together to increase the signal to noise and
uv-coverage. The visibility data were edited, calibrated and imaged
in CASA v4.4 (McMullin et al. 2007). The flux density calibration
uncertainty is 10 %. We used the CLEAN algorithm to image the
data and, using a robust parameter equal to zero, a briggs weighting
was performed to adjust balance between resolution and sensitivity.
From the CLEAN process, we obtained the following synthesized
beams: 0.35′′ ×0.27′′with P.A. = -90

◦
for 12CO, 0.37′′ ×0.28′′ with

P.A. = 86.5
◦

for 13CO and 0.37′′ × 0.29′′ with P.A. = 87
◦

for C18O.
The rms is 12.5 mJy beam−1 for 12CO, 16.0 mJy beam−1 for 13CO

and 13.9 mJy beam−1 for C18O. For the integrated continuum, we
obtained a synthesized beam and rms of 0.25′′ × 0.17′′with P.A. =
-85.5

◦
and 0.25 mJy beam−1, respectively.

2.2 Optical Spectrum

Additionally, we observed V883 Ori on the night of 29 Febru-
ary, 2016 with the Magellan Inamori Kyocera Echelle (MIKE,
Bernstein et al. 2003), a double echelle spectrograph at the Mag-
ellan (Clay) 6.5 m telescope, located in Las Campanas, Chile. This
high resolution spectrograph covers a full optical wavelength range
in the blue (320-480 nm) and the red (440-1000 nm) regime with
spectral resolutions of 25000 and 19000, respectively. Our observa-
tions were taken with a slit size of 0.7×5

′′
and the data have been

binned 2×2 in a slow readout mode with an exposure time of 1860
s. During the observation run were taken: Milky flats, Quartz flats,
Twilight flats, ThAr comparison lamps and bias frames to use in
the data reduction process. Thus, the data were bias-subtracted and
flat-fielded to correct pixel to pixel variations by using the Carnegie
Python tools3 (CarPy; Kelson 2003).

3 RESULTS

We obtained emission line profile data from V883 Ori of isotopo-
logues 12CO, 13CO and C18O with transitions J = 2→ 1 to trace the
different components of this FUor object. Figure 1 is a cartoon of
the components detected with these optically thick and thin emis-
sions, with a systemic velocity of 4.3 km s−1 (Cieza et al. 2016).
The CO emissions with bipolar shaped lobes, symmetrically placed

3 http://code.obs.carnegiescience.edu/mike



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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Imaging the water snow-line during a protostellar 
outburst
Lucas A. Cieza1,2, Simon Casassus2,3, John Tobin4, Steven P. Bos4, Jonathan P. Williams5, Sebastian Perez2,3, Zhaohuan Zhu6, 
Claudio Caceres2,7, Hector Canovas2,7, Michael M. Dunham8, Antonio Hales9, Jose L. Prieto1,10, David A. Principe1,2, 
Matthias R. Schreiber2,7, Dary Ruiz-Rodriguez11 & Alice Zurlo1,2,3

A snow-line is the region of a protoplanetary disk at which a major 
volatile, such as water or carbon monoxide, reaches its condensation 
temperature. Snow-lines play a crucial role in disk evolution by 
promoting the rapid growth of ice-covered grains1–6. Signatures 
of the carbon monoxide snow-line (at temperatures of around 
20 kelvin) have recently been imaged in the disks surrounding the 
pre-main-sequence stars TW Hydra7–9 and HD163296 (refs 3, 10),  
at distances of about 30 astronomical units (au) from the star. But 
the water snow-line of a protoplanetary disk (at temperatures of 
more than 100 kelvin) has not hitherto been seen, as it generally 
lies very close to the star (less than 5 au away for solar-type stars11). 
Water-ice is important because it regulates the efficiency of dust and 
planetesimal coagulation5, and the formation of comets, ice giants 
and the cores of gas giants12. Here we report images at 0.03-arcsec 
resolution (12 au) of the protoplanetary disk around V883 Ori, 
a protostar of 1.3 solar masses that is undergoing an outburst in 
luminosity arising from a temporary increase in the accretion 
rate13. We find an intensity break corresponding to an abrupt 
change in the optical depth at about 42 au, where the elevated disk 
temperature approaches the condensation point of water, from 
which we conclude that the outburst has moved the water snow-line. 
The spectral behaviour across the snow-line confirms recent model 
predictions14: dust fragmentation and the inhibition of grain growth 
at higher temperatures results in soaring grain number densities and 
optical depths. As most planetary systems are expected to experience 
outbursts caused by accretion during their formation15,16, our results 
imply that highly dynamical water snow-lines must be considered 
when developing models of disk evolution and planet formation.

V883 Ori is an FU Orionis (FU Ori) type star that was identified as 
such17 via follow-up spectroscopy of deeply embedded sources from 
the Infrared Astronomical Satellite. It is located in the Orion Nebula 
Cluster, which is at a distance of 414 ± 7 parsecs from Earth18. The mass 
of V883 Ori’s protoplanetary disk is greater than about 0.3M⊙ (where 
M⊙ is the mass of the Sun), and its bolometric luminosity is 400L⊙ 
(ref. 19). We have obtained 230 GHz/1.3 mm (band-6) observations of 
V883 Ori using the Atacama Large Millimeter/Submillimeter Array 
(ALMA), in four different array configurations with baselines ranging 
from 14 metres to 12.6 kilometres, taken in ALMA cycles 2 and 3. These 
new ALMA observations include continuum and the 12CO, 13CO, and 
C18O J = 2 − 1 spectral lines. We use the C18O gas line to investigate the 
dynamics of the system at 0.2″ (90 au) resolution, and the continuum 
data to constrain the physical properties of the dust in the V883 Ori 
disk at 0.03″ (12 au) resolution. In Fig. 1a we show our cycle-3 contin-
uum image at 0.03″ resolution—the highest resolution ever obtained 

for a FU Ori object at millimetre wavelengths. We find that the V883 
Ori disk has a two-region morphology, with a very bright inner disk 
(radius ∼0.1″, 42 au) and a much more tenuous outer disk extending 
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Figure 1 | ALMA observations of V883 Ori. a, The band-6 image at 
0.03″ (12 au) resolution obtained on 27 October 2015. b, The intensity 
profile along the major axis. There is a very bright inner disk with radius 
∼0.1″ (42 au), surrounded by a much more tenuous outer disk extending 
out to radius ∼0.3″ (125 au). The boundary between these two regions is 
sharp and probably unresolved. X and Y are the right ascension and the 
declination, respectively.
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volatile, such as water or carbon monoxide, reaches its condensation 
temperature. Snow-lines play a crucial role in disk evolution by 
promoting the rapid growth of ice-covered grains1–6. Signatures 
of the carbon monoxide snow-line (at temperatures of around 
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the water snow-line of a protoplanetary disk (at temperatures of 
more than 100 kelvin) has not hitherto been seen, as it generally 
lies very close to the star (less than 5 au away for solar-type stars11). 
Water-ice is important because it regulates the efficiency of dust and 
planetesimal coagulation5, and the formation of comets, ice giants 
and the cores of gas giants12. Here we report images at 0.03-arcsec 
resolution (12 au) of the protoplanetary disk around V883 Ori, 
a protostar of 1.3 solar masses that is undergoing an outburst in 
luminosity arising from a temporary increase in the accretion 
rate13. We find an intensity break corresponding to an abrupt 
change in the optical depth at about 42 au, where the elevated disk 
temperature approaches the condensation point of water, from 
which we conclude that the outburst has moved the water snow-line. 
The spectral behaviour across the snow-line confirms recent model 
predictions14: dust fragmentation and the inhibition of grain growth 
at higher temperatures results in soaring grain number densities and 
optical depths. As most planetary systems are expected to experience 
outbursts caused by accretion during their formation15,16, our results 
imply that highly dynamical water snow-lines must be considered 
when developing models of disk evolution and planet formation.

V883 Ori is an FU Orionis (FU Ori) type star that was identified as 
such17 via follow-up spectroscopy of deeply embedded sources from 
the Infrared Astronomical Satellite. It is located in the Orion Nebula 
Cluster, which is at a distance of 414 ± 7 parsecs from Earth18. The mass 
of V883 Ori’s protoplanetary disk is greater than about 0.3M⊙ (where 
M⊙ is the mass of the Sun), and its bolometric luminosity is 400L⊙ 
(ref. 19). We have obtained 230 GHz/1.3 mm (band-6) observations of 
V883 Ori using the Atacama Large Millimeter/Submillimeter Array 
(ALMA), in four different array configurations with baselines ranging 
from 14 metres to 12.6 kilometres, taken in ALMA cycles 2 and 3. These 
new ALMA observations include continuum and the 12CO, 13CO, and 
C18O J = 2 − 1 spectral lines. We use the C18O gas line to investigate the 
dynamics of the system at 0.2″ (90 au) resolution, and the continuum 
data to constrain the physical properties of the dust in the V883 Ori 
disk at 0.03″ (12 au) resolution. In Fig. 1a we show our cycle-3 contin-
uum image at 0.03″ resolution—the highest resolution ever obtained 

for a FU Ori object at millimetre wavelengths. We find that the V883 
Ori disk has a two-region morphology, with a very bright inner disk 
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Figure 1 | ALMA observations of V883 Ori. a, The band-6 image at 
0.03″ (12 au) resolution obtained on 27 October 2015. b, The intensity 
profile along the major axis. There is a very bright inner disk with radius 
∼0.1″ (42 au), surrounded by a much more tenuous outer disk extending 
out to radius ∼0.3″ (125 au). The boundary between these two regions is 
sharp and probably unresolved. X and Y are the right ascension and the 
declination, respectively.
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out to ∼0.3″ (125 au). The brightness profile (Fig. 1b) indicates that 
what looks like a ring at 0.1″ in the continuum image is really a sharp 
transition between these two regions.

Our continuum observations include two different spectral win-
dows, each 1.875 GHz wide and centred at 218.0 GHz and 232.6 GHz, 
respectively (see Methods). Even though these spectral windows are 
separated by only 14.6 GHz, the very high signal-to-noise ratio of our 
observations allows us to derive accurate information regarding the 
spectral behaviour of the spatially resolved disk emission out to a radius 
of about 0.2″ (85 au). We use concentric ellipses (inclination = 38.3° 
and position angle = 32.4°) to extract radial profiles in each spectral 
window as a function of the semi-major axis, a. We compare the radial 
profiles extracted in the two spectral windows separately. In order to 
have perfectly matched UV coverage in the two spectral windows, we 
degraded the resolution of the 232.6 GHz observations to match that 
of the 218.0 GHz data. The spectral index, α = ln(F232.6 GHz/F218.0 GHz)/
ln(218.0 GHz/232.6 GHz), as a function of a is shown in Fig. 2a (F is 
the flux at the frequency shown). We find distinct spectral behaviours 
across the disk, with α = 2.02 ± 0.03 in the central beam of the inner 
disk (corresponding to optically thick black-body emission, with tem-
peratures of more than 100 K), and α reaching 3.7 ± 0.2 in the outer 
disk (typical of optically thin interstellar-medium values).

The observed spectral trends can be cast in terms of physical 
 conditions, with grey-body fits20 that can be used as diagnostics for the 
optical depth, τ(a) = τ0 × (ν/ν0)β, and for the average dust temperature 
along the line of sight (Ts, summed to τ ≈ 1) (where ν is the frequency 
of the emission and β is the power-law index relating τ and ν). In our 
case, the spectral information available is an amplitude and a slope, at 
the reference frequency v0 = 218.0 GHz. Because we are provided with 
only two data points, we fix β = 1.0, as appropriate for circumstellar 
material21. The inner disk is very optically thick, and we can obtain an 
accurate estimate for Ts that is independent of the adopted β. On the 
other hand, τ0 and Ts become degenerate in the optically thin regime. 

We therefore adopt a temperature profile with ∝ /T a1s  extrapolated 
from the region where τ = 3. The corresponding τ and Ts profiles for these 
assumptions are shown in Fig. 2b, c. We find that the sharp (unresolved) 
break at ∼0.1″ seen in the V883 Ori disk (Fig. 1a) is associated with a 
steep drop in optical depth and with the transition from the optically 
thick to the optically thin regime. This result is robust and insensitive to 
β and to the exact prescription used to estimate τ and Ts beyond 0.1″.

This intensity break occurs where the temperature has dropped below 
105 ± 11 K. This temperature is more consistent with a water snow-line 
than with the snow-line of any of the other major volatiles present in 
protoplanetary disks (carbon monoxide, carbon dioxide and methane). 
The sublimation temperature of water is a strong function of ambient 
pressure. While it can be close to ∼100 K in the interstellar medium, 
high-vacuum laboratory experiments and simulations22–24 suggest that it 
should be ∼150–170 K at the 10−4 bar pressures expected at the location 
of the water snow-line in a typical disk (1–5 au)11,25. However, because 
the pressure is lower at ∼40 au, the sublimation temperature should also 
be lower in the case of V883 Ori. Furthermore, our temperature estimate 
is based on an extrapolation from the surface of the optically thick inner 
disk and might underestimate the true temperature of the water snow-
line owing to the intense viscous heating at the disk midplane25.

The observed spectral behaviour across the water snow-line has 
recently been predicted14 from numerical models that include the radial 
drift, coagulation, and fragmentation of dust grains. In Fig. 2 we show 
predictions for these models based on low disk viscosity (αvis = 10−4), 
which result in an optically thick inner disk, as appropriate for V883 
Ori. The model predictions are not convolved with the ALMA beam 
and thus have higher resolution than our observations. In these mod-
els, the fragmentation velocity of dust is 1 metre per second inside the 
snow-line and 10 metres per second for ice-covered grains outward of 
this line. In this scenario, icy grains quickly grow into centimetre-sized 
pebbles. Some of these icy particles drift into the inner disk, where 
their icy mantles evaporate. When this happens, their drift velocity 
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Figure 3 | Dynamical mass estimate. a, Intensity-weighted mean  
velocity map of the C18O line, revealing clear Keplerian rotation. 
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ascension and the declination, respectively. b, Position–velocity diagram 
of the C18O J = 2−1 line. The horizontal and vertical dashed lines denote 
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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Figure 1. Column density evolution of disc-disc flybys, viewed face-on to the initial disc rotation. Each row shows a di�erent time in the simulation: before
(140 years), just before (175 years) and after (193+ years) periastron. Each column shows a di�erent simulation with the di�erentiating features listed in the
first panel of each column. Arrows indicate the rotations of the disc. Blue dots indicate the sink particles. Both discs show disc truncation by tidal interaction.
The secondary disc ends up more compact in simulations where initial disc rotations are opposite.
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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Simulation '1,8 [au] '1. 5 [au] "1,38B2,8 [M�] "1,38B2, 5 [M�] '2,8 [au] '2. 5 [au] "2,38B2,8 [M�] "2,38B2, 5 [M�]

pro, no disc 32.9 24.6 0.012 0.008 – 10.1 – 0.0014
pro., same 32.9 24.0 0.012 0.010 16.8 6.0 0.0069 0.0039
pro., oppo. 32.9 24.7 0.012 0.009 16.8 4.0 0.0069 0.0036
retro., oppo. 32.9 21.1 0.012 0.012 16.8 3.9 0.0069 0.0006
retro., same 32.9 25.4 0.012 0.012 16.8 10.9 0.0069 0.0028

Table 1. Disc radii and masses for the primary and secondary discs at the start (8) and end ( 5 ) of the simulation. Disc masses are defined as all particles with
a density > 10�13 g cm�3 within a radius chosen to be 1.2 times the initial set radius of the disc. Radii are defined to be the average radius containing 99% of
the disc mass. All values are the averages over the first and last 15 years of the simulations.
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Figure 3. Accretion rates as a function of time for the di�erent disc-disc flybys showing the primary (top row) and secondary (middle row) mass accretion rate
with the appropriate accretion luminosity on the right axis. The bottom row shows the total accretion luminosity of both stars added together. The vertical dotted
line indicates when periastron occurred at 179.5 years. Overall, the FU Orionis outburst, either in the secondary (prograde encounter) or in both the primary
and secondary (retrograde encounter), is 2–10 times longer when a pre-existing circumstellar disc is present (comparing left column to right four columns).

heated for a longer period of time post periastron while is cools down
quickly for prograde flybys. For the secondary, the surrounding disc
stays more heated for flyby scenarios where the disc rotations are
opposite to that of the primary disc.

Overall, temperatures in the discs rise to above 1500 K for
simulations with a pre-existing circumsecondary disc. In the pro-
grade scenarios, the secondary experiences temperatures of more
than 1500 K in an circle with a ⇠2 au radius around it — which per-
sists for decades — while the primary experiences temperatures of
up to 1500 K within 1 au for less than 3 years. In retrograde cases,
both stars have discs with more than 1500 K surrounding them,
with the disc area experiencing such high temperatures around the
primary having a radius of ⇠6 au, and around the secondary of

⇠3 au. In contrast, the simulation of the star-disc encounter sees
temperatures only reaching ⇠ 1000 K in a radius of 1.5 au around
the secondary as it passes through the circumprimary disc. Temper-
atures this high should in either case sublimate dust present in the
discs, with a�ected areas varying.

The contour in Figure 4 shows the approximate location of the
water snow-line (region within a protoplanetary disc where the con-
densation temperature of a major volatile is reached) corresponding
to a temperature of 105 K (Cieza et al. 2016). The snow-line can be
seen to shift from an initial ⇠10 au pre-encounter to up to ⇠100 au
during the encounter.
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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Abstract

The planets of our solar system formed from a gas-dust disk. However, there are some properties of the solar
system that are peculiar in this context. First, the cumulative mass of all objects beyond Neptune (trans-Neptunian
objects [TNOs]) is only a fraction of what one would expect. Second, unlike the planets themselves, the TNOs do
not orbit on coplanar, circular orbits around the Sun, but move mostly on inclined, eccentric orbits and are
distributed in a complex way. This implies that some process restructured the outer solar system after its formation.
However, some of the TNOs, referred to as Sednoids, move outside the zone of influence of the planets. Thus,
external forces must have played an important part in the restructuring of the outer solar system. The study
presented here shows that a close fly-by of a neighboring star can simultaneously lead to the observed lower mass
density outside 30 au and excite the TNOs onto eccentric, inclined orbits, including the family of Sednoids. In the
past it was estimated that such close fly-bys are rare during the relevant development stage. However, our
numerical simulations show that such a scenario is much more likely than previously anticipated. A fly-by also
naturally explains the puzzling fact that Neptune has a higher mass than Uranus. Our simulations suggest that many
additional Sednoids at high inclinations still await discovery, perhaps including bodies like the postulated planet X.

Key words: Kuiper belt: general – minor planets, asteroids: general – open clusters and associations: general –
planetary systems – planets and satellites: formation – protoplanetary disks

1. Introduction

Explaining the shape of the solar system once seemed simple
—the planets formed from a smooth disk surrounding the
young Sun, orbiting in a plane on almost circular orbits.
However, there are some features of the solar system that seem
at odds with this picture. First, the surface density of the solar
system drops by a factor of more than 1000 outside Neptune’s
orbit at 30 au (Morbidelli et al. 2003). Second, most objects
outside Neptune (trans-Neptunian objects (TNOs)) move on
eccentric, inclined orbits (i>4°) relative to the planetary plane
(Gladman et al. 2008). Third, such objects exist even outside
the range of influence of the planets. All three points strongly
indicate that the outer reaches of the solar system must have
been considerably modified by some process(es) that took place
after its formation.

First, we want to have a closer look at the objects that move
on peculiar orbits despite being outside the range of influence
of Neptune. They are referred to as Sedna-like objects or
Sednoids, named after Sedna, which was the first observed
object of this kind (Brown et al. 2004). When another object of
this kind, namely, 2012 VP113, was discovered (Trujillo &
Sheppard 2014), it became clear that a population of
planetesimals exist that share similar orbital elements (see also
de la Fuente Marcos & de la Fuente Marcos 2014). They are
part of the outer regions of the solar system located between the
Kuiper Belt and the Oort Cloud and orbit on extraordinary wide
(a>150 au), eccentric orbits with large perihelion distances,
q>30 au. All these objects have inclinations with respect to
the ecliptic in the range of i=10°–30° and arguments of
perihelion of ω=340°±55°, so that a common origin has
immediately been suggested (de la Fuente Marcos & de la
Fuente Marcos 2014; Trujillo & Sheppard 2014). By now it is
believed that about 20 Sednoids are known; they consist of
those originally listed in Trujillo & Sheppard (2014) and de la

Fuente Marcos & de la Fuente Marcos (2014), additional
objects suggested in Sheppard & Trujillo (2016), and the
recently discovered 2014 UZ224 (Gerdes et al. 2017).
At such large distances from the Sun, the Sednoids are

outside the area of influence of even Neptune. However, it
seems also that their aphelion distances are too short for them
to be Oort Cloud objects (Brasser & Schwamb 2015). In
principle, it would be possible that they were excited to these
orbits owing to chaotic diffusion. However, this is also
unlikely, because it would require a time span longer than
the age of the solar system to obtain the distance of Sedna
(Sussman & Wisdom 1988). This means that an outside
influence is likely responsible for their orbits. There have been
several suggestions regarding what such an outside influence
could be. One suggestion is that the Sednoids were captured
from the outer disk of another star during a close fly-by
(Kenyon & Bromley 2004; Morbidelli & Levison 2004; Jílková
et al. 2015). Alternatively, the postulation of a possible wide-
orbit ninth planet or planet X (Brown et al. 2004; Gomes et al.
2006; Soares & Gomes 2013; Batygin & Brown 2016) has
gained renewed popularity recently.
Here we suggest a somewhat different process whereby the

Sednoids would have been excited to their current orbits also as
a result of the close fly-by of a star. However, in contrast to the
capture scenario, here the Sednoids would originate from the
Sun’s own, originally more extended disk. In Section 2 we test
in how far one can obtain the different properties of the TNOs,
namely, the Sednoids, the cutoff at 30–35 au, the Kuiper Belt
population, and some additional outer solar system features.
Afterward, we restrict the parameter space to fly-bys that match
best all the outer solar system properties. This is done by
performing an extensive parameter study of the effect of fly-bys
on disks and applying the criteria that correspond to the
observed properties to the obtained simulation results. We will
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First, we apply criterion (a) by selecting only TNOs with
a>30 au and TN>3.05. TN is the Tisserand parameter with
respect to Neptune, given as
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where aN is Neptune’s semimajor axis and a, e, and i are the
semimajor axis, eccentricity, and inclination of the TNO,
respectively. The Tisserand parameter is commonly used to
distinguish asteroids from Jupiter-family comets in terms of
their dynamics with respect to Jupiter: asteroids, with
TJ>3.05, are dynamically decoupled from Jupiter, whereas
comets, with TJ<3, have orbits that are strongly coupled to
the gas giant (Jewitt et al. 2009). Analogously, we use
TN>3.05 to select only those TNOs that are dynamically
decoupled from Neptune. We apply similar dynamical criteria
to the model particles.

Second, we impose the detectability threshold (b) to the
model particles. TNO surveys have complicated detection
biases, but the main and most general effect is that TNOs tend
to be discovered when at perihelion (Shankman et al. 2017). To
account for this, we select only simulation particles with
perihelia less than q=80.4 au, which is the value for 2012
VP113, the TNO with the largest known perihelion (Trujillo &
Sheppard 2014).

As already pointed out by Kobayashi et al. (2005) and Punzo
et al. (2014), fly-bys can produce the excited orbits dominant in
this region very well. This can be seen in Figure 4, where the
simulation results are compared with the observed properties
of the TNOs. Here the representation of the simulation results
is different from those in the previous plots, as we assumed a

1/r-dependence of the initial disk and weight accordingly. The
particles in the plot are only those with a high mass density in
this area. We chose this approach because this probably
resembles the observational selection effects. However, our
results indicate that this may be problematic for some features
of the TNO population. We see in accordance with Kobayashi
et al. (2005) and Punzo et al. (2014) that the overall properties
of the hot Kuiper Belt are well reproduced.
However, their problem was that the cold Kuiper Belt

population was missing; they had no particles with e<0.1.
We pointed out earlier that for the work by Kobayashi et al.
(2005) this was most likely a resolution problem. If we look at
our high-resolution plot (see Figure 3), we clearly see a
population with the eccentricity all the way down to e=0.
This can be seen better in Figure 5, where we explicitly show
only this population. (Note that this area has a relatively low
mass density, which is why it is missing in Figure 4(a), where
we show only areas of high mass density.) This confirms that
one needs a sufficiently high resolution to obtain the cold
Kuiper Belt population.
Going back to Figure 3(b), we can see where this low-

eccentricity population originates from. All matter on fairly
circular orbits is indicated in blue in this plot. Interestingly, we
find several regions outside the central planet area where the
particles still move on orbits with ò<0.1 after the fly-by, some
of them at very large radial distances (>100 au). In addition,
there is a small population scattered within the red area
(0.1<ò<0.4). In our scenario the cold Kuiper Belt
population would originate from this population plus the small
blue area at 45–50 au. Basically, it is the population more or
less at the opposite side of the periastron passage that remains
fairly undisturbed. The relative size and location of this area
depend strongly on the actual fly-by parameters. This

Figure 3. (a) Eccentricity vs. inclination for all test particles for the fly-by illustrated in Figure 2, with the properties of Sedna, 2012 VP113, 2000 CR, and 2010 GB117
indicated. (b) Semimajor axis after the fly-by (final) of the test particles as a function of the pre-fly-by semimajor axis (initial). The areas relevant for Sedna (red) and
2012 VP113 (blue) are highlighted.

5

The Astrophysical Journal, 863:45 (12pp), 2018 August 10 Pfalzner et al.



FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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FUOri disk is ∼0.4, closer to T Tauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).

5.2. Update on the FU Ori Accretion Disk Model

With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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2010) than other FUor sources observed at 1.3 mm (Cieza et al.
2018). The dust masses and disk sizes inferred from the RT
modeling are small compared to the continuum emission from
other FUor and EX Lupi objects (EXor) sources. Cieza et al.
(2018) fit the continuum emission of eight FUor and EXor
targets (their Figure 6), and found that FUor are more massive
than EXor. Interestingly, our resolved observations of FUOri
north and south suggest that the FUor prototype system has
dust masses comparable to the EXor sources in the sample in
Cieza et al. (2018).
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With the assumption that the inclination of FUOri north is
55◦, previous SED fitting to its optical–IR spectrum suggests
that FUOri north harbors a disk accreting at a rate of
� x q �M 2.4 10 4 Me yr−1 around a 0.3 Me star (Zhu et al.
2007). The inner radius is 5 Re in this accretion disk model.

Our observations presented here suggest an inclination angle of
∼35◦. This new inclination allows us to update the disk and
star parameters for FUOri north. First, to produce the same
line width that explains the optical spectrum of FU Ori (Zhu
et al. 2009), the stellar mass has to increase to 0.6Me. With the
smaller inclination angle, the disk luminosity is only 70% of
the previous estimate, which leads to 84% of the previous disk
inner radius and 59% of the previous �M M value. Thus, the
disk inner radius is 3.5 Re and �M is 3.8×10−5 Me yr−1 with
the new central star mass.
Given the very low mass of the disks and the high accretion

rate inferred above, the accretion event must last for a short time
compared to the disk lifetime. The high accretion rate suggests
that the mechanism behind the outbursts in luminosity happens in
an episodic way. There is the possibility that the disk mass is
replenished efficiently by inflow of material from the cloud or by
cloudlet capture (e.g., Dullemond et al. 2019). Our observations
do not rule out the presence of inflowing material and we hope to
further explore this scenario in follow-up observations connecting

Figure 3. Complex kinematic environment and evidence of disk rotation seen in the 12CO channel maps of the FUOri system. The orientation (PA and inclination)
inferred from the continuum maps are indicated by the white dashed lines for each disk. The northern component shows signatures of rotation as blue- and redshifted
12CO emission loci along the disk PA. The red and blue points show the stellar locations of FU Ori north and south, respectively. The velocities, in km s−1, are given
in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 13, 17, 21, 25, 29, 33, 37, and 41 mJy beam−1. The thicker unfilled white
contour shows the 5σ level, i.e., 10 mJy beam−1 (σ is 2 mJy beam−1). The beam size is shown as a gray ellipse in the lower left corner. The systemic velocity
(∼11.7 km s−1) channel at 12 km s−1 suffers heavy foreground absorption and displays no emission above 5σ. Relative R.A. and decl. are shown with respect to the
location of FUOri north (peak of the continuum). The background image shows the High-Contrast Coronographic Imager for Adaptive Optics (HiCIAO) polarized
scattered light map published in Takami et al. (2018), see also Liu et al. (2016).
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S U M M A R Y

• FU Orionis shows strong observational evidence of being an 
interacting binary


• Can explain fast rise in  with disc-penetrating stellar flyby with 
periastron separation of ~10-20 au, consistent with current separation 
and differential motion


• Low mass star goes into sustained outburst, as observed

• No requirement for thermal or other disc instabilities


• Can explain spectral weirdness, it’s a low mass star with very high 
surface temperature (> 5000 K)


• Other phenomenology of outbursting young stars looks promising


• Possible implications for solar system, lots of other things to try!

·M


