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HOW DO YOU FORM A SOLAR SYSTEM LIKE OURS?

Credit: wikipedia/CactiStaccingCrane

Solar system is sharply 
truncated at ~47 au

Uranus 
rolls along 
its orbit

Trans-Neptunian objects are 
highly inclined and eccentric

7  Solar obliquity∘

Chrondrules fall into two 
families: late infall?

Chrondrules everywhere: Dust has been melted

Radioactive elements: 
nearby massive stars?



PROBLEM 1: HOW TO MAKE THE SUN?

I. Need to make a 
SINGLE star 

II. Need to accrete 
1Msun of gas

example, by setting the single-star and triple-star fractions to
zero, then the binary-star fraction is  == > 45%n q1; 0.1 and the
quadruple-star fraction is  = >n q3; 0.1=55%. All other distribu-
tions of the multiplicity fractions lead to larger values of
  >n q2; 0.1 =  = >n q2; 0.1 +  = >n q3; 0.1>55%. The majority of
O-type MS primaries are therefore found in triples and
quadruples.

10. Binary-star Formation

Despite their ubiquity, a close stellar companion with
a1au cannot easily form in situ (Tohline 2002). Instead,
the companion most likely forms via fragmentation on large,
core scales of ∼1000 au or within the circumstellar disk at
separations ∼10–100au (Kratter & Matzner 2006). Some
mechanism for orbital evolution is required to bring the binary
to shorter periods. While the dominant migration mechanism
remains unknown, likely candidates include migration through
a circumbinary disk due to hydrodynamical forces, dynamical
interactions in an initially unstable hierarchical multiple
system, or secular evolution in triple stars, such as Kozai
cycles, coupled with tidal interactions (Bate et al. 1995;
Kiseleva et al. 1998; Kratter 2011).

As mentioned in Section 1, the measured mass-ratio
distribution of binaries offers insight into their formation
processes. For example, if the companion migrates inward
through the primordial disk, it most likely accretes additional
mass. Competitive accretion in the circumbinary disk tends to
drive the binary mass ratio toward unity (Kroupa 1995a,
1995b; Bate & Bonnell 1997; Bate 2000; Tokovinin 2000;
White & Ghez 2001; Marks & Kroupa 2011). While RLOF
during the early, fully convective, pre-MS phase may cause the
binary component masses to diverge (Tokovinin 2000), MT
during the late pre-MS phase may instead increase the mass
ratio, possibly contributing to an excess twin population at very
short orbital periods P10days. In both the accretion and

MT scenarios, the binary components coevolve during the pre-
MS phase, which most likely leads to correlated component
masses.
Early-type binaries with P<20days exhibit a small but

statistically significant excess twin fraction  = 0.1twin (see
Figure 35). While excess twins are absent among early-type
binaries with P>20days, their mass ratio distribution is
measurably discrepant with random pairings of the IMF out to
logP (days)≈5.5 (a≈200 au). For solar-type binaries, the
excess twin fraction twin=0.3 is measurably larger at short
periods P<100days. Moreover, the excess twin population
of solar-type binaries extends to significantly wider separations
a≈200au (logP≈6; Figure 35). This separation of
a≈200au is comparable to the radii of primordial disks
observed around young, accreting pre-MS solar-type systems
(Andrews et al. 2009). White & Ghez (2001) find that the
presence of circumprimary and circumsecondary disks is
significantly correlated only if the binary separations are
a<200au. The lack of disk correlation for wider binaries
with a>200au indicates that the components separately
accrete from their own gas reservoirs.
Based on these various lines of observational evidence, we

surmise that wide components with separations a200au
initially fragmented from molecular cores/filaments and have
since evolved relatively independently. For both solar-type and
early-type systems, the mass-ratio distribution of wide
companions is weighted toward more extreme mass ratios
compared to their counterparts with smaller separations. For
wide early-type systems, we measure g qsmall =−1.5±0.4 and
g qlarge =−2.0±0.3, which is close to but slightly flatter than
that expected from random pairings from a Salpeter IMF
(g qsmall = g qlarge =−2.35). Similarly, the widest solar-type
binaries investigated in this study are still measurably
discrepant from random pairings from the IMF (Figure 30).
This demonstrates that wide binaries are not perfectly randomly
paired based solely on the IMF, possibly suggesting that
fragmentation of molecular cores/filaments leads to slightly
correlated component masses. As another possibility, wide
companions may be dynamically disrupted and/or captured
(Heggie 1975). Wide systems may therefore still be randomly
paired, but where the pairings are modified to include the
effects of dynamical processing (Kouwenhoven et al. 2010;
Marks & Kroupa 2011; Perets & Kouwenhoven 2012; Thies
et al. 2015). For instance, wide binaries may initially form with
mass ratios consistent with random pairings drawn from the
IMF, but subsequent dynamical interactions preferentially eject
the lower-mass companions with smaller binding energies (see
more below).
Meanwhile, we conclude that closer binaries with

a200au initially fragmented from the disk and subse-
quently coevolved via accretion. Utilizing analytic models,
Kratter & Matzner (2006) predict that primordial disks around
more massive stars are more prone to fragmentation. This may
explain why the observed frequency >f P qlog ; 0.1≈0.3 of
companions to early-type stars at intermediate separations
a≈20au (logP≈4.0) is ≈3–4 times larger than the
companion frequency >f P qlog ; 0.1≈0.08 to solar-type stars
(Figure 37).
In addition, Kratter & Matzner (2006) find that, although the

typical fragment mass Mfrag increases with final primary mass
M1, the relation between the two is flatter than linear (see their
Figure 6). For example, they estimate qfrag = Mfrag/M1≈0.08

Figure 39. Multiplicity fractions as a function of primary mass (dotted lines),
including the single-star fraction  = >n q0; 0.1 (red), binary-star fraction
 = >n q1; 0.1 (green), triple-star fraction  = >n q2; 0.1 (blue), and quadruple-star
fraction  = >n q3; 0.1 (magenta). Given a primary mass M1, our model assumes
that the multiplicity fractions follow a Poisson distribution across the interval
n=[0, 3] in a manner that reproduces the measured multiplicity frequency

>f qmult; 0.1 = å =n 1
3 n  >n q; 0.1. For solar-type stars, this model matches the

measured values (solid) within their uncertainties. Regardless of the
uncertainties in the multiplicity fractions, 10% of O-type stars are single
while 55% are born in triples and/or quadruples.
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Credit: Adam Block/wikipedia

IS STAR FORMATION EVER ISOLATED?

Credit: NASA/ESA/M. Robberto/ HST 
Orion Treasury Project
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Abstract

We present high-resolution ALMA Band 6 and 7 observations of the tidally disrupted protoplanetary disks of the
RW Aurigae binary. Our observations reveal tidal streams in addition to the previously observed tidal arm around
RW Aur A. The observed configuration of tidal streams surrounding RW Aur A and B is incompatible with a
single star–disk tidal encounter, suggesting that the RW Aurigae system has undergone multiple flyby interactions.
We also resolve the circumstellar disks around RW Aur A and B, with CO radii of 58au and 38au consistent with
tidal truncation, and 2.5 times smaller dust emission radii. The disks appear misaligned by 12° or 57°. Using new
photometric observations from the American Association of Variable Star Observers (AAVSO) and the All Sky
Automated Survey for SuperNovae (ASAS-SN) archives, we have also identified an additional dimming event of
the primary that began in late 2017 and is currently ongoing. With over a century of photometric observations, we
are beginning to explore the same spatial scales as ALMA.

Key words: binaries: general – protoplanetary disks – stars: individual (RW Aur)
Supporting material: data behind figures

1. Introduction

The evolution of the circumstellar environment of a T Tauri
star (TTS) from gas and dust to planets involves complex
dynamical processes that are directly influenced by the
presence of companions. It is known that most TTSs are in
binaries (Ghez et al. 1993; Leinert et al. 1993; Richichi
et al. 1994; Simon et al. 1995; Ghez et al. 1997), and the
process of planet formation can be altered and disrupted by a
stellar companion that gravitationally influences the gas and
dust within the star’s circumstellar disk. Specifically, strong
binary interactions will stir up the disk, enhancing planetesimal
collisions. Additionally, binary interactions can excite the
orbital eccentricities and inclinations of planetesimals, as
shown by stellar flyby models to explain the outer structure
of the the Kuiper Belt in our own solar system (Ida et al. 2000).
Theoretical models predict that young binary systems may
truncate the surrounding circumstellar material at a distance of
up to three times the orbital separation of the two stars
(Artymowicz & Lubow 1994). This might explain the
deficiency of debris disks around main-sequence binaries with
separations of between 3 and 50 au when compared to other
single star systems and other binaries (Trilling et al. 2007).

A demonstration of the impact of binary interactions on disk
evolution (and possibly planet formation) is the classical TTS
RW Aurigae. The RW Aur system is 140 pc away (van
Leeuwen 2007) and comprised of at least two stellar objects,
RW Aur A and B, which are separated by ∼1 5 (Herbig &
Bell 1988; Duchêne et al. 1999; Stout-Batalha et al. 2000). RW
Aur A has a large bipolar jet extending out to ∼100″ and

containing many emission knots (Mundt & Eislöffel 1998;
López-Martín et al. 2003). Using the Plateau de Bure
Interferometer (PdBI), this system was mapped in 12CO and
dust continuum by Cabrit et al. (2006) down to a resolution of
0 9×0 6. Several unusual features were detected in these
observations: a very compact rotating disk around RW Aur A,
a large ∼600au long 12CO tidal arm stretching from it, and a
circumstellar structure with complex kinematics around RW
Aur B. Based on a comparison with early numerical
simulations by Clarke & Pringle (1993), Cabrit et al. (2006)
proposed that RW Aur B recently had a close encounter with
RW Aur A, tidally stripping the original circumstellar disk
around A. Although the disk around RW Aur A was not
spatially resolved, comparison of its CO profile with theoretical
models for Keplerian disks (Beckwith & Sargent 1993)
indicated a small radius of 40–57 au, inclined 45°–60° to the
line of sight. It was also speculated that the eccentric flyby of
RW Aur B possibly contributed to a temporary enhancement
of the disk accretion rate onto RW Aur A (4×10−8

−2×10−7Meyr
−1, Hartigan et al. 1995; Facchini et al.

2016). Whether the A disk will survive this enhanced accretion
episode is unclear: at the current rate, and with the disk mass
estimated from dust (3×10−4Me Andrews & Williams
2005), the disk would be accreted in only 1000years.
To add to the mystery, RW Aur has also been exhibiting

strong occultation events. After being photometrically mon-
itored for over a century (Beck & Simon 2001), the RW Aur
system faded by ∼2mag in late 2010 for 180days (Rodriguez
et al. 2013). From analyzing over 110years of B-band
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Abstract

We present a multiwavelength analysis to reveal the nature of the enigmatic TTauri triple star system. New optical
and infrared measurements are coupled with archival X-ray, UV, and millimeter data sets to show the
morphologies of disk material and outflow kinematics. A dark lane of obscuring material is seen in silhouette in
several emission lines and in model-subtracted ALMA millimeter continuum dust residuals near the position of
TTauSa+Sb, revealing the attenuating circumbinary ring around TTauS. The flux variability of TTauS is
linked in part to the binary orbit; TTauSb brightens near orbital apastron as it emerges from behind circumbinary
material. Outflow diagnostics confirm that TTauN powers the blueshifted western outflow, and the TTauS
binary drives the northwest-southeastern flow. Analysis of the southern outflow shows periodic arcs ejected from
the TTau system. Correlation of these arc locations and tangential kinematics with the orbit timing suggests that
launch of the last four southern outflow ejections is contemporaneous with, and perhaps triggered by, the TTauSa
+Sb binary periastron passage. We present a geometry of the TTau triple that has the southern components
foreground to TTauN, obscured by a circumbinary ring, with misaligned disks and interacting outflows.
Particularly, a wind from TTauriSa that is perpendicular to its circumstellar disk might interact with the
circumbinary material, which may explain conflicting high-contrast measurements of the system outflows in the
literature. TTauri is an important laboratory for understanding early dynamical processes in young multiple
systems. We discuss the historical and future characteristics of the system in this context.

Unified Astronomy Thesaurus concepts: Classical T Tauri stars (252); Circumstellar disks (235); Stellar jets (1607)

1. Introduction

T Tauri is the eponymous pre-main-sequence Sun-like star
(Joy 1945), but investigation over the past 30 yr has revealed
that it is a remarkable member of this class of young stars. T
Tau was identified as an interesting variable star in the 1800s,
particularly when the associated extended nebula 20″–30″ to
the west disappeared from detection in the 1860s (Hind 1864).
Hind’s variable nebula underwent multiple dimming events
throughout the late 1800s and early 1900s and was the first
astronomical nebula confirmed to vary in brightness level
(Burnham 1890). In 1890, Burnham reported on low-level
nebulous emission surrounding T Tau, with a prominent ∼4″
extension at a position angle (PA) of ∼151°. This nebula, now
designated Burnham’s nebula, has also varied in morphology
and brightness over its observation history (Burnham 1890;
Struve 1862; Robberto et al. 1995). T Tau itself was
historically seen to flicker in brightness in optical wavelengths,
from its peak level at Vmag∼9.5 to fainter than the detection
limit on photographic plates (<13.5–14th mag; Lozinskii 1949;
Beck & Simon 2001). Figure 1 presents a three-color optical
view of T Tau, revealing the optical star and its surrounding
nebulosities.

The T Tau triple star system consists of the optical star T Tau
North (T Tau N) and the infrared binary T Tau South (T Tau S)
at a separation of 0 7 to the south (Dyck et al. 1982). T Tau S
has never been detected in the optical, to a limiting V
magnitude of 19.6 (Stapelfeldt et al. 1998). Koresko (2000)
discovered that T Tau S is itself a binary with a projected
spatial separation of ∼7 au (∼0 05) at the time of its discovery
observation in 1997. The stars of the T Tau S binary,

designated Sa and Sb, have been monitored for the past two
decades for orbital motion using high-resolution near-infrared
(IR) adaptive optics imaging (Schaefer et al. 2006; Köhler et al.
2008; Schaefer et al. 2014; Csépány et al. 2015; Kasper et al.
2016; Köhler et al. 2016; Schaefer et al. 2020). In this time, the
T Tau S binary has been mapped through more than two-thirds
of its 27.2±0.7 yr orbit (Schaefer et al. 2020). The total mass
of T Tau S is ∼2.5–2.7Me, in which T Tau Sb is 0.4–0.5Me
and Sa is 2.0–2.3Me, based on the most recent published
dynamical model of the orbit (Schaefer et al. 2020). The range
of the derived mass values depends on the distance adopted for
the T Tau system (Schaefer et al. 2020): 143.7 pc from Gaia
DR2 (Bailer-Jones et al. 2018), or 148.7 pc from VLBI
measurements (Xu et al. 2019). Recent IR spectral measure-
ments find evidence for a cooler photospheric temperature and
later spectral type for T Tau N; Flores et al. (2020) postulate
that it is lower in mass and young, while Schaefer et al. (2020)
argue for variable starspot activity. Although T Tau N is one of
the most luminous T Tauri stars within 200 pc of the Sun and T
Tau S is optically undetected, the orbital models reveal that T
Tau Sa is the most massive star in this young triple system. Our
reference to “T Tau S” throughout this document is to the
combined T Tau Sa+Sb binary system.
T Tau N is among one the brightest classical T Tauri stars

(CTTSs) in the Taurus–Auriga association of young stars. The
T Tau system is known to have natal envelope material in its
surrounding environment (Momose et al. 1996; Schuster et al.
1997), which suggests that this triple system is on the young
side for T Tauri stars (TTSs; Adams et al. 1987; Lada 1987).
H-R diagram analyses with modern stellar models span a wide
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Credit: Nicolás Cuello (in prep) Credit: DP using dustmaps Python package (Green 2018 JOSS)

See Ambrose poster on star formation in small-N clusters



1. HOW TO MAKE A SINGLE STAR Bate (2012, 2018)

A star like the Sun

See Elsender talk

➤ Form single stars by 
ejecting them from 
unstable multiple 
systems 

➤ Almost every star has 
multiple infall events or 
stellar flybys in the 
Class 0 stage 

➤ Naturally explains 
misalignment between 
disc and stellar spin 
axes



DISC SIZES ARE SET BY TIDAL TRUNCATION

Ans: dynamical interaction 
occurs in small groups 

independent of large-scale 
stellar density (Bate 2018)

➤ Disc size distribution in cluster 
formation simulations matches the 
observed (mm-continuum) size 
distributions 

➤ How can the distribution in Taurus, 
Ophiuchus & Orion be the same if 
dynamical interaction is important? 

Stars with no interactions do not 
match the observed population

Bate (2018) compared to observations by Vicente 
& Alves (2005); Tazzari et al. (2017); Tripathi et 
al. (2017); Andrews et al. (2009,  2010)



HOW DID THE SOLAR SYSTEM GET ITS SIZE?

“The Kuiper cliff”

➤ Distribution of minor bodies 
sharply truncated at ~47 au 

➤ Very difficult to explain in 
standard models 

➤ Would be naturally explained by 
a stellar flyby, like every other 
disc (Ida+2000; Kenyon & 
Bromley 2004)

47 au

Data from minorplanetcenter.net (19/5/23)

Credit: DP

Dones 1997; Jewitt et al. 1998; Chiang & Brown 1999; Trujillo & Brown 2001; 
Allen et al. 2001; Gladman et al. 2001; Petit et al. 2006, Larsen et al, 2007

The few bodies 
that lie beyond 
47 au are 
inclined and 
eccentric

http://minorplanetcenter.net


A FLYBY IN THE OUTER SOLAR SYSTEM?

star clusters indicate a reasonable probability, ,15%, for a stellar
encounter within 160 AU during the first 1 Gyr of the solar lifetime24.
Because the Sun is heavy enough to remain in the cluster as the
cluster evaporates, 30% to 50% of the encounters probably occur
during the first 100Myr of the solar lifetime. Thus the total
probability of producing at least one object with a Sedna-like
orbit in the Solar System is reasonably large, ,5% to 10% for an
indigenous object and ,1% for a captured object. These probabil-
ities are significant compared to the chance of finding a Solar System
like our own around any solar-type star, ,1% or less24.
The simulations demonstrate that fly-bys leave unique signatures

on the dynamics of the outer Solar System. Corotating fly-bys
produce a single population with orbital inclination i<108 at 100–
500 AU; counter-rotating fly-bys produce a cold population with i
#108 and a hotter population with i $308 (Fig. 2). Fly-bys with an
initial scattered disk of objects at 60–80 AU yield broader, but still
distinct, distributions in inclination (Fig. 3). The two inclination
populations of counter-rotating fly-bys qualitatively resemble the
two observed populations of Kuiper belt objects at 40–50 AU

(ref. 30). Systematic searches for high-inclination objects in the
outer Solar System can distinguish between corotating and counter-
rotating fly-bys and can estimate the relative fraction of objects in a

scattered disk at the time of the fly-by.
Orbits of individual objects also test the models. Some fly-

bys produce objects with orbital elements similar to 2000
CR105, a ,1,000-km planet with q ¼ 44 AU, e ¼ 0.8 and
i ¼ 228. Although 2000 CR105 is closer to Neptune than
Sedna, the known planets probably could not have scattered
2000 CR105 into its present orbit7,16. The corotating fly-by in
Fig. 2 cannot produce orbits with the large range of inclination
observed in Sedna and 2000 CR105, but counter-rotating fly-bys
yield a broad range of orbits that encompass the observations.
Both types of fly-by generate orbits similar to those of 2000
CR105 and Sedna from a scattered disk (Fig. 3). Long-term
simulations suggest that interactions with Neptune broaden the
inclination distributions of corotating fly-bys, forming objects
with orbital elements closer to both 2000 CR105 and Sedna.
From these simulations, we estimate that 2000 CR105 is two to
three times more likely to be a captured planet than Sedna.
Because our calculations are the only known way to produce
high-inclination objects, searches at high ecliptic latitude pro-
vide the best test of this mechanism for Sedna formation.
Detection of objects with i $408 would clinch the case for the
presence of extrasolar planets in the outer Solar System. A

Figure 2 Orbital elements of planets, formed in situ in the planetary disk, after the fly-by of
a one-solar-mass star as a function of final heliocentric distance. The planets have an

initial probability p of formation in 1-AU bins at 40–80 AU, derived from detailed planet-

formation calculations; p / a 21, where a is the semimajor axis. The left panels show a

marginally bound, corotating fly-by (d close ¼ 160 AU, i ¼ 238 and q ¼ 2128). The right

panels show a marginally bound counter-rotating fly-by (d close ¼ 90 AU, i ¼ 1728

degrees, and q ¼ 1308). Large black circles represent the orbital elements of Sedna.

Large black triangles represent the orbital elements of 2000 CR105. In the upper panels,

objects below the dashed lines cross the orbit of Neptune; in the middle panels, objects

above the dashed lines cross the orbit of Neptune. Cyan points indicate planetary orbits

initially distributed between 30–80 AU (Fig. 1), with initial eccentricity e 0 ¼ 0.02 and

initial inclination i 0 ¼ 0.58. Blue points indicate orbits initially at 80 ^ 2.5 AU, with

e 0 ¼ 0.05 and i 0 ¼ 18. Magenta points indicate objects captured by the Sun from the

disk of the passing star. Each simulation consisted of 1,000 particles.

letters to nature

NATURE |VOL 432 | 2 DECEMBER 2004 | www.nature.com/nature600 ©  2004 Nature  Publishing Group

➤ Naturally truncate the 
(dust) disc 

➤ Stir particles beyond 50 au 
into inclined and eccentric 
orbits, matching those of 
the trans-Neptunian 
objects

Kenyon & Bromley (2004)
See also Pfalzner et al. (2018)
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Fig. 6 Gallery of flyby candidates, shown in scattered light (for HV Tau/DO Tau inset on 160 µm Herschel image; [165]). Z CMa from [99], others via
SPHERE archive/F. Ménard (ISO-Oph 2, DO Tau, RW Aur and FU Ori courtesy of Iain Hammond). Intensity shown with log scaling except for SR24 and
AS205 which are shown on a linear scale. Images de-noised following procedure in [100] (https://github.com/danieljprice/denoise)

4.1 SR 24

Located in the ρ-Ophiuchus star-forming region, SR 24 (also known as HBC 262) is a hierarchical triple composed of a primary
(SR 24 S, MS > 1.4 M!) and a secondary (SR 24N, MN " 0.95 M!) [166] at a separation of 5.”2 [167]. The latter is itself a
binary star: SR 24Nb (MNb " 0.61 M!) and SR 24Nc (MNc " 0.34 M!) [166], with a projected separation of 0.”197 and an
eccentricity of 0.64+0.13

−0.10 [168]. Dust thermal emission has been recently observed around both SR 24 S and SR 24N [169, 170].
ALMA and SMA kinematical observations show three main features: a bridge of gas between SR 24N and SR 24 S, an elongated
and blue-shifted feature towards the SW of SR 24 S, and a gas reservoir towards the NW of SR 24N. This is in agreement with
observations in the near-infrared, which show a bridge, a long spiral arm, numerous asymmetries, and shadows [143, 144, 171].
Altogether, the disc morphology strongly suggests that a flyby occurred recently.

4.2 ISO-Oph 2

Located in the ρ-Ophiuchus star-forming region, ISO-Oph 2 is a binary system with a separation of 240 au [172]. The primary star
harbours a massive (∼ 40 M⊕) ring-like disc with a dust cavity of ∼ 50 au in radius. The secondary hosts a lighter (∼ 0.8 M⊕)
disc [145]. The combination of 1.3 mm continuum and 12CO molecular line observations at 0,”02 (3 au) resolution, reveal two
non-axisymmetric rings around the primary. Moment 0 and 1 maps obtained from 12CO data reveal a prominent bridge of gas
connecting both discs. A prograde flyby of the southern component has been proposed in order to explain the disc asymmetries
observed [145].

4.3 HV & DO Tau

Located in the Taurus star-forming region, HV Tau is a triple system composed of a wide (550 au) binary (HV Tau C and HV Tau AB)
and a tight (10 au) binary (HV Tau A and HV Tau B). HV Tau host a disc and it is at 12 600 au from another disc-hosting star
(DO Tau). Winter et al. [146] modelled the interaction between HV Tau C and DO Tau as the decay of a quadruple system. The
observations reveal the presence of a bridge between both sources in the 160 µm emission [165]. In this case, a penetrating disc-disc
prograde encounter could reproduce most (if not all) the observed features. The mass ratio between the stellar components is poorly
constrained, a q ≈ 1 flyby is within errors. Moreover, HV Tau C exhibits a high accretion rate [173], suggestive of a recent prograde
flyby.

123

Cuello, Ménard & Price (2023)

Flybys are (relatively) rare for t > 1 Myr, but 
ubiquitous during the early phase of star 

formation



2. CAN WE GROW A STAR TO 1 SOLAR MASS BY DISC ACCRETION?
Manara, Ansdell, Rosotti, Hughes, Armitage, Lodato, Williams Demographics of YSOs and their protoplanetary disks

Fig. 4.— Ṁacc vs M? for the targets for which both quan-
tities are available in Table 1. The dashed line shows the
Ṁacc/M?2 line, plotted to guide the eye, but it does not rep-
resent a fit to the data.

of the disk evolutionary process or it is simply a by-product
of how the initial conditions scale with stellar mass. It is
likely that both aspects cooperate to establish the observed
correlation, but no work so far has attempted to fully dis-
entangle the two possibilities. In the context of viscously
evolving models Dullemond et al. (2006) and Alexander
and Armitage (2006) have explored which initial conditions
lead to the observed correlation at the present time. The for-
mer work attempted to link explicitly this correlation with
simple models of disk formation from a rotating collapsing
core, finding that they were able to provide an explanation
under the assumption that t � t⌫. The latter work instead
explored which correlations with stellar mass in the initial
conditions are needed to reproduce the observed correla-
tion, without trying to motivate them from disk formation
models, and favored the opposite case in which t ⌧ t⌫ and
the observed correlation was already present in the initial
conditions. As an imprint of the initial conditions the cor-
relation has received comparably less attention in the re-
cent years, but recently Somigliana et al. 2022 conducted
a full investigation of which initial conditions lead to the
observed correlation in the viscous framework, both for the
t � t⌫ and for the t ⌧ t⌫ case. In this case they also con-
sidered the correlation between disk mass and stellar mass
(see § 4.1.3) which was not known at the time of the two
previous studies. Their main result is that, given enough
time, in the viscous picture disk mass and accretion rate
must scale in this same way with stellar mass, with an ex-
ponent which is set by the initial conditions. In the oppo-
site view in which the correlation is a result of the evolu-
tionary process, Clarke and Pringle (2006) and Ercolano
et al. (2014) proposed that the correlation could be an im-
print of the disk clearing process. In particular, the latter
demonstrated that the correlation is found in the case of disk

dispersal driven by X-ray photo-evaporation, since the ob-
served correlation would merely reflect the scaling of the
X-ray photo-evaporation rate with stellar mass. It is still
unexplored if this holds true regardless of the initial condi-
tions, and what are the consequences for the scaling of disk
mass with stellar mass.

The data in the Chamaeleon I and Lupus regions by
Alcalá et al. (2017) and Manara et al. (2017b) have also
shown evidence that a double power-law fit of this relation
could be a more statistically robust representation than a
simple power-law fit. This would imply a very steep re-
lation at M?<0.2–0.3 M�, followed by a flatter relation
(slope⇠1) at higher M?. Similar trends are probably al-
ready observable also in other regions (e.g., Venuti et al.
2014b). On the other hand, the fact that this double power-
law behaviour is not observed in younger regions (Manara
et al. 2015; Fiorellino et al. 2021) could suggest that this is
an evolutionary e↵ect, with lower-mass stars having a more
rapid decrease of Ṁacc than higher-mass stars.

The double power law behavior could be due to di↵erent
physical regimes operating in the early phases of disk for-
mation and evolution; Vorobyov and Basu (2008, 2009) sug-
gested that disk self-gravity plays an important role soon af-
ter formation around stars more massive than M?⇠ 0.5M�.
This drives large accretion torques which leaves less ma-
terial available in the class II phase and therefore a lower
accretion rate which flattens the correlation. Self-gravity
is less important and disks evolve more viscously around
lower mass stars.

Finally, work is being done to determine the relation be-
tween Ṁacc and M? in the younger phases of PMS and disk
evolution. Fiorellino et al. (2021) have shown that Class I
targets have higher Ṁacc than their Class II counterparts in
NGC 1333, and appear to lie in the upper part of the Ṁacc-
M? relation. New near-infrared surveys of other young
star-forming regions are needed to confirm this result.

4.1.2. Disk dust mass as a function of age

By sampling star-forming regions with di↵erent ages,
the recent ALMA surveys have been able to demonstrate
that, in general, the continuum emission, interpreted as disk
dust mass, systematically decreases with the age of the re-
gion (e.g., Ansdell et al. 2016, 2017; Barenfeld et al. 2016;
Pascucci et al. 2016; Eisner et al. 2018; Ruíz-Rodríguez
et al. 2018; Cox et al. 2017; Cieza et al. 2019; van Ter-
wisga et al. 2019, 2020; Villenave et al. 2021, see Fig. 5),
likely reflecting disk dispersal, dust evolution and/or grain
growth (e.g., Pinilla et al. 2020). However, this monotonic
decrease is not observed in the young Ophiuchus region
(Williams et al. 2019) and in the possibly young CrA region
(Cazzoletti et al. 2019). These two surveys pose questions
on the simple interpretation of a decrease in mm-size con-
tent in disks with age, and possibly suggest that the evolu-
tion of the dust content in disks is subject to replenishment,
maybe due to planetesimals collisions (e.g., Turrini et al.
2012, 2019; Gerbig et al. 2019; Bernabò et al. 2022).
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Figure 4. Model 12 gas surface densities in the inner 1200 AU at several times after the formation of the central. The star is shown in the coordinate center by a red
circle and the time is shown in each panel in Myr. The scale bar is in g cm−2. Vigorous gravitational instability and fragmentation is evident in the early disk evolution
at 0.1 Myr ! t ! 0.3 Myr.
(A color version of this figure is available in the online journal.)

Time (Myr)
0.0 0.1 0.2 0.3 0.4 0.5

M
as

s 
(M

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

star
disk
core
total

Figure 5. Time evolution of the disk, stellar, and core masses, as well as the
total mass in the computational domain, for model 12. The zero time is defined
as the moment of formation of the central star.

Time (Myr)

0.0 0.1 0.2 0.3 0.4 0.5

M
as

s 
ac

cr
et

io
n 

ra
te

 (M
 y

r-1
)

1e-9

1e-8

1e-7

1e-6

1e-5

1e-4

Figure 6. Time evolution of the mass accretion rate onto the star for model 12.
The zero time is defined as the moment of formation of the central star.

8

9

Fig. 8.— (top) Mass accretion rate and (bottom) masses of the
central star (solid curve), the disk (dashed curve), and the envelope
cloud (dotted curve) as a function of time for the αGI model with
αrd = 10−4.

Fig. 9.— Same as Figure 2 but for the αGI model with αrd =
10−4. In panel (d), the solid curve includes viscous heating through
the MRI and hydrodynamic turbulence in the dead-zone (i.e. non-
zero αrd) as well.

cretion rate during a single outburst in Figure 9. Radial
profiles of surface densities and midplane temperatures
at the onset, peak and end of the outburst, as well as
contributions of various heating sources to the midplane
temperature are also plotted in the same figure. In the
non-zero αrd model, the dead-zone residual viscosity gen-
erates a significant amount of heating which dominates
at R ! 3 AU. It is greater than the external irradiation
over these radii by as much as two orders of magnitude.
GI heating is significant at 2 ! R ! 20 AU due to large
mass in the dead-zone, but outbursts are thermally trig-
gered near the disk inner edge before enough material
piles up for GI to initiate outbursts.

Fig. 10.— (top) Mass accretion rate and (bottom) masses of the
central star (solid curve), the disk (dashed curve), and the envelope
cloud (dotted curve) as a function of time for the self-gravity model
with αrd = 10−4.

Fig. 11.— (a) Mass accretion rate as a function of time for an
outburst occurred during the infall phase (t ∼ 0.23 Myr) when disk
self-gravity is important. Radial distributions of (b) surface den-
sity, (c) midplane temperature, and (d) the Toomre Q parameter
at the beginning of the outburst are plotted as well. Horizontal
dotted line in panel (c) indicates the MRI activation temperature
TMRI and the one in panel (d) shows where Q = 1. The verti-
cal dashed lines present the radii between which infalling material
from the envelop cloud falls on at this time. Radial distributions
are taken along the φ = 0 direction, but the Toomre Q parameter
is azimuthally averaged.

3.2.2. Self-gravity model

In Figure 10, we plot the mass accretion rate for the
non-zero αrd model as a function of time. The mass
accretion rate maintains a value of 10−8−10−7 M" yr−1

in between bursts, which is in agreement with the zero
αrd model, but the outbursts generally have a smaller
peak accretion rate ∼ 10−6 − 10−5 M" yr−1 than the
ones in the zero αrd model. At the end of infall phase,

Bae+(2014)
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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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➤ 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) 

➤ Cloud Capture (Dullemond et al. 2019)
Hartmann & Kenyon (1996)



FU ORIONIS Reipurth & Aspin (2004); Malbet et al. (2005); Beck & Aspin (2012); Takami et al. (2018); 
Laws et al. (2020);  Perez et al. (2020); Labdon  et al. (2021)

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 FUOri 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 FUOri 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 FUOri is a variable
embedded object, the information about its stellar spectrum
is not well known. Here we assume an effective stellar
temperature of 104K and a stellar radius of 5Re 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 0.1μm 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 FUOri 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 FUOri north (blue), FUOri 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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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)

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 FUOri 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 FUOri 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 FUOri is a variable
embedded object, the information about its stellar spectrum
is not well known. Here we assume an effective stellar
temperature of 104K and a stellar radius of 5Re 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 0.1μm 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 FUOri 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 FUOri north (blue), FUOri 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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BUT WHAT CAUSES FU ORIONIS OUTBURSTS?

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

FU ORIONIS PHENOMENON 211

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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➤ 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) 

➤ Cloud Capture (Dullemond et al. 2019)
Hartmann & Kenyon (1996)

YOU ARE 
LOOKING AT 
THE WRONG 

STAR!
Outburst is on the 
LOW MASS object!

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 FUOri 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 FUOri 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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The scale height as a function of radius is given 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 FUOri is a variable
embedded object, the information about its stellar spectrum
is not well known. Here we assume an effective stellar
temperature of 104K and a stellar radius of 5Re 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 0.1μm 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 FUOri 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 FUOri north (blue), FUOri 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 AS A FLYBY

1 yr rise with no need for thermal instability!

Borchert, DP et al. (2022a,b)

M-dwarf star with 
Teff ~ 6000K

High mass companion 
not in outburst

Infall motions

Outflows

T > 1500 K : form 
crystalline silicates

Moving snow line

See also Vorobyov+2021

Melted dust aka  
Chondrules

+ live 
MCFOST 
radiative 
transfer 
with  
L=Lstar      
+ GM ·M/R*



HOW TO ACCRETE LIKE HELL

High  occurs when accretion 
flows are misaligned!

·M

On the rise times in FU Orionis events 3

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.

MNRAS 000, 1–5 (2021)

Borchert, DP et 
al. (2022a,b)



HYPOTHESIS:
Stars grow via misaligned flows

1. FU Orionis outbursts are misaligned flow accretion events
2. Accretion occurs this way during the entire Class 0/1 phase 
    should be associated with jets/outflows
3. BY DEFINITION there is infalling envelope  
    material when stars accrete in this “hot” mode

Corollaries:

See Kuffmeier talk + papers (Kuffmeier+2017; 2018; 2021)



GROWING STARS VIA MISALIGNED FLOWS: THEORY

➤Hot mode = misaligned infall 
producing direct cancellation of 
angular momentum

Cold (disc) 
mode

Bate (2018)

Bate (2018); see also Kuffmeier et al. (2017, 2018, 2021)

Hot 
mode



GROWING STARS VIA MISALIGNED FLOWS: L1527 WITH JWST

This is how 
most of the 

mass accretion 
happens!

Tobin+2013:
Credits: NASA, ESA, CSA, and STScI. 
Image processing: J. DePasquale, A. 
Pagan, and A. Koekemoer (STScI)



Miotello+2017  
for discs in Lupus

➤ Not enough dust 
or gas mass to 
form observed 
exoplanet systems 
(or the solar 
system)

PROBLEM 2: HOW TO MAKE THE PLANETS?



PROTOPLANETARY DISCS ARE NOT PROTO-PLANETARY…

C. F. Manara et al.: Planet and disk masses

Fig. 2. Masses of single exoplanets, exoplanetary systems, and disk
masses as a function of the mass of their host star, as in Fig. 1. The
colored regions encompass the 10th and 90th percentiles of the distri-
butions, while the dashed lines represent the median of the distributions,
as labeled.

gas-to-dust ratio of 100, it is found that the median of the disk
masses is higher than the median of the exoplanet masses by
a factor of less than 10, while the 90th percentile of the two
distributions are always comparable within a factor of 3. How-
ever, the assumption of a constant gas-to-dust ratio of 100 is
uncertain.

We therefore perform a comparison of the disk dust masses
with the core masses in planets and planetary systems. The main
reasons for this choice is that the mass of planetary cores is
mainly composed of the same heavy elements as the dusty com-
ponent of disks, and that the disk dust masses are in general less
uncertain than total disk masses. If the dust material in the disk
has not yet grown to sizes larger than those probed by the mil-
limeter flux of the disks, the disk dust material represents the
material available to form planetary cores and rocky planets. The
opposite possibility is considered in Sect. 4.1. For rocky planets,
assumed here to be those with Mpl < 10 M�, we use their total
mass as a tracer of the heavy element content. For more massive
planets, instead, we convert the planet mass into core masses us-
ing the relation found by Thorngren et al. (2016) using a sample
of 47 transiting planets. We calculate the total mass of heavy
elements in exosystems by summing up the individual masses
of rocky planets and cores of giant planets in each exosystem.
The dependence of the total core planets masses on stellar mass
is shown in Fig. 3 together with the disk dust masses. The me-
dian values of the disk dust masses are systematically ⇠0.2–0.3
times the heavy element content of planetary systems at all stel-
lar masses<2 M�. This confirms that the result obtained for disks
and planets around low-mass stars is valid at all masses, and that
the measured dust content in protoplanetary disks is smaller than
the masses of the cores of exosystems. It is also worth noting
that planetary systems are concentrated within a few au from the
central star, whereas most of the disk mass is farther out. This
makes the imbalance between planet masses and disk masses
even more pronounced, as planet masses are much larger than
the local disk masses. Planet migration and/or pebble accretion
might help to alleviate this issue because both processes concen-
trate the solid mass from a large portion of the disk into its inner
part. In the next section we address possible solutions to this
conundrum.

Fig. 3. Masses of the cores of single exoplanets and the sum of the
cores in exoplanetary systems, as well as disk masses, as a function of
the mass of their host star. The colored regions encompass the 10th and
90th percentiles of the distributions, while the dashed lines represent the
median of the distributions, as labeled.

4. Discussion

The results shown in Sect. 3 pose a serious question of whether
the protoplanetary disks have enough mass to form planets
when they are ⇠1–3 Myr old, the age of the disks analyzed
here. From the theoretical perspective, all models to explain
the formation of planetesimals and planets are based on pro-
cesses that are quite ine�cient. In scenarios like pebble accre-
tion (e.g., Johansen et al. 2007; Johansen & Lambrechts 2017;
Ormel 2017), for example, only a small fraction of the pebble
flux is captured by growing planets (see Guillot et al. 2014). If
the total disk dust mass, calculated assuming a distribution of
grain sizes, is a proxy of the amount of both small dust parti-
cles and pebbles, the disk dust mass is expected to be larger by
at least one order of magnitude than the final mass in heavy el-
ements in the planetary system. As we showed in Fig. 3, the
heavy element content in exoplanetary systems can be as high as
⇠2–3 MJ for solar mass stars, and 0.02 MJ, about 6.4 M�, around
brown dwarfs (e.g., the TRAPPIST-1 system, Gillon et al. 2017).
In the solar system, summing up the mass in the terrestrial plan-
ets, in the cores of the giant planets, and in the progenitors of
the Kuiper belt and Oort cloud, the total amount of heavy ele-
ments is about 130 M�, or 0.4 MJ (e.g., Guillot et al. 2014). On
the contrary, the highest measured dust masses of protoplanetary
disks at ⇠1–3 Myr are ⇠0.5–1 MJ around solar mass stars, and
0.01 MJ, ⇠3 M�, around brown dwarfs (see also discussion by
Pascucci et al. 2016). These are also the masses of a tiny frac-
tion of disks, whereas the bulk of the disk population has masses
that are one order of magnitude smaller (see Fig. 3). This com-
parison shows that either planet accretion is more e�cient than
current models suggest or that other scenarios are needed.

A first naive possibility to explain this discrepancy is that the
current surveys of exoplanets are biased towards high-mass plan-
ets, and the bulk of the population of exoplanets is instead much
less massive than the one we observed. However, disk surveys
are only targeting the disks that are still massive at ⇠1–3 Myr,
and, for example, they do not include less massive disks which
are optically thin in the near-infrared (Class III). These two bi-
ases should balance out.

Another possibility to explain the discrepancy is that disk
dust masses are highly underestimated. It has been shown that

L3, page 3 of 8

Manara et al. (2018);  Mulders et al. (2021)

Planets must be already made!



MULTIPLICITY IS PRINTED ALL OVER THE DISC POPULATION: TRANSITION DISCS

inner disk are shown in Figure 1, and a zoom-in on each disk
with contours in units of the image rms is shown in Figure 2.

The natural weighted images were used to determine the dust
surface density profiles of the outer disk in Section 3.3. For AB

Aur, lower-resolution Band 7 data (program 2012.1.00303.S)
were used to measure the surface density profile of the outer
disk, as the Band 6 data did not contain the short baselines and,
thus, did not recover most of the outer disk emission.

Figure 1. ALMA image continuum gallery of the 38 transition disks in our sample. The size is scaled to the size of the outer disk. The beam size is shown in the
bottom left, and the scalebar is shown at the bottom is 30 au in length. Note that the outer disk of AB Aur is resolved out due to a lack of short-baseline data.
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The Astrophysical Journal, 892:111 (23pp), 2020 April 1 Francis & van der Marel

Francis & van der Marel (2020)

Probable binary (Hammond+2022)

Ongoing stellar flyby (Ménard+2020)

Spectroscopic binary

Probable binary (Calcino et al. 2022) 
or massive planets (Dong+2015, Ren+2018)
Two giant planets (Mueller+ 2018, Keppler+2018)

Kinematic detection of planet in gap (Pinte+2019)

Hierarchical quintuple (Di Folco et al. 2014)

Probable binary (Calcino et al. 2019)

Planet imaged in gap (Hammond+2023)

Misaligned binary (Rosotti+2020)
Probable binary (Norfolk+2022)

Probable binary (Poblete+2020)

Warped disc/moving shadows 
(Debes+2017) suggesting massive 
inner companion (Nealon+2018)+ 
super-Earths (Mentiplay+2019)

Circumbinary / misaligned (Lacour+16,Price+18)



PLANETS REVEALED BY KINEMATIC PERTURBATIONS… Pinte, DP et al. (2018)

Cycle 1 JWST follow up scheduled for August 2023 (PI: Cugno)

Best match 
with models 

using 
M ≈ 2 − 3 MJup



PLANETS REVEALED BY KINEMATIC PERTURBATIONS… Pinte et al. (2019)

Figure 1: ALMA observations of the dust and gas disc surrounding HD 97048. a) 13CO 3-2

emission at velocity + 0.96 km.s�1 from the systemic velocity. The velocity kink revealing the

presence of an embedded perturber is marked by a dotted circle and the cyan dot represents the

location of the putative planet. The kink is located above the gap detected in continuum. b)

885µm continuum emission using all the continuum channels b) and c) 13CO 3-2 emission at the

opposite velocity - 0.96 km.s�1 from the systemic velocity, where the emission displays a smooth

profile. Line observations were not continuum subtracted. The ALMA beam is 0.07”⇥0.11” and

is indicated by the grey ellipse.

9



PLANETS REVEALED BY KINEMATIC PERTURBATIONS…

emission, but this distorted emission should be seen in all
channels and should be associated with variations in brightness
temperature. This is, for instance, seen for HD163296, where
gaps have been previously detected in the gas (Isella et al.
2016), in particular south of the star in the channels presented
in Figure 1. The velocity kink we detect east of the central
object displays a significantly different fork shape, but we
cannot rule out that it is at least partly due to a CO line optical
depth effect, rather than a velocity signature. Higher spectral
resolution observation at a similar spatial resolution is
necessary to conclusively distinguish between these two
possibilities. Similarly, CO gaps have been detected by

Favre et al. (2018) in the disk of AS209 and may hide the
presence of small velocity kinks. Additionally, Teague et al.
(2018b) measured azimuthally averaged rotation curves in
AS209 and detected deviations from Keplerian rotation at the
5% level. It remains unclear whether these deviations in the
velocity profile reveal intrinsically azimuthally symmetric
deviations or averaged localized deviations. As far as we can
tell, there is no significant localized deviation in the velocity
field of the disk as probed by 12CO.
Non-Keplerian motion may be unrelated to planet wakes.

The deviation from Keplerian velocity may occur in the radial,
vertical, or azimuthal directions, or any combination thereof.

Figure 1. Candidate velocity kinks detected in the 12CO J=2−1 DSHARP data. Dashed circles indicate the velocity kinks, and the cyan dots the location of the
planet assuming it is in the disk midplane. Solid lines in the third column indicate the expected location of the isovelocity curves at  v i0.2 sinKep , where vKep is the
Keplerian velocity at the location of the planet. In all eight disks the candidate planet lies within a continuum dust gap. Note that channel spacing is half of the spectral
resolution due to Hanning smoothing, and adjacent channels are not independent. Strong cloud contamination is present for Elias 2–27.
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The Astrophysical Journal Letters, 890:L9 (18pp), 2020 February 10 Pinte et al.

Pinte, DP et al. (2020)

See PPVII 
review by Pinte 
et al. (2023)

Verrios, DP et al. (2022)



…AND ALSO DIRECT IMAGING

Hammond et al. (2023 incl. DP)Benisty et al. (2021)

PDS 70 HD 169142

Credit: ESO VLT/SPHERE - Monash University - Iain Hammond et al., adapted and mixed by Meli_thev

Also Müller et al. (2018); Keppler et al. (2018, 2019),  
Haffert et al. (2019); Christiaens et al. (2019a,b)

Direct evidence for 
circumplanetary 

discs



HOW DO YOU FORM A SOLAR SYSTEM LIKE OURS?

Credit: wikipedia/CactiStaccingCrane

Solar system is sharply 
truncated at ~47 au

Uranus 
rolls along 
its orbit

Trans-Neptunian objects are 
highly inclined and eccentric

7  Solar obliquity∘

Chrondrules fall into two 
families: late infall?

Chrondrules everywhere: Dust has been melted

Radioactive elements: 
nearby massive stars?

Fresh infall / late flyby

Formation in cluster

Natural in accretion bursts 
caused by misaligned flows

All disc sizes may be 
set by their last flyby?

Naturally 
explained by 

late flyby

Single star 
= loser in an 

unstable 
triple

1 solar mass can 
only be accreted 
via misaligned 

flows



CONCLUSION: THIS IS THE ENVIRONMENT IN WHICH STARS AND PLANETS FORM

➤ Stars grow via misaligned flows, NOT by disc accretion 
➤ Planets form early, when disturbances, fresh infall and flybys are common 
➤ Planets form readily, even at large orbital separations 
➤ The solar system reveals hints of the same processes, indicating universal 

formation process

Disc observations tell us that:

Credits: NASA, ESA, CSA, and STScI. 
Image processing: J. DePasquale, A. 
Pagan, and A. Koekemoer (STScI)


