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ALMA Studies of Eruptive Stars

ALMA opened a new  regime for studying episodic accretion in FU/EX Ori objects. Despite 
becoming highly popular in the last 15 years we are still trying to understand episodic 
accretion, a process relevant to the formation of low-mass stars, binaries, and planets.  

Gravitational and thermal instabilities, disk fragmentation, forming planets and stellar 
encounters are some of the different proposed triggering mechanisms for the outbursts.  
From recent ALMA and eVLA results (e.g. Cieza et al. 2016, Hales et al. 2018, Liu et al. 
2019), it is becoming clear that the highest resolutions are needed to image the very 
compact disks that surround these objects, and map the instabilities that might be driving 
the activity.  By imaging the inner regions we can fit the temperatures and masses to 
estimate Toomre’s Q  and check for the conditions to drive instabilities.  

Here we show our attempts to understand these disks with today’s ALMA capabilities, but 
very high resolution imaging at lower frequencies (ALMA Band 1 and the next generation 
VLA, or ngVLA) will allow to measure and correct for non-thermal contribution from the disk 
winds, which is crucial for estimating the disk temperatures in the optically thick bands.  

1. Eruptive stars and episodic accretion in star and planet formation

2. Probing triggering scenarios

Relationship between disk mass and disk radius for FUor/EXor sources from Hales et al. (2020) and the literature.  Squares are 
EXors, triangles are FUors, and objects with double FUor and EXor classification are marked with a star symbol. The disk size 

and mass for HBC494 correspond to the ones measured towards the brightest component of  the binary, HBC494 North 
(Nogueira et al., in prep). 

Top panel: Light blue crosses show the disk masses and radii for Class 0 and I protostellar disk candidates in Orion derived from 
0.87 mm ALMA observations Tobin et al (2020). Red crosses show the disk masses and disk radii for Class II sources in Lupus 

from Ansdell et al (2016). The dashed lines correspond to power law fits to the Class 0/I, Class II and FU/EXor data respectively. 
Bottom panel: Same as left panel, but now comparing the FU/EXor data to Class I and Class II sources in Ophiuchus from the 

ODISEA sample Cieza+2019.

Prominent outlfows are detected for the first time about the 
class prototype FU Ori (Hales et al, in prep). Intermediate 
12CO emission shows complex kinematics but we do 
resolve rotation around the primary (top right inset, Pérez et 
al. 2020).

Multi-wavelength observations (VLA, ALMA, 
VLTI) suggested a disk with an inverted 
temperature profile (Liu+2019) consistent with 
viscous dissipation in a 10-4 M☉ yr-1  accretion 
disk (Zhu+2009).
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Figure 8. Schematic picture of our models for FU Ori and FU Ori S
(omitting the envelope component). The colors are chosen only to
match the color coding of the SED components in Figure 4 and 5.
The shapes of individual components also do not have strict physical
meanings since they were not very well spatially resolved by the
observations presented in this manuscript. For FU Ori, a 1 mas angle
corresponds to a spatial scale of 0.416 au.

To assess how the FU Ori disk can be heated due to vis-
cous dissipation, we quoted the effective radiation tempera-
ture profile of a steady-state viscous disk Tviscous(r) assuming
that the disk is very dense and is optically thick such that dust
and gas can be thermalized via inelastic collisions, and that
there is no radiative heating (Pringle 1981):
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where G is the gravitational constant, M⇤ =0.5 M� is the as-
sumed host protostellar mass, Ṁ is the mass accretion rate
which we assumed to be 10-8, 10-6, and 10-4 M� yr-1, � is
the Stephen-Boltzmann constant, and R⇤ is the stellar radius
which we assumed to be 2 R�. These profiles, which may be
regarded as lower limits to the dust temperature in viscous
disks, are presented as the blue lines in Figure 9.

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

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

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

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

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

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

3. The Big Picture of the FU Ori system
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3.2 Large scale outflows in FU Orionis

3.1 The disk

4. Dust disk masses in FU/EX or sources

25 000 au

FU Orionis s a known binary composed of two disks resolved 
by the first time in our ALMA 1.3 mm observations (Pérez et 

al. 2020; figure on the left). 

Gravitational and thermal instabilities, disk fragmentation, 
forming planets and stellar encounters are some of the 

different proposed triggering mechanisms for the outburst.

Complex kinematics with CO gas possibly connecting the two 
disks might support a binary interaction scenario to explain 

FU Orionis (Pérez et al. 2020, figure below).
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Also watch contributed talks by Kóspál and Wendeborn!
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