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ABSTRACT

FU Orionis-type stars are young stellar objects showing large outbursts due to highly enhanced

accretion from the circumstellar disk onto the protostar. FUor-type outbursts happen in a wide variety

of sources from the very embedded ones to those with almost no sign of extended emission beyond the

disk. The subsequent eruptions might gradually clear up the obscuring envelope material and drive

the protostar on its way to become a disk-only T Tauri star. We used VLT/VISIR to obtain the

first spectra that cover the 8 − 13µm mid-infrared wavelength range in low-resolution of five recently

discovered FUors. Four objects from our sample show the 10µm silicate feature in emission. We

study the shape and strength of the silicate feature in these objects and find that they mostly contain

large amorphous grains, suggesting that large grains are typically not settled to the midplane in FUor

disks. This is a general characteristic of FUors, as opposed to regular T Tauri-type stars whose disks

display anything from pristine small grains to significant grain growth. We classify our targets by

determining whether the silicate feature is in emission or in absorption, and confront them with the

evolutionary scenarios on the dispersal of the envelopes around young stars. In our sample, all Class II

objects exhibit silicate emission, while for Class I objects, the appearance of the feature in emission

or absorption depends on the viewing angle with respect to the outflow cavity. This highlights the

importance of geometric effects when interpreting the silicate feature.

Keywords: protoplanetary disks — pre-main sequence stars — circumstellar matter

1. INTRODUCTION

FU Orionis-type objects (FUors) form a small group

of pre-main sequence stars characterized by large out-

bursts in visible and infrared light. The brightenings are

attributed to increased accretion from the circumstellar

disk onto the protostar (Audard et al. 2014). Enhanced

accretion is often accompanied by enhanced mass loss:

many FUors drive collimated jets or broad molecular

outflows (Hartmann & Kenyon 1996). The importance

of FUors stems from the fact that episodic accretion is

often invoked as an explanation for the luminosity prob-

lem, i.e., that protostars are typically one or two orders

of magnitude fainter than theoretically expected (Dun-

∗ Based on observations collected at the European Southern
Observatory under ESO programs 097.C-0292, 098.C-0529, and
0102.C-0310.

ham et al. 2013). If so, then all young, Sun-like stars

should go through repeated accretion outbursts.
Regarding their circumstellar structure, FUors form

a heterogeneous group, but the observed differences are

far from being random. In the beginning of their evolu-

tion, protostars are deeply embedded in envelopes. Dur-

ing the repeated outbursts, however, more and more of

the envelope material is accreted and/or blown away

(Takami et al. 2018). Therefore, it is likely that the pe-

riod when FUor outbursts happen corresponds to the

important transition phase when the embedded proto-

star gradually clears away its enshrouding envelope to

become a Class II T Tauri star. The observed differ-

ences among individual FUors point to an evolutionary

sequence within this process.

Based on the appearance of the 10µm silicate feature,

Quanz et al. (2007) proposed a classification scheme for

FUors, suggesting that objects showing the feature in
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2 Kóspál et al.

absorption are younger, still embedded in a circumstel-

lar envelope; while objects showing the silicate band in

emission are more evolved, with direct view on the sur-

face layer of the accretion disk. A similar evolutionary

sequence was outlined by Green et al. (2006) based on

the amount of far-infrared excess, and by Kóspál et al.

(2017a) based on the millimeter CO line flux.

In the past ten years, several new young outburst-

ing stars were discovered. While their light curves

and optical/near-infrared spectral properties make them

bona fide FUors, their status in the evolutionary se-

quence outlined above is not clear, due to the lack of

mid-infrared spectroscopy, and often due to the lack of

far-infrared photometry as well. In this paper, we place

these new FUors into the evolutionary scheme of Quanz

et al. (2007) and constrain the dust grain properties by

observing their 10µm silicate feature for the first time.

2. TARGET SELECTION

By 2009, a large fraction of FUors known at that time

had been observed with the Infrared Spectrograph (IRS)

of the Spitzer Space Telescope. Until the James Webb

Space Telescope (JWST) is launched, we can obtain

mid-infrared spectra only with ground-based instrumen-

tation. For the present study, we selected five FUors

discovered in the last decade, that are observable from

Paranal Observatory, and for which no 10µm spectra

had ever been published before.

V582 Aur was first observed photometrically and spec-

troscopically by Semkov et al. (2011). Its brightening

started between 1984 and 1985, it reached its maxi-

mum in 1986, and it is still close to maximum bright-

ness (Semkov et al. 2013). Its flat spectral energy dis-

tribution (SED) and millimeter observations indicate a

significant amount of circumstellar material, including

a massive envelope (Ábrahám et al. 2018; Zsidi et al.

2019).

V723 Car brightened by 3 mag in the K band between

2000 and 2002 (Tapia et al. 2015). Its SED indicates

that it is a Class I source.

V899 Mon was discovered by the Catalina Real-time

Transient Survey (Wils et al. 2009). According to Ninan

et al. (2015), it brightened by 3.5 mag in the R band

between 1989 and 2010. It is a flat-spectrum or an early

Class II young stellar object.

V900 Mon was discovered by an amateur astronomer

(Thommes et al. 2011), and characterized in detail by

Reipurth et al. (2012) and Takami et al. (2019). It

brightened by 4 mag at optical wavelengths some time

between 1953 and 2009, and its SED suggests that it is

a Class I protostar with a massive cool envelope.

V960 Mon used to be a normal young, low-mass pre-

main sequence star until 2014, when it suddenly bright-

ened by 3 mag at optical wavelengths (Maehara et al.

2014; Kóspál et al. 2015; Hackstein et al. 2015). Its

spectral energy distribution suggests that it is a Class II

object, with a remnant envelope.

3. OBSERVATIONS AND DATA REDUCTION

We collected data for our targets over several

semesters with ESO’s Very Large Telescope (VLT) at

Paranal Observatory in Chile. Tab. 1 summarizes the

details of our observations. We obtained low resolution

(R ∼ 350) 8–13µm spectra with the VLT spectrom-

eter and imager for the mid-infrared (VISIR, Lagage

et al. 2004), installed on the Melipal (UT3) telescope.

We used a 1′′ wide slit and employed an ABBA nodding

pattern along the slit. We concatenated the science mea-

surements with calibrator observations to enable precise

telluric correction and flux calibration. In addition, we

used calibrator data from other programs that were ob-

served during the same night as our science targets. The

calibrator stars have spectral types of A1 (Sirius), G9.5

(α Mon) and K1–5 (HD 26311, HD 26967, HD 37984,

HD 59381, HD 75691, and HD 169916). They were all

detected at very high signal-to-noise ratio (between 150

and 9000).

For basic data reduction and extraction of the spec-

tra, we ran the ESO VISIR spectroscopic pipeline in

the EsoRex environment version 3.12.3. In order to cor-

rect for telluric features, we divided the target spectrum

by a spectrum derived via interpolation between the two

standard star measurements, one obtained at higher and

one at lower airmass than the science target. Flux cal-

ibration was carried out by multiplying by the model

spectra of the standard stars. The uncertainty on the

absolute flux calibration can be as large as 20%.

4. RESULTS AND ANALYSIS

Fig. 1 shows the VISIR spectra of our targets. We

detected the 8−13µm emission of all five targets. Typi-

cal signal-to-noise ratios are 10−20 for V723 Car and

25−100 for the other targets. Out of our sample,

one object (V723 Car) shows the 10µm silicate fea-

ture in absorption, while the remaining four (V582 Aur,

V899 Mon, V900 Mon, and V960 Mon) have silicate in

emission. Note that there is a significant difference in

the absolute flux levels of our two V960 Mon spectra.

This is due to the fact that the two spectra were taken

2.6 years apart and the source had been significantly

fading in this period (Hackstein et al. 2015).

The strength and shape of the silicate feature contains

information about the composition and typical size of
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Table 1. Log of our VLT/VISIR observations.

Object Distancea Airmass Calibrators ESO run Date Exp. time

V582 Aur 1320 pc 1.48 – 1.45 HD 26311, HD 26967 0102.C-0310(A) 2018 Oct 13/14 1500 s

V723 Car 2500 pc 1.27 – 1.32 HD 48915, HD 169916 097.C-0292(D) 2016 Apr 30/May 1 1600 s

V899 Mon 769 pc 1.06 – 1.09 HD 48915, HD 37984 0102.C-0310(D) 2018 Nov 12/13 1400 s

V900 Mon 1100 pc 2.10 – 2.57 HD 48915, HD 75691 097.C-0292(C) 2016 May 15/16 1300 s

1.14 – 1.21 HD 48915, HD 61935 098.C-0529(C) 2016 Dec 20/21 1100 s

V960 Mon 1574 pc 1.67 – 2.30 HD 48915, HD 169916 097.C-0292(B) 2016 Apr 30/May 1 2300 s

1.07 – 1.12 HD 48915, HD 59381 0102.C-0310(B) 2018 Dec 2/3 2200 s

aReferences: V582 Aur: Kun et al. (2017); V723 Car: Tapia et al. (2015); V900 Mon: Reipurth et al. (2012); V899 Mon and V960 Mon:
Bailer-Jones et al. (2018).

Figure 1. VLT/VISIR spectra of our targets (black dots
with error bars) and V346 Nor (Kóspál et al. 2020). The
colored curves are different templates fitted to the observed
data points: the spectrum of comet Hale-Bopp (cyan, Cro-
visier et al. 1997), the interstellar dust grains (red, Kemper
et al. 2004) and FU Orionis (orange, Green et al. 2006). The
numbers in the legend show the χ2 values of the fits.

the grains that emit (or absorb) the feature. To charac-

terize the observed spectral shapes, we fitted three dif-

ferent templates to the observed spectra: those of the in-

terstellar matter (ISM), comet Hale-Bopp, and FU Ori.

The ISM typically contains submicron-sized amorphous

silicates and displays a characteristic triangular shape

that peaks at 9.7µm (Kemper et al. 2004). Comets in

the solar system may contain high fractions of crystalline

olivines and pyroxenes (up to 90%, e.g., Crovisier et al.

1997; Harker et al. 2002), showing narrower peaks com-

pared to the broad amorphous feature. FU Ori, the pro-

totype of the FUor class, exhibits a relatively weak emis-

sion feature with a plateau between 9.5−12µm, which

is due to amorphous silicates that underwent significant

grain growth (Przygodda et al. 2003; Quanz et al. 2007).

We adopted a model fitting procedure similar to that

used by Varga et al. (2017) for the T Tauri-type star

DG Tau. We model the spectra as a combination of

a linear continuum and one of the three template fea-

tures which can be either in absorption or in emission.

Emission features are optically thin, therefore the fea-

ture strength is scaled by a simple multiplicative fac-

tor during fitting. Absorption features can be optically

thick, therefore in these cases the templates were scaled

as e−τ(λ). Fitting was restricted to the 8.4−9.4µm and

10.0−12.5µm wavelength ranges to avoid the ozone ab-

sorption and the edges of the atmospheric window. The

best-fitting model of each type can be seen in Fig. 1.

4.1. Objects with silicate absorption

The absorption feature of V723 Car seems to be most

similar to the ISM template, suggesting that the ab-

sorption is caused by small amorphous dust grains. We

calculated the optical depth at 9.7µm, and obtained

τ9.7µm = 2.22. We converted it to A9.7µm, then to AV
(adopting AV /A9.7µm = 18.5 from Mathis 1990), and

obtained AV = 45 mag. Using SED fitting, Tapia et al.

(2015) determined AV = 15−18 mag circumstellar and

53−54 mag interstellar extinction. Our value derived
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from the depth of the silicate absorption is in-between

these numbers.

For comparison, we did a similar template fitting to

the VISIR spectrum of V346 Nor, another embedded

FUor (Kóspál et al. 2020). For this object, the best-

fitting template is also that of the ISM. Here, we ob-

tained τ9.7µm = 0.76 and AV = 15 mag. The differ-

ence in absorption depth and shape between V723 Car

and V346 Nor is most probably due to the different

amounts of line-of-sight extinction leading to different

optical depths in the silicate feature. The absorption

in V723 Car is more optically thick than in V346 Nor,

leading to almost zero fluxes at the bottom of the fea-

ture and a distortion of the typical triangular spectral

shape.

4.2. Objects with silicate emission

The χ2 values in Fig. 1 indicate that for all of the

emission spectra, the FU Ori template fits better than

either the ISM or the Hale-Bopp template. Therefore,

we can conclude that in general the silicate emission

features of our targets seem more similar to that of

FU Ori than that of the ISM or Hale-Bopp. We note

that for V900 Mon, the first spectrum was taken at very

high airmass, and is probably unreliable, as suggested

also by the large wave-like artifacts especially between

10−12.5µm. Therefore, we do not interpret this spec-

trum further.

According to Quanz et al. (2007), the Spitzer/IRS

spectrum of FU Ori can be fitted with a dust composi-

tion containing 57% amorphous olivine and 43% amor-

phous pyroxene. The model did not contain any crys-

talline forsterite, crystalline enstatite, silica, or amor-

phous carbon. Most of the grains (84%) in their model

are > 1µm in size. The similarity of our targets’ spectra

to that of FU Ori suggests that these objects also contain

almost exclusively amorphous silicates and grains must

be mostly larger than micron-sized, but with varying

amounts of submicron-sized grains present as well. We

do not attempt a detailed mineralogical decomposition

of our spectra; this would require higher signal-to-noise

and calibration accuracy than our data possess.

van Boekel et al. (2003) and Przygodda et al. (2003)

found a correlation between the strength of the silicate

feature (as defined by the maximum of the silicate fea-

ture over the continuum) and the ratio of the continuum-

subtracted fluxes at 11.3µm over that at 9.8µm. They

based this on a sample of a dozen Herbig Ae/Be stars

(van Boekel et al. 2003) and a dozen T Tauri stars (Przy-

godda et al. 2003) observed with the Thermal Infrared

Multi Mode Instrument 2 (TIMMI2) at the 3.6 m tele-

scope at ESO’s La Silla observatory in Chile and the

Short Wavelength Spectrometer (SWS) onboard ESA’s

Infrared Space Observatory (ISO). They interpreted the

correlation as the removal of small (0.1µm) grains from

the disk surface while the large (1−2µm) grains remain.

These studies were later followed up using Spitzer/IRS

spectra by Kessler-Silacci et al. (2006), who confirmed

that there are many weak and flat silicate features con-

sistent with micron-sized grains indicating fast grain

growth, and by Olofsson et al. (2009), who also found

micron-sized crystalline grains in many cases, in ad-

dition to the micron-sized amorphous grains. To

check where our targets fall in the feature strength

vs. 11.3/9.8µm flux ratio correlation, we first tried to

reproduce the correlation for a merged sample of the tar-

gets from Przygodda et al. (2003), Kessler-Silacci et al.

(2006), and Olofsson et al. (2009), and downloaded

their Spitzer/IRS spectra from the CASSIS database1.

We fitted linear continua between 7.5−7.9µm and

12.9−13.1µm and followed the definitions of Kessler-

Silacci et al. (2006) to calculate the flux ratios and

feature strengths. We applied the same procedure to

our VISIR spectra, except that we fitted the continua

between 8.0−8.5µm and 12.5−13µm due to the re-

stricted wavelength coverage of VISIR compared to IRS.

The normalized spectra, in order of decreasing feature

strength, are plotted in Fig. 2, while the resulting flux

ratio vs. feature strength graph can be seen in Fig. 3.

In this graph, we also indicated with arrows what di-

rection a data point moves due to grain growth or a

larger fraction of crystalline silicates, according to the

modeling presented in Kessler-Silacci et al. (2006) and

Olofsson et al. (2009).

The emission features we observed in our targets with

VISIR are typically weak, broad, and flat. The strongest

silicate emission feature ever observed in a FUor is dis-

played by V960 Mon. The two spectra of this star were

taken with 2.6 years apart, during which time the source

faded almost by a factor of two both in the continuum

and in the feature. Remarkably, the relative strength

and shape of the feature remained practically the same.

The weak and flat emission features in the FUors

mean that these objects are clustered in the left side of

the graph in Fig. 3, indicating significant grain growth.

Some of our targets are among the objects showing the

weakest and flattest detectable silicate emission feature.

The FUors are also located mostly at the lower edge of

the area occupied by regular T Tauri and Herbig Ae/Be

stars (gray dots), indicating that the grains around them

are mostly amorphous. Nevertheless, there are some

1 https://cassis.sirtf.com/
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differences in feature strength between the individual

FUors. The observed trend follows the same as in T

Tauri and Herbig Ae/Be stars, i.e., a smaller Speak is

accompanied by an S11.3/S9.8 flux ratio closer to 1.0.

As indicated in the figure, this is due to grain growth,

suggesting that small grains contribute at varying de-

grees to the feature in the different FUors.

5. DISCUSSION

In the following, we check whether the appearance of

the silicate feature in absorption or emission in our tar-

gets correlates with any of the system parameters, like

the protostellar classification or the mass of the circum-

stellar material. We use our sample from Tab. 1 together

with V346 Nor in the following discussion.

There are three Class I objects in the sample.

V723 Car and V346 Nor show silicate absorption, while

V900 Mon has weak silicate emission. The Class II

objects in the sample, V582 Aur, V899 Mon, and

V960 Mon all show silicate emission. This suggests

that, at least for embedded sources, the circumstellar

geometry has an important role in determining the sil-

icate feature. For instance, in case of a wide enough

outflow cavity and favorable inclination, we can have a

direct view of the disk, where silicate emission arises.

Indeed, based on ALMA observations of the CO(2−1)

rotational line, V900 Mon has an outflow opening angle

of 70◦ on the blueshifted side and disk inclination of

less than 48◦ from face-on (Takami et al. 2019), while

V346 Nor has an opening angle of only 40◦ on the

blueshifted side of the outflow (Kóspál et al. 2017b) and

a disk inclination between 20−40◦ from face-on, as sug-

gested by ALMA continuum emission (Kóspál et al. in

prep.). This suggests that we observe V346 Nor through

thick envelope material entrained in the outflow cavity

walls, while we see V900 Mon through the cleared-out

outflow cavity. We have no information on the circum-

stellar geometry of V723 Car other than that it has a

very massive envelope (on the order of thousand solar

masses, Tapia et al. 2015), in line with the deep silicate

absorption.

In conclusion, for our small sample of three Class I ob-

jects, a silicate feature in absorption means that our line

of sight is through the envelope, while a silicate feature

in emission means that we see the object through the

outflow cavity. The importance of circumstellar geome-

try and viewing angle on the appearance of the 10µm sil-

icate feature was noticed earlier, both in model simula-

tions (Robitaille et al. 2006) and in observations (Furlan

et al. 2008).

Based on interferometric observations of the millime-

ter continuum emission, the mass of the circumstellar
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Figure 2. VLT/VISIR and Spitzer/IRS spectra of FUors
with silicate emission feature. A linear continuum was sub-
tracted from the spectra, and they were also normalized by
the average value of the fitted continuum. The spectra are
plotted in order of decreasing feature strength from top to
bottom. We smoothed the VISIR spectra using a 5-point
wide moving window.

matter can be estimated. Considering the spatial res-

olution provided by the synthesised beam (80–170 au),

this is most likely the mass of the disk for our targets.

V582 Aur was observed at 3 mm with the Plateau de

Bure Interferometer and a total circumstellar mass of

0.04M� was calculated assuming optically thin emission
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ized 11.3/9.8µm flux ratio versus the feature strength. Gray
dots mark Spitzer spectra of T Tauri and Herbig Ae/Be
stars from the samples presented in Przygodda et al. (2003),
Kessler-Silacci et al. (2006), and Olofsson et al. (2009). Black
dots show Solar System comets.

at this wavelength (Fehér et al. 2017). ALMA contin-

uum observations at 1.3 mm are available for V899 Mon,

V900 Mon, V960 Mon, and V346 Nor (Kóspál et al. in

prep.). By fitting radiative transfer models similar to

those of Cieza et al. (2018) to the observed brightness

profiles, we found total masses of 0.03, 0.3, 0.2, and

0.2M�, respectively. This suggests that, at least for

eruptive young stellar objects, the circumstellar mass

does not correlate one-to-one with either the protostellar

class or the appearance of the silicate feature. The mea-

sured mass varies at least an order of magnitude within

our Class II objects, both Class I and Class II objects

may have similar circumstellar masses, and both objects

with silicate emission and absorption may have similar

circumstellar masses.

Fig. 3 shows that normal, non-eruptive T Tauri and

Herbig Ae/Be stars have a wide variety of silicate emis-

sion feature strengths and shapes, suggesting that some

have small amorphous grains while others show vary-

ing degrees of grain growth and crystallization. FUors

show less variety: they all have amorphous, mostly large

grains. This holds true not only for the objects whose

VISIR spectra are presented here, but also for objects

measured earlier with Spitzer/IRS, like FU Ori, Bran 76,

V1057 Cyg, and V1515 Cyg (Green et al. 2006).

It is surprising to find large grains in disk surfaces as

they should be settled in the midplane. van Boekel et al.

(2003) proposed two possible explanations for this: tur-

bulent mixing from the midplane, or a supply of large

grains from the inner disk by an X-wind. These mecha-

nisms may operate in FUors at an elevated level due to

the on-going outburst. In a large sample of classical T

Tauri stars, Watson et al. (2009) found that increasing

crystallinity is linked to dust settling to the disk mid-

plane, but found no correlation between the crystalline

mass fraction and stellar mass or luminosity, stellar ac-

cretion rate, disk mass, or disk/star mass ratio. In this

context, although FUors have high accretion rates and

large luminosities, they may lack crystalline silicates due

to the dust not being settled in the midplane in their

disks.

To learn more about the distribution, composition,

and other properties of silicate grains in FUors, two new

possibilities are open. MATISSE, the second generation

infrared interferometer on the VLT is able to resolve the

emitting region in the N band down to spatial scales of a

few milli-arcsecond for the brighter sources. MATISSE

has the potential to solve the puzzling lack of crystalline

silicates in FUor disks by separating the emission from

the innermost, hottest disk regions. The MIRI instru-

ment of the JWST will be able to detect sources down

to the µJy level at 10µm. The JWST’s superior sensi-

tivity and stability makes it the perfect instrument for

monitoring young eruptive stars. It is expected to detect

subtle changes in the silicate feature during the episodic

accretion events, so that we can learn how these events

affect the grains in the planet-forming region.

This project has received funding from the European

Research Council (ERC) under the European Union’s

Horizon 2020 research and innovation programme under

grant agreement No 716155 (SACCRED).
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Ábrahám, P., Kóspál, Á., Kun, M., et al. 2018, ApJ, 853,

28, doi: 10.3847/1538-4357/aaa242
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