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Цели работы
• Механизм образования массивных звезд (с массой > 8 масс 

Солнца) пока неясен. Основные модели – это коллапс 

одиночного массивного ядра и конкурентная аккреция.

• Наблюдательные исследования процесса образования 

массивных звезд затрудняются редкостью и большой 

удаленностью таких областей.

• Основная цель – изучения процесса образования массивных 

звезд на примере S255IR, который является ярким 

представителем такого рода объектов, активно 

исследовавшимся в различных диапазонах и на разных 

масштабах.
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S255 star forming region

GMRT 610 MHz (green) and IRAM 30m 1.2 mm (cyan) contours overlaid on the 
Spitzer 8 µm image

D ~ 1.8 kpc1’
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High velocity outflow in S255IR
SMA+30m
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Fe II HCO+(4-3) outflow
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Figure 6. Distributions of water masers observed in 2005 using the VLBA (Goddi et al. 2007), and in 2010 using VERA (this work).
Masers from the aforementioned works are shown as open and filled circles, respectively. The VLBA masers were shifted into the frame
of the MYSO by correcting for the systemic motion over the 5 years elapsed between observations. The peak position of the centimeter
source from Rengarajan & Ho (1996) is indicated with a cross whose size indicates to the positional error in the measurement.

4 DISCUSSION

4.1 Combined VERA and VLBA view of

S255IR-SMA1

Amore complete view of the maser activity in S255IR-SMA1
can be obtained by comparison with the previous observa-
tional results of Goddi et al. (2007) who observed the same
maser transition using the VLBA. Their observations were
carried out in 2005, and ours in 2010. We combine our maser
data with the positions and line of sight velocities of the 56
masers in their Table 1, corrected for the offset caused by
the source motion during the 5 years between observations.
The comparison is shown in Figure 6.

Although individual maser features are unlikely to have
survived the time between VLBA and VERA observations
it is clear that the physical structures traced by the different
maser groups (NE, SW and red-W masers) have persisted.
Compared to the VERA only map (Figure 2) the combined
maser distribution better samples the physical structure and
reinforces the NE and SW lobes as dominant sources of
maser emission. A lengthening of the jet is evident in the

SW lobe, the case is not so clear in the NE lobe as no masers
sample the shock front.

An expanded view of the SW jet head is given in Fig-
ure 7 which shows jet lengthening and tentative indication of
expansion in a jet-widening sense. This is difficult to quan-
tify since the VLBA data contains two incomplete possible
shock fronts, making cross identification with the VERA re-
sults difficult. We return to this topic, and that of jet widen-
ing in Section 4.2, via comparison to jet models.

From the combined VERA and VLBA view we infer
a jet shell width of about 50 mas. The angular separation
between the SW and NE lobes is about 400 mas, leading
to a collimation degree of about 8. Taking in to account
the system inclination of i = 86.25◦ and distance of 1.78
kpc, we estimate a physical jet length of ∼ 335 au. Using
our 3D maser velocity we calculate a dynamic age of tjet !
130 years. Since the jet bowshock moves faster than the
gas it entrains, the maser motions represent a lower limit
to the jet velocity and thus the dynamic age is an upper
limit. Given that protostellar ejection are thought to follow
accretion events the occurrence of a young bipolar jet implies
that S255IR-SMA1 is still actively accreting mass.

c⃝ 2002 RAS, MNRAS 000, 1–9

Burns et al. 2016 6
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Fujisawa et al. (ATel # 8286) reported on a flare of the 6.7 GHz class II methanol maser in S255IR, the first one ever recorded from this 
maser since its discovery by Menten (1991 ApJ, 380, L75). From 2015 July to October the maser flux density rose by a factor of about 
ten. Since IR radiation from heated dust is thought to be the pumping mechanism of this maser transition (Sobolev & Deguchi 1994, A&A, 
291, 569), we performed near-infrared (NIR) imaging of the embedded cluster to identify an object which brightened and warmed up its 
surrounding dust. To this aim PANIC (Baumeister et al. 2008, Proc. SPIE 7014, 70142) at the Calar Alto 2.2-m telescope as well as 
GROND (Greiner et al. 2008, PASP 120, 405) at the La Silla 2.2-m telescope were used. PANIC imaging was performed on 2015 Nov 28 
(Ks), 2016 Jan 18 (H, Ks) as well as Feb 23 (H, Ks). GROND JHK imaging started on 2016 Feb 18. 

A comparison of the first PANIC Ks-band image with the UKIDSS K-band image (epoch 2009 Dec 08) shows a brightening of the point 
source located at 06h 12m 54.020s, +17d 59' 23.07", known as S255IR-NIRS3. It is a high-mass YSO (HMSYO) with a stellar mass of 
~20 M_sun (Simpson et al. 2009, ApJ 700, 1488; Ojha et al. 2011, ApJ 738, 156), driving a bipolar outflow (Wang et al. 2011, A&A, 527, 
A32; Zinchenko et al. 2015, ApJ 810, 10). Mid-infrared interferometry with MIDI at the ESO VLTI points to the presence of a circumstellar 
disk seen close to edge-on (Boley et al. 2013, A&A 558, A24). Since S255IR-NIRS3 is within 0.2" of the VLBI position of the 6.7 GHz 
maser (Minier et al. 2001, A&A, 369, 278), a physical association between the maser flare and the NIR brightening seems plausible. 
Surprisingly, the GROND imaging led to the first ever detection of this source in the J band. 

The UKIDSS K-band image and the first two PANIC Ks-band images, convolved to the same resolution, are shown at 
ftp://ftp.tls-tautenburg.de/pub/stecklum/comparison.png 
Here, a square-root intensity stretch was applied to enhance the contrast. 

Aperture photometry was performed based on zero points derived from 2MASS field stars. The first PANIC Ks-band magnitude amounts 
to 8.90+/-0.05 mag. Taking the (H-K) color into account, the UKIDSS K-band magnitude corresponds to Ks=10.90+/-0.01 mag. This 
implies a brightness increase by ~2 mag in the Ks band. The first PANIC H-band magnitude amounts to 14.6+/-0.4 mag. Although 
UKIDSS does not list an H-band magnitude, the source is detected at 17.1+/-0.1 mag. This implies a brightness increase by ~2.5 mag. 
The associated reflection nebula which emerges from the outflow lobes brightened considerably as well. Its relative brightness variation 
compared to UKIDSS hints at spatial changes of the optical depth over recent years. 

Further photometric monitoring and spectroscopy will show whether an FU Ori-type outburst from the HMYSO is ongoing which would be 
the first of its kind. The recent dimming in the K band seen in the latest PANIC image might indicate extinction changes due to disk scale 
height or accretion column variations.
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ALMA observations

In Band 7 at three epochs: 
(1) on 2016 April 21 (projected 
baselines between 12 and 562 m),
(2) on 2016 September 9 (projected 
baselines between 12 and 2811 m). 
(3) on 2017 July 20 (projected 
baselines between 15 and 3041 m). 

Four spectral windows centered at 
around 335.4 GHz, 337.3 GHz, 349.0 
GHz, and 346.6 GHz, with 
bandwidths of 1875.0 MHz, 234.4 
MHz, 937.5 MHz, and 1875.0 MHz, 
respectively.

Angular resolution 0.10” x 0.15” (Briggs weighting with a robust parameter of 0.5).8
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Image – CCH 0th moment
Red, blue – CO(3-2) outflows
Yellow – Fe II
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SiO in the outflow
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Signs of Keplerian
rotation

(ALMA data)
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maser features. Subsequently, notable brightening in both the K-band continuum and 
spectral signatures of Br γ, He I, Na I, and CO_ν=2-0 (tracers commonly used for accretion 
discs and jets/winds) associated with the infrared source NIRS3 (which coincides with 
S255 IR SMA1/mm1) was reported by Caratti o Garatti et al. (2017). This is the very first 
and only example of a luminosity outburst associate with a MYSO observed. 
 
Our recent (A-ranked in Cycle 3, carried over and partially delivered in Cycle 4) ALMA 
observations at 0.12” resolution successfully imaged the putative circumstellar disc 
around S255 IR SMA1/NIRS3. As shown in Figure 3, the dense gas traced by CH3CN 
emission exhibits a clear velocity gradient in the direction perpendicular to the CO 
outflow. The detected CH3CN J =19-18 K-ladder (shown in Figure 4) have upper state 
energy levels ranging from 160 K to 800 K, suggesting the disc gas is significantly heated. 
The position-velocity diagram further suggests that the rotation is close to Keplerian, with 
possible absorption features on the red-shifted end, indicative of infalling gas flow. The 
integrated C34S is mostly elongated along the disc major axis but also displays extra 
protrusion in the north-east direction, perhaps a signature of asymmetric gas flows. 

 

Figure 3: (a) The position-velocity diagram of C34S (J=7-6) and CH3CN J=19-18, K=3,6,9 alongthe 

direction perpendicular to the outflow axes crossing S255 IR. Absorption dips are noticeable in the 

red-shifted side of the emission pattern, indicative of gas accretion along the line-of-sight. 

 
Figure 4: The spectrum of CH3CN J=19-18/CH3OH taken by ALMA Cycle 4 toward S255 IR 

SMA1/mm1 averaged over the disc extent at a angular resolution of 0".13 Emission from CH3CN 

J=19-18 K=0 to K=10 can be identified. An intensity level of 0.1 Jy/beam corresponds to a 

brightness temperature of 70K. The CH3OH emission feature near 349.1 GHz is likely masing 

with its peak brightness temperature reaching 3800K (~ 5.7 Jy/beam). 



Figure 1. 900 μm continuum image of S255IR (a) observed in 2010 December by SMA at an angular resolution of ∼2 0. Contour levels are at 3, 5, 7, and
9×46mJy/beam. (b) Observed in 2016 April by ALMA at an angular resolution of ∼0 6. The positions of SMA1–3 are marked by white crosses. (c)Made through
mock SMA observations using panel (b) as the sky model. (d) The difference map made by first scaling panel (a) by 1.2 and subtracting that from panel (c). Contour
levels in (c) and (d) are the same as (a), so does the false color scheme.

Figure 2. Visibility amplitudes of the 335 GHz continuum plotted against the uv-distance in meters. Red, blue, and gray points represent data taken with ALMA in
2016 April, September, and 2017 July, respectively.

Figure 3. 900 μm continuum image of S255IR (a) observed in 2016 September by ALMA in false color at an angular resolution of 0 14. (b) Observed in 2017 July
by ALMA at an angular resolution of 0 14. The contour and labels are the same as those in (a). (c) The difference map made by subtracting panel (b) from panel (a).
The contour at 5-σ level marks the boundary of regions with significant emission and SMA1–3 are labeled in panel (a)–(c).
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Submillimeter burst at 0.9 mm

Liu, Su, Zinchenko et al. (2018) 18



Masers in S255IR at 349.1 and 6.7 GHz
L. Moscadelli et al.: Extended CH3OH maser flare excited by a bursting massive YSO

Fig. 2. Distribution of the 6.7 GHz CH3OH masers
toward NIRS 3. Circles and triangles represent maser
spots before and after the outburst, respectively. Rela-
tive maser positions between the two epochs are accu-
rate within a few mas. Note that the apparent motion of
the 6.7 GHz CH3OH masers in NIRS 3 between the two
EVN epochs is negligible (Rygl et al. 2010). The sym-
bol size varies logarithmically with the maser bright-
ness, and colors indicate the maser VLSR according to
the right-hand scale. Letters “A” and “P” are used to
label prominent maser clusters. The gray-scale image
shows the velocity-integrated emission of the 6.7 GHz
masers observed with the JVLA A-Array on 2016 Oc-
tober 15. The corresponding intensity scale is given
at the top. The JVLA 5 GHz continuum emission is
drawn with red contours. The rms noise of the image
is 12 µJy beam�1. Contour levels are 0.11, 0.15, and
from 0.22 to 2 mJy beam�1 in steps of 0.22 mJy beam�1.
The synthesized beam of the continuum map is 0.0025 ⇥
0.0024 at PA = 51�.

that no significant changes in maser positions occurred between
2016 April and October.

For the brightest maser channel at a VLSR of 6.43 km s�1,
Fig. 3 presents a plot of the visibility amplitude as a function of
the JVLA baseline length, after combining the A- and B-Array
datasets. This plot shows that the flare emission at its spectral
peak is slightly resolved by the JVLA observations. While on
the shortest baselines the B-Array configuration recovers the
entire E↵elsberg flux (⇡1000 Jy, see Fig. 1), about 10–15% of
the single-dish flux is already missing on the longest baselines
(<235 K�). This behavior is consistent with a source angular size
of ⇡0.0024. At the resolution of the A-Array configuration (for
baselines >235 K�) the maser flux progressively decreases with
increasing baseline length, following a profile that can be fitted
with a more compact spatial structure of size ⇡0.001.

4. Discussion

In the following, we show that the radiation field triggered
by the accretion burst excites a plateau of maser emission
across a large portion of the redshifted envelope surrounding
NIRS3 (between radii of 500–1000 AU). Throughout the wave-
length range 20–30 µm that contains the pumping transitions
of the 6.7 GHz maser line, the outburst flux from NIRS 3 ex-
ceeds the pre-burst level by a factor from ⇡3 (at 20 µm) to
⇡10 (at 30 µm; Caratti O Garatti et al. 2016; see Fig. 3). The
6.7 GHz maser burst was reported less than five months (Novem-
ber 2015) after the estimated beginning of the IR burst (June
2015; Caratti O Garatti et al. 2016). On this basis, it is reason-
able to assume that the maser burst has been triggered by the IR
burst. At a trigonometric distance of 1.8 kpc (Rygl et al. 2010;
Burns et al. 2016), cluster A is projected more than 500 AU from
the location of the high-mass YSO (identified by the radio con-
tinuum peak in Fig. 2). In order to produce a change in maser
excitation conditions at position A, the triggering event has to

propagate at a speed �0.02 c from the origin of the burst. This
proves that the maser flare cannot be excited by a mechanical
perturbation of the circumstellar medium, but must be triggered
by the enhanced radiation field that is due to the accretion event.

Masers can operate in two di↵erent regimes. We indicate
with Tm and ⌧ the brightness temperature and the optical depth
of the maser radiation. Weak masers are normally unsaturated,
in which case Tm = T0 e|⌧|, where T0 is the brightness tem-
perature of the background radiation amplified by the maser. At
increasing intensity masers start to saturate, and in this regime,
the brightness temperature grows only linearly with the optical
depth, that is, Tm / ⌧. In general, |⌧| / P ⌘ lm, meaning that the
maser optical depth is proportional to the total pump rate P to
the maser levels, the pumping e�ciency, ⌘, and the amplification
path, lm. If the masers are radiatively pumped, P is proportional
to the flux Fp of pumping photons incident on the masing gas.

In our case, from the ratio between the outburst on pre-burst
luminosities, we find that Fp has increased by a factor ⇡5.
In 2016 April, during the burst, our EVN observations derived
maser intensities in the range 0.1–100 Jy beam�1, corresponding
to brightness temperatures of 108–1011 K. Since pre-burst EVN
6.7 GHz observations did not detect emission at the same loca-
tion of the flaring masers, pre-burst maser intensities should be
< 50 mJy or, equivalently, Tm < 5⇥ 107 K. Comparing the rela-
tively small change in Fp (<10) with the large variation in maser
intensity (more than 3–4 orders of magnitude), we can argue that
most of the growth in maser intensity has occurred in a regime
of non-saturation. In Appendix A, we estimate the brightness
temperatures of both the maser saturation level, Ts = 1010 K,
and the background radiation, T0  50 K. Based on these esti-
mates, the maser gain, G = e|⌧|, has to be in the range 107–109

to account for the outburst brightness of the unsaturated masers
(108–1010 K). If Fp and |⌧| increase by a factor ⇡5 during
the burst, the outburst maser gain should be approximately the

L8, page 3 of 5

6.7 GHz methanol maser emission before 
(P) and after (A) the burst in 2015
(Moscadelli et al. 2017)

Probably this is a Class II methanol maser. The 
maser emission arises apparently in a ring at 
several hundred AU from the star (Zinchenko 
et al. 2017). 19



variation toward S255IR during this period. On the other hand,
variation (decreasing) of flux is evident in 2017 July. To
localize this variation, we display in Figures 3(a)–(b) the high
(0 14) resolution 900 μm continuum observed in 2016
September and 2017 July. For comparing these two observa-
tions, we generated synthesis images by using data within a
common uv-range (14.5–1765 m) well shared by both observa-
tions and then restoring the final resolution to a circular 0 14
beam. Figure 3(c) is the difference map made by subtracting
panel (b) from panel (a). While emission features such as
SMA2 and SMA3 are canceled out, excess emission stands out
noticeably at S255IRSMA1.

The peak intensity in S255IRSMA1, as observed in these
maps, dropped from 0.237Jy/beam, corresponding to a
brightness temperature of 131K, in 2016 September to
0.137Jy/beam, or equivalently 76K, in 2017 July. The flux
density within a 0 5 aperture centered at SMA1 decreased by
33% during this interval.

3.2. Methanol Maser Emission

Zinchenko et al. (2017) reported a nonthermal methanol
emission line at 349.1 GHz, reaching a brightness temperature
of 3900K (5.9 Jy/beam) at an angular resolution of ∼0 12.
The line feature was assigned as a newly discovered maser
associated with the CH3OH -+– A14 141 0 transition, likely a
Class II CH3OH maser predominantly excited by IR radiation
field. As indicated in Zinchenko et al. (2017), there was no
indication of intensity variation in maser emission between
2016 April and September.

In Figure 4, the spectra at its peak position and the integrated
intensity of the CH3OH maser observed in 2016 September and
2017 July are presented. The peak intensities, though
remaining nonthermal-like, has discernibly fallen to 2380K
(3.6 Jy/beam) in 2017 July, a reduction of 40%. The integrated
intensity maps suggested no obvious shifts in the peak location
within this period, while the difference map of the integrated
intensity (Figure 4(c)) indicates that the excess CH3OH
emission region falls within the extent of the (excess)
continuum emission delineated by the contour.

4. Discussion

4.1. A Submillimeter Flare, a Manifestation
of a Luminosity Burst

As illustrated in Section 3, the comparison between our
SMA and ALMA observations indicated a factor of 2 increase
in both the intensity and flux density of 900 μm continuum
toward SMA1 in early 2016. ALMA observations further
witnessed, for the first time, the waning of this continuum
emission as well as CH3OH maser in mid 2017.
No matter whether the dust continuum emission is optically

thick or thin, its brightness and flux density variation is
reflecting a dust temperature change, unless there is a dramatic
modification in dust column density and/or opacity throughout
the region. While an increase in luminosity may lead to
enhanced sublimation of dust grains in the close vicinity
(10 au) of the central star and alter the heating timescale, the
bulk dust properties likely remain similar (Hunter et al. 2017).
The dust temperature, elevated by a factor of ∼2 in early 2016,
thus suggests an overall bolometric luminosity increase by a
factor of about 16 in S255IRSMA1 as total emission of the
dust envelope scales with temperature to the 4th power (Hunter
et al. 2017). For the short cooling timescale (of a few hundred
seconds) of dust estimated from its heat capacity (Johnstone
et al. 2013) and cooling rate (Glover & Clark 2012), the 88%
dimming submillimeter continuum in 2016–2017, correspond-
ingly a decreasing of dust temperature by 40%, also plausibly
reflects a reduced radiation field, as well as a factor of ∼8
decrease in its luminosity. Indeed, we witnessed fading
(methanol) maser intensity along the same line of sight, most
likely due to this reduction in seed radiation.
By investigating the NIR to submillimeter spectral energy

distribution (SED) taken at the pre-burst phase and at 2016
February, Caratti o Garatti et al. (2017) unveiled a boost
dominantly in the FIR at around 30–100 μm. The bolometric
luminosity of S255IRSMA1/NIRS3 grew from 3×104 to
1.6×105 Le, a factor of ∼5.5 increase. This boost factor
appears to be smaller than what we derived. Given that their
FIR data are taken at angular resolutions coarser than 6 0, the
inclusion of SMA2 and the surrounding material within those
SED measurements probably resulted in lowering the boost
factor. Furthermore, our luminosity estimation has a strong

Figure 4. (a) Integrated intensity map of the 349.1 GHz CH3OH - -+A14 141 0 maser emission observed by ALMA in 2016 September. An inset in the panel displays
the CH3OH spectra at its peak position. (b) The integrated intensity map of the same maser emission observed by ALMA in 2017 July. An inset, same as in panel (a),
displays the peak position spectra. (c) The difference CH3OH maser map made by subtracting panel (b) from (a). The contour delineates the region with excess
900 μm continuum emission shown in Figure 3(c).
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Figure 1.Midplane density in the center of the computational domain around the time of the first outburst. (a) The region within 800 AU when a clump forms
in a spiral arm ∼ 200AU away from the protostar, at a time 18.10 kyr. Panel (b-c) display zooms to illustrate the migration and accretion of a part of the
clump at times 18.28, 18.30 and 18.32 kyr, respectively. The density is plotted in g/cm3 on a logarithmic scale and the size of the panels is in AU.

three-dimensional nature of their self-gravitating numerical simu-
lations, while Kuiper & Yorke (2013) explains it by the interplay
between mass accretion, stellar evolution, and radiative feedback.
They report how asymmetries can develop in self-gravitating discs
and generate an azimuthal anisotropy in the accretion flow onto the
protostars. One can particularly notice that in addition to its vari-
able character, it is interspersed with several accretion peaks (see
fig. 4 of Klassen et al. 2016). In the above cited references, the
sharp increases of the accretion rate are generated in simulations
assuming different pre-stellar core masses, ratio of kinetic by grav-
itational energy β, assuming either a rigidly rotating cloud or a tur-
bulent pre-stellar core.

The study of a maser outflow in the high-mass star form-
ing region W75N equally conjectures that ”short-lived outflows
in massive protostars are probably related to episodic increases
in the accretion rates, as observed in low-mass star forma-
tion” (Carrasco-González et al. 2015). Additionally, a luminosity
outburst of the massive (≈ 20M⊙) young star S255IR-NIRS3
was reported in Fujisawa et al. (2015) by means of 6.7 GHz
methanol maser emission. This emission line has been discovered
by Menten (1991) and constitutes today a well known-tracer of
high-mass star forming regions (see Bartkiewicz et al. 2016, and
references therein). Recent observation of the same object show
brightness variations that resemble strongly FU-Orionis-type out-
bursts (Stecklum et al. 2016).

Motivated by the above listed numerical studies and observa-
tional arguments, we continue to investigate the burst phenomenon
in the high-mass regime of star formation. We follow existing mod-
els showing accretion spikes in high-mass star formation, further
analyze their nature in the context of the star-disc evolution and
conjecture on possible observational implications. This study is
organized as follows. In Section 2, we review the methods that
we utilise to carry out our high-resolution self-gravity radiation-
hydrodynamical simulation of the formation and evolution of a disc
surrounding a growing present-day massive protostar generated by
the collapse of a non-rigidly rotating pre-stellar core. Our outcomes
are presented and discussed in Section 3. Particularly, our model
also generates such outbursts and we show that they are caused by
the rapid migration of disc fragments onto the protostar. Finally, we
conclude on their significances in Section 4.

2 NUMERICAL SIMULATION

We perform a 3D numerical radiation hydrodynamics simulation
with the PLUTO code (Mignone et al. 2007, 2012) that has been

augmented with several physics modules for (i) self-gravity of the
gas and (ii) a careful treatment of the proto-stellar irradiation feed-
back (Kuiper et al. 2010; Kuiper & Klessen 2013). Our model has
been carried out using a spherical coordinate system (r,θ,φ) mapped
with a grid of size [rmin, rmax] × [0, π/2] × [0, 2π] that is made
of 128× 21× 128 cells, respectively. The grid resolution expands
logarithmically in the radial direction, scales as cos(θ) in the polar
direction, is uniform in the azimuthal direction and assumes mid-
plane symmetry about θ = π/2, such that it allows us to reach
sub-AU spatial resolution in the inner region of the disc. The dy-
namics of the collapse and the accretion flow is calculated in the
frame of reference of the fixed protostar that is considered to be
evolving inside a static, semi-permeable sink-cell of initial mass
≈ 10−3 M⊙ with a radius rmin = 10AU such that the mass flux
through it represents the protostellar accretion rate Ṁ onto the stel-
lar surface. The creation of other sink cells is not allowed. As de-
scribed in Kuiper et al. (2010), we utilise Ṁ to self-consistently up-
date the stellar mass and interpolate the pre-calculated proto-stellar
evolutionary tracks of Hosokawa & Omukai (2009) to use them as
boundary conditions for the radiation transport module.

We follow the gravitational collapse of aMc = 100M⊙ pre-
stellar core of outer radius rmax = 0.1 pc. The radiation is regu-
lated using the dust opacity prescription of Laor & Draine (1993)
while the constant gas opacity is taken to be κg = 0.01 g cm−2.
This hybrid radiation transport method allows us to carefully treat
disc thermodynamics and to generate the dust sublimation front
in massive protostellar accretion discs (cf. Vaidya et al. 2009).
Our pre-stellar core has the canonical radial density distribution
ρ(r) ∝ r−3/2. We do not consider a rigidly-rotating core but im-
pose a radial angular momentum distribution Ω(R) ∝ R−3/4 with
R = r sin(θ) the cylindrical radius. We impose a ratio of rota-
tional to gravitational energy β = 4%, its initial temperature is
uniformly taken to Tg = 10K and we set its pressure assuming
that the gas is at solar metallicity and obeys an ideal equation of
state. The dust temperature Td is considered as equal to the gas
temperature Tg = Td. The collapse of the core and the evolution of
the accretion disc is followed during 30 kyr.

3 RESULTS

3.1 Episodic accretion of dense gaseous clumps

The midplane density field from the simulation (in g cm−3) is
shown in Fig. 1 at different evolutionary times (in kyr).While panel
(a) represents an overview of the whole disc region (where mate-
rial orbits the star with approximately Keplerian velocity), panels
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Figure 2. Left: accretion rate onto the protostar and mass infall rate onto the disc (inM⊙ yr−1). Right: total luminosity of the protostar (in L⊙).

(b)-(d) are zooms focusing on the inner region of the disc. The first
snapshot (a) shows the circumstellar medium of the protostar at a
time 18.10 kyr. In addition to the gas that is being accreted in the
innermost 50AU of the disc, it develops inhomogeneities by grav-
itational instability that take the form of spiral arms terminated by
dense blobs of gas orbiting at radii 450−800 AU from the proto-
star. One of those Truelove-resolved arms (λ/∆ ∼ 6−8, where λ is
the Jeans length and∆ is the grid cell size, see Truelove et al. 1998)
experiences a local increase in density and develops an overdense
clump of circumstellar material at a radial distance of ≈ 200AU
to the central star. This is how fragmentation occurs at those radii
(! 150AU) predicted by the analytic study of Kratter & Matzner
(2006), despite the fact that only marginal fragmentation for discs
like the one around our ≈ 4.5M⊙ protostar is foreseen (see also
Fig. 3b).

By means of angular momentum transfer to the closest spiral
arm, the clump migrates towards the protostar. At the onset of mi-
gration (Fig. 1a), the closest distance to which the clump can fall,
assuming angular momentum conservation, is ∼ 2000 R⊙, and it
decreases to ∼ 260R⊙ (Fig. 1b) before to become comparable to
the stellar radius of ∼ 90R⊙ shortly before entering the sink cell.
This value is certainly an upper limit because the angular momen-
tum of the clump decreases during its inward migration thanks to
the gravitational interaction with the closest spiral arm (the gravita-
tional torque acting on the clump is negative), as was shown in ap-
plication to low-mass star formation by Vorobyov & Basu (2006).
As a consequence, we expect the clump to fall directly onto the
star. However, if the gas temperature in the clump interior exceeds
2000 K, the clump will further contract owing to dissociation of
molecular hydrogen. In this case, not captured by our numerical
simulations due to limited numerical resolution, its subsequent evo-
lution will depend on the amount of rotational energy in the clump.
By extrapolation of the clump properties formed in discs around
solar-mass stars showing that about half of the clumps are rota-
tionally supported (see Vorobyov 2016), we expect that part of the
clump material will retain in the form of a disc/envelope around
the newly formed protostar. This material can still be lost onto
the central protostar via the Roche lobe creating an accretion burst
though of lesser amplitude, as was shown in Nayakshin & Lodato
(2012). Furthermore, high-resolution studies of low-mass and pri-
mordial star formation showed that further fragmentation may hap-
pen within in the innermost disk regions occupied by our sink cell,
likely triggered by already existing outer fragments or efficient
H2 cooling and collisionally induced emission (see Meru 2015;

Greif et al. 2012). If fragmentation in the inner disk occurs also in
the case of high-mass star formation, this may provoke the forma-
tion of a pattern of very small clumps which complex mutual gravi-
tational interactions can make them merging together, orbiting onto
the protostar or being dynamically ejected away. This would mod-
ify the physics of accretion and the accretion luminosity of the pro-
tostar, however, heavy clumps migrating very rapidly will still fall
directly onto the stellar surface. To follow this process in detail,
however, a much smaller (than 10 AU) sink cell and, as a conse-
quence, much longer integration times are needed. We leave this
investigation for a subsequent study.

At time 18.28 kyr, the clump is at about 60AU from the
protostar (Fig. 1b) and its density reaches ! 10−9 g cm−3. The
self-gravitating clump adopts a slightly elongated shape due to the
gravitational influence of the massive protostar. At time 18.30 kyr
(Fig. 1c), the stretched clump starts wrapping around the sink
cell. A part of its material is accreted onto the protostar, and,
consequently, it affects the star’s accretion luminosity Lacc ∝

GM⋆Ṁ/R⋆ (see Section 3.2). When the clump starts migrating
towards the star its radius is 20 AU. As the clump approaches the
sink cell, its mass has decreased to≃ 0.7M⊙ and its Hill radius de-
creases from approximately 35 AU to " 10 AU, causing the clump
to lose part of its mass in the diffuse outer envelope. Finally, about
0.55 M⊙ is accreted through the sink cell. After time 18.32 kyr
(Fig. 1d), the structure of the density field around the sink cell is
that of a spiral of unaccreted dense gas material.

This scenario is episodic in the disc evolution and repeats it-
self at a time about 21.00 kyr when another clump is similarly ac-
creted. The time interval between recurrent accretion bursts can be
determined as the time needed to replenish the disc material lost
during the last accretion event trepl = Mcl/Ṁinfall, whereMcl is
the clump mass and Ṁinfall the mass infall rate onto the disc from
the collapsing envelope (see Section 3.2). For Mcl ∼ 0.55 M⊙

and Ṁinfall = (2 − 3) × 10−4 M⊙ yr−1, typical values for the
time of the bursts, the characteristic time of recurrent outbursts is
trepl ≈ 2 − 2.5 kyr. If trepl is regarded as the time required to in-
crease the disc mass to the limit when the disc fragments, i.e., as
the fragmentation timescale, then the clump migration timescale is
much shorter than the fragmentation timescale trepl. This is indeed
evident from Figure 1.
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Probable disk in SMA2
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Outflow from SMA2 in SiO and CO
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Заключение

• Наблюдения S255IR демонстрируют, что образование звезды с 

массой около 20 масс Солнца происходит путем дисковой 

аккреции, аналогично образованию звезд малой массы.

• Зарегистрирована вспышка излучения в континууме и в 

мазерных линиях метанола, обусловленная эпизодической 

аккрецией. Длительность вспышки составила около 2 лет.

• Образование массивной звезды в данной области 

сопровождается образованием звезд меньшей массы. 

Наблюдается несколько плотных ядер на разных стадиях 

эволюции.

Спасибо за внимание!
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