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ABSTRACT

Context. Massive stars have an impact on their surroundings from early in their formation until the end of their lives. However, very
little is known about their formation. Episodic accretion may play a crucial role in the process, but only a handful of observations have
reported such events occurring in massive protostars.
Aims. We aim to investigate the outburst event from the high-mass star-forming region S255IR where the protostar NIRS3 recently
underwent an accretion outburst. We follow the evolution of this source both in photometry and morphology of its surroundings.
Methods. We performed near infrared adaptive optics observations on the S255IR central region using the Large Binocular Telescope
in the Ks broadband as well as the H2 and Brγ narrow-band filters with an angular resolution of ∼0.′′06, close to the diffraction limit.
Results. We discovered a new near infrared knot north-east of NIRS3 that we interpret as a jet knot that was ejected during the last
accretion outburst and observed in the radio regime as part of a follow-up after the outburst. We measured a mean tangential velocity
for this knot of 450 ± 50 km s−1. We analysed the continuum-subtracted images from H2, which traces jet-shocked emission, and Brγ,
which traces scattered light from a combination of accretion activity and UV radiation from the central massive protostar. We observed
a significant decrease in flux at the location of NIRS3, with K = 13.48 mag being the absolute minimum in the historic series.
Conclusions. Our observations strongly suggest a scenario where the episodic accretion is followed by an episodic ejection response in
the near infrared, as was seen in the earlier radio follow-up. The ∼2µm photometry from the past 30 yr suggests that NIRS3 might have
undergone another outburst in the late 1980s, making it the first massive protostar with such evidence observed in the near infrared.
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1. Introduction

Massive stars strongly influence a vast range of astrophysical
domains, from the reionisation of the Universe to the forma-
tion of galaxies to the regulation of star formation in molecular
clouds (see, e.g. Tan et al. 2014). Their formation, however,
remains poorly understood. Nonetheless, the two key elements
for forming stars (i.e. accretion discs and outflows) seem to be
ubiquitous across a large mass range (Beltrán & de Wit 2016;
Bally 2016). It has then been suggested that massive star for-
mation may proceed as a scaled-up version of their lower-mass
counterparts. Furthermore, it has been observed in the low-mass
regime that star formation may proceed episodically as opposed
to steadily (see Fischer et al. 2022, for a recent review). Low-
mass protostars may gather a significant amount of mass via
episodic accretion. The latter manifests as accretion outbursts

⋆ FITS files of reduced data are only available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
676/A107

that can last from hours to decades and induce variability, both
photometrically and spectroscopically. In addition, a natural con-
sequence of accretion discs is the ejection of outflows (Cabrit
2007), whose knotty structures also suggest episodic events
in the formation of protostars (Zinnecker et al. 1998). These
episodic events, both in the form of accretion and ejection, seem
to be relatively common in the low-mass regime (Fischer et al.
2022). Recently, there have been a few high-mass young stel-
lar object (HMYSO) outbursts reported in the literature that may
resemble the episodic events observed in their low-mass counter-
parts (Caratti o Garatti et al. 2017; Hunter et al. 2017; Stecklum
et al. 2021; Chen et al. 2021). This relatively new phenomenon
is still unexplored, and therefore further analysis is needed to
identify the physical properties of episodic accretion and outflow
events in high-mass systems.

The region S255IR represents a special case when referring
to episodic events in HMYSOs. The overall S255 region was
first observed in the near infrared (NIR) as part of the infrared
survey by Strom et al. (1976) using the 1.3 m telescope at Kitt
Peak National Observatory. First reported by Evans et al. (1977),
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S255IR is located between the regions of S255 and S257 and
is in the cluster of optically visible HII regions S254–S258.
The S255IR region is a high-mass star-forming region that
was discovered by means of OH and H2O maser observations
(Turner 1971; Lo et al. 1975), and it is located at a distance of
1.78+0.12

−0.11
kpc (Burns et al. 2016). Observations of this region by

Howard et al. (1997; who called it S255-2) and Miralles et al.
(1997; who referred to it as S255IR) in the NIR at higher angular
resolution revealed a complex system with about 50 to 80 NIR
sources. The two main young stellar objects (YSOs) in the
nomenclature of Miralles et al. (1997; which we follow in this
paper) are NIRS1 (denoted IRS 1a in Howard et al. 1997) and
NIRS3 (denoted IRS 1b in Howard et al. 1997). Tamura et al.
(1991) performed NIR polarimetric observations on S255 and
concluded that NIRS3 was the most likely illuminating source
of the bipolar nebula. The S255IR region regained attention
when Fujisawa et al. (2015) reported a 6.7 GHz class II methanol
maser flare at the position of NIRS3 (called SMA1 in Zinchenko
et al. 2020). Further NIR follow-up of this maser flare confirmed
the outbursting nature of NIRS3 (Caratti o Garatti et al. 2017).
The authors observed an increase in luminosity in both the
H (∼1.6µm) and K (∼2.2 µm) bands by more than 2 mag,
deriving an enhanced accretion of ∼3 × 10−3 M⊙ yr−1. A sub-
sequent set of observations of NIRS3 in the radio regime with
the Karl G. Jansky Very Large Telescope (VLA) revealed an
exponential increase of the radio flux as a consequence of the
accretion outburst (Cesaroni et al. 2018).

In this work, we report on new NIR adaptive optics (AO)
assisted observations of the S255IR region with an angular res-
olution of ∼0.′′06. The paper is organised as follows: Sect. 2
details the observations taken and the data reduction performed.
In Sect. 3, we present the results and discuss the main findings.
In Sect. 4, we summarise the main conclusions.

2. Observations and data reduction

Observations were taken on 13 February 2022 with the Large
Binocular Telescope (LBT), in particular the SX telescope with
an 8.4 m primary mirror and using the LBT Utility Camera in the
Infrared (LUCI) instrument (programme ID: UV-2022A-004, PI:
J. C. Tan). Adaptive optics assisted mode was used with the Sin-
gle conjugated adaptive Optics Upgrade for LBT (SOUL; Pinna
et al. 2016). The N30 camera with a pixel scale of 0.′′015 and field
of view (FoV) of 30′′×30′′ was used. The filters Ks, H2, and Brγ,
which are centred at the wavelengths 2.163, 2.124, 2.170µm,
respectively, were employed.

Images were centred around S255IR NIRS3, with cen-
tral coordinates of the image RA(J2000)=06:12:54.355,
Dec(J2000)=+17:59:23.748. The AO guide star we used
(i.e. 2MASSJ06125505+1759289 RA(J2000)=06:12:55.049,
Dec(J2000)=+17:59:28.896, R = 14.8 mag) is located 14′′from
NIRS3. The Strehl ratio was 0.2, and the final full width half
maximum (FWHM) at the position of the AO guide star was
∼0.′′06 for all three filters (derived by fitting Moffat profiles; see
Appendix A for more details on SOUL performance), namely,
close to the LBT diffraction limit.

The data were reduced and flux calibrated with custom
Python scripts using the Python packages ccdproc (Craig
et al. 2022), astropy (Astropy Collaboration 2018) and photu-
tils (Bradley et al. 2020). The flux calibration was performed
by matching field stars with the UKIRT Infrared Deep Sky Sur-
vey (UKIDSS) point source catalogue, for which we achieved an
accuracy of ∼0.06 mag. The data were astrometrically corrected

by matching stars to the Gaia DR3 catalogue retrieved with
astroquery. We were able to match seven Gaia stars in our FoV
and have a final residual for the astrometry of 0.′′034.

We also present Atacama Large Millimeter/submillimeter
Array (ALMA) band 3 observations taken on the 3 September
2021 with baselines ranging from 122 m to 1619 m (programme
ID: 2018.1.00864.S, PI: R. Cesaroni) and having a synthesised
beam of 0.′′87. In this work, we only present the band 3 contin-
uum image and defer further analysis of this dataset to a future
paper (Cesaroni et al., in prep.).

3. Results and discussion

We present the main results of our imaging on the outbursting
source NIRS3 in this section. The left panel of Fig. 1 shows our
AO assisted Ks continuum image for the central ∼30′′ × 30′′ of
S255IR. The sub-millimetre sources are labelled as reported by
Zinchenko et al. (2020), where the two main sources are SMA1,
or NIRS3 (as referred to in this work; also called S255-2c in
Snell & Bally 1986), and SMA3, or NIRS1 (in this work). The
two bright nebulous regions to the east and to the west of NIRS3
were reported by Tamura et al. (1991) as the red and blue lobes
of a large-scale outflow, respectively. The right panel of Fig. 1
shows a red-green-blue (RGB) image using the filters H2-Brγ-
Ks, respectively. Centred at NIRS3, there is a chain of H2 knots
towards the north-east (NE) and south-west (SW) directions, as
revealed in the red channel, that could be associated with previ-
ous ejection episodes (labelled as ‘NIRS3 H2 knots’). The NE
jet lobe position angle (PA) as traced by these knots is ∼30◦,
whereas the PA for the SW lobe is ∼230◦, which is roughly
in the opposite direction of the NE lobe, consistent with pre-
vious studies (Tamura et al. 1991). Towards the NE, the knots
observed extend up to 8.′′5, which corresponds to a projected dis-
tance of ∼15 000 au from NIRS3. In the opposite direction (SW),
the knots extend up to ∼5′′ (∼8900 au projected) from NIRS3.

From our AO imaging data, we can estimate the ejection time
scale of these H2 knots. It has been observed that H2 knots driven
by HMYSOs can have velocities exceeding 100 km s−1 (see, e.g.
Fedriani et al. 2018; Massi et al. 2023). This would imply that the
dynamic age of the NIRS3 H2 knots is ∼400–700 yr. We note
that our images have a FoV of ∼30′′ × 30′′, and therefore it is
possible that we are not observing the leading outer bow shocks
of the flow. In any case, this H2 emission seems to be tracing
jet-shocked emission consistent with what was found by Howard
et al. (1997) and Miralles et al. (1997). We also identified a num-
ber of extra knots east of the main S255IR complex that seem to
not be associated with NIRS3 (labelled ‘Other H2 knots’). In the
following, we focus on the much smaller 3500 au2 area around
NIRS3.

3.1. Episodic ejection as a response to episodic accretion

In June 2015, NIRS3 in the S255IR region underwent an accre-
tion outburst (Fujisawa et al. 2015; Caratti o Garatti et al. 2017).
Using the VLA, Cesaroni et al. (2018) reported a radio jet flare
arising from this accretion outburst. They also presented evi-
dence of a possible new radio jet knot at ∼0.′′17 (∼300 au) from
the source in December 2016. In Fig. 2, we show our Febru-
ary 2022 Ks band image of the region around NIRS3 (see also
Fig. C.3 for H2 and Brγ images). In this figure, we also show
the VLA observations (December 2016) presented in Fig. 4
from Cesaroni et al. (2018) showing the new knot (NE from
the source) with white contours. We also present unpublished
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photometry measured in this work yielded the faintest minimum
to date for NIRS3, with K0.′′15 = 13.48 mag, indicating that the
source is in a quiescent state.

We observed a new knot to the north-east of NIRS3 that we
interpret as a jet knot ejected during the latest accretion outburst.
We measured a tangential velocity of 450 ± 50 km s−1 for this
knot. This emission is consistent with previous radio observa-
tions made with the VLA and ALMA tracing the outflowing
material. In the H2 continuum-subtracted image, we identified
extended, elongated emission consistent with jet-shocked mate-
rial. However, as shown in our Brγ continuum-subtracted image,
this extended emission was more likely to be scattered light from
a combination of the accretion activity and the UV radiation
from the massive protostar NIRS3.

We speculate that NIRS3 has undergone two outbursts in the
last 30 yr. If this is true, NIRS3 would be the first massive pro-
tostar with at least two outbursts observed in the NIR. Although
we cannot thoroughly confirm the first burst, the high photomet-
ric variability (along with other accretion-burst tracers) suggests
that NIRS3 is in a very active accretion stage prone to more
accretion bursts.
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Bradley, L., Sipőcz, B., Robitaille, T., et al. 2020, https://doi.org/10.
5281/zenodo.4044744

Burns, R. A., Handa, T., Nagayama, T., Sunada, K., & Omodaka, T. 2016,
MNRAS, 460, 283

Cabrit, S. 2007, in IAU Symposium, 243, 203
Caratti o Garatti, A., Stecklum, B., Garcia Lopez, R., et al. 2017, Nat. Phys., 13,

276

Caswell, J. L., Vaile, R. A., & Ellingsen, S. P. 1995, PASA, 12, 37
Cesaroni, R., Moscadelli, L., Neri, R., et al. 2018, A&A, 612, A103
Chen, Z., Sun, W., Chini, R., et al. 2021, ApJ, 922, 90
Craig, M., Crawford, S., Seifert, M., et al. 2022, https://doi.org/10.5281/
zenodo.6533213

Elbakyan, V. G., Nayakshin, S., Meyer, D. M. A., & Vorobyov, E. I. 2023,
MNRAS, 518, 791

Evans, N. J., I., Blair, G. N., & Beckwith, S. 1977, ApJ, 217, 448
Fedriani, R., Caratti o Garatti, A., Coffey, D., et al. 2018, A&A, 616, A126
Fedriani, R., Garatti, A. C. o., Purser, S. J. D., et al. 2019, Nat. Commun., 10,

3630
Fedriani, R., Tan, J. C., Telkamp, Z., et al. 2023, ApJ, 942, 7
Fischer, W. J., Hillenbrand, L. A., Herczeg, G. J., et al. 2022, arXiv e-prints,

[arXiv:2203.11257]
Fujisawa, K., Yonekura, Y., Sugiyama, K., et al. 2015, ATel, 8286, 1
Goedhart, S., Gaylard, M. J., & van der Walt, D. J. 2004, MNRAS, 355, 553
Hartmann, L., & Kenyon, S. J. 1996, ARA&A, 34, 207
Herbig, G. H. 1977, ApJ, 217, 693
Hodapp, K.-W. 1994, ApJS, 94, 615
Howard, E. M., Pipher, J. L., & Forrest, W. J. 1997, ApJ, 481, 327
Hunter, T. R., Brogan, C. L., MacLeod, G., et al. 2017, ApJ, 837, L29
Itoh, Y., Tamura, M., Suto, H., et al. 2001, PASJ, 53, 495
Lo, K. Y., Burke, B. F., & Haschick, A. D. 1975, ApJ, 202, 81
MacFarlane, B., Stamatellos, D., Johnstone, D., et al. 2019, MNRAS, 487,

5106
Massi, F., Caratti o Garatti, A., Cesaroni, R., et al. 2023, A&A, 672, A113
Menten, K. M. 1991, ApJ, 380, L75
Miralles, M. P., Salas, L., Cruz-González, I., & Kurtz, S. 1997, ApJ, 488, 749
Moffat, A. F. J. 1969, A&A, 3, 455
Ojha, D. K., Samal, M. R., Pandey, A. K., et al. 2011, ApJ, 738, 156
Pinna, E., Esposito, S., Hinz, P., et al. 2016, in Adaptive Optics Systems V, 9909,

(SPIE), 99093V
Snell, R. L., & Bally, J. 1986, ApJ, 303, 683
Stamatellos, D., Whitworth, A. P., & Hubber, D. A. 2011, ApJ, 730, 32
Stamatellos, D., Whitworth, A. P., & Hubber, D. A. 2012, MNRAS, 427, 1182
Stecklum, B., Caratti o Garatti, A., Cardenas, M. C., et al. 2016, Atel, 8732, 1
Stecklum, B., Wolf, V., Linz, H., et al. 2021, A&A, 646, A161
Strom, K. M., Strom, S. E., & Vrba, F. J. 1976, AJ, 81, 308
Szymczak, M., & Kus, A. J. 2000, A&As, 147, 181
Szymczak, M., Wolak, P., Bartkiewicz, A., & Borkowski, K. M. 2012, Astron.

Nachr., 333, 634
Szymczak, M., Olech, M., Sarniak, R., Wolak, P., & Bartkiewicz, A. 2018a,

MNRAS, 474, 219
Szymczak, M., Olech, M., Wolak, P., Gérard, E., & Bartkiewicz, A. 2018b, A&A,

617, A80
Tamura, M., Gatley, I., Joyce, R. R., et al. 1991, ApJ, 378, 611
Tan, J. C., Beltrán, M. T., Caselli, P., et al. 2014, Protostars and Planets VI,

149
Turner, B. E. 1971, Astrophys. Lett., 8, 73
Uchiyama, M., Yamashita, T., Sugiyama, K., et al. 2020, PASJ, 72, 4
Wang, P., Li, Z.-Y., Abel, T., & Nakamura, F. 2010, ApJ, 709, 27
Wang, Y., Beuther, H., Bik, A., et al. 2011, A&A, 527, A32
Zakri, W., Megeath, S. T., Fischer, W. J., et al. 2022, ApJ, 924, L23
Zhu, Z., Hartmann, L., & Gammie, C. 2009, ApJ, 694, 1045
Zinchenko, I., Liu, S. Y., Su, Y. N., et al. 2015, ApJ, 810, 10
Zinchenko, I. I., Liu, S.-Y., Su, Y.-N., Wang, K.-S., & Wang, Y. 2020, ApJ, 889,

43
Zinnecker, H., McCaughrean, M. J., & Rayner, J. T. 1998, Nature, 394, 862

A107, page 6 of 10



Fedriani, R., et al.: A&A proofs, manuscript no. aa46736-23

Appendix A: SOUL performance

To retrieve the FWHM in our images, we fit a Moffat profile
(Moffat 1969) along the x and y axes of the image. The point
spread function (PSF) under the assumption of circularity (i.e.
azimuthally symmetric) is given by:

fMoffat(r) = A

[

1 +

(

r − r0

R

)2
]−β

, (A.1)

where r is the distance from the centre r0, R is the core width,
and β is the power. We fit the Moffat profile along the x and y
directions for various sources, including the AO guide star itself
(2MASSJ06125505+1759289), the main science target (NIRS3),
and the furthest star from the AO guide star common to the three
filters. In the top panels of Figure A.1, we show the 1D inten-
sity profile (left panel) and the 2D cutout (right panel) for the
AO guide star. We extracted these profiles at the peak intensity
pixel. In the bottom panels, we show the Moffat fits as solid red
lines. One can see that the Moffat profile fits the wings very well,
which are especially important in determining the shape of the
PSF. To retrieve the FWHM in the Moffat profile, we used the
expression:

FWHMMoffat = 2R
√

21/β − 1 (A.2)

In Table A.1, we summarise the properties of the three rep-
resentative sources in our region mentioned above. The columns
in the table report the FWHM, central coordinates, and distance
from the AO guide star as measured from the NIR images. We
note that the FWHM is fairly constant among filters for the same
source. However, one can see how the FWHM degrades with dis-
tance from the AO star. It is also worth noting that even though
the NIRS3 region is not the farthest away from the AO guide
star, it presents a larger FWHM than the farthest away star. This
occurs because at this position, the emission is dominated by
extended nebulosity, which increases the FWHM.
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Appendix B: Aperture photometry

We performed circular aperture photometry with the main aper-
ture centred on the central coordinates of NIRS3 (see Table A.1).
We selected two apertures and performed two separate photo-
metric measurements. The first had a radius of 1′′, in order to
compare the data with that of previous studies, and the second
had a radius of 0.′′15, in order to account for our higher angu-
lar resolution (best resolution in the NIR to date for NIRS3).
We used the open source Python package sedcreator (Fedri-
ani et al. 2023), in particular the SedFluxer class, to perform
aperture photometry. Figure B.1 shows the plot generated by the
SedFluxer. The background was estimated from an annulus with
inner and outer radii equal to one and two times the radius of the
main aperture, represented as red dashed lines in the plots. The
background was then considered to be the median value within
the annulus multiplied by the area of the main aperture. This
background value was then subtracted from the flux obtained
in the main aperture. Table B.1 summarises properties of the
photometry from the past 30 years.

Table B.1. K band photometry for NIRS3 used in Figure 4 and described
in Section 3.2. Table

mjd K ∗Resolution/ Ref.
Aper. radius

(days) (mag) (′′)

47647.0 10.10 ± 0.10 2.37 Tamura et al. (1991)
48237.0 11.49 ± 0.03 2.0 Hodapp (1994)
49411.0 11.08 ± 0.10 1.5 Howard et al. (1997)
50115.0 11.31 ± 0.13 1.15 Miralles et al. (1997)
51216.0 12.56 ± 0.00 0.5-0.8 Bik (2004)
51584.0 12.01 ± 0.01 1.32 Itoh et al. (2001)
51830.0 11.82 ± 0.02 0.9 Ojha et al. (2011)
55173.0 10.90 ± 0.01 1.0 Stecklum et al. (2016)
57354.0 8.9 ± 0.05 2.5 Stecklum et al. (2016)
†57355.8 8.68 ± 0.02 2.5 Uchiyama et al. (2020)
†57368.6 8.03 ± 0.05 2.5 Uchiyama et al. (2020)
†58569.4 11.75 ± 0.05 2.5 Uchiyama et al. (2020)
59623.0 12.37 ± 0.06 1.0 This work

∗ We report the aperture radius used, when available; otherwise, the
resolution of the observation is reported.
† We only report the first, maximum, and last photometric points from
Uchiyama et al. (2020), see their Table 1.
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 (
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)

Fig. B.1. Zoom-in of a Ks band image of the central region of S255IR.
The red cross represents the centre of the aperture, the black circle is
the main aperture used, and the red dashed lines are the inner and outer
radius of the annulus, which account for the background estimation. We
used an aperture radius of 1′′(top panel) and 0.′′15 (bottom panel).
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