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ABSTRACT

Context. Growing observational evidence indicates that the accretion process leading to star formation may occur in an episodic way,
through accretion outbursts revealed in various tracers. This phenomenon has also now been detected in association with a few young
massive (proto)stars (>8 M⊙), where an increase in the emission has been observed from the IR to the centimetre domain. In particular,
the recent outburst at radio wavelengths of S255IR NIRS 3 has been interpreted as due to the expansion of a thermal jet, fed by part of
the infalling material, a fraction of which has been converted into an outflow.
Aims. We wish to follow up on our previous study of the centimetre and millimetre continuum emission from the outbursting massive
(proto)star S255IR NIRS 3 and confirm our interpretation of the radio outburst, based on an expanding thermal jet.
Methods. The source was monitored for more than 1 yr in six bands from 1.5 GHz to 45.5 GHz with the Karl G. Jansky Very Large
Array, and, after an interval of ∼1.5 yr, it was imaged with the Atacama Large Millimeter/submillimeter Array at two epochs, which
made it possible to detect the proper motions of the jet lobes.
Results. The prediction of our previous study is confirmed by the new results. The radio jet is found to expand, while the flux, after
an initial exponential increase, appears to stabilise and eventually decline, albeit very slowly. The radio flux measured during our
monitoring is attributed to a single lobe, expanding towards the NE. However, starting from 2019, a second lobe has been emerg-
ing in the opposite direction, probably powered by the same accretion outburst as the NE lobe, although with a delay of at least
a couple of years. Flux densities measured at frequencies higher than 6 GHz were satisfactorily fitted with a jet model, whereas
those below 6 GHz are clearly underestimated by the model. This indicates that non-thermal emission becomes dominant at long
wavelengths.
Conclusions. Our results suggest that thermal jets can be a direct consequence of accretion events, when yearly flux variations are
detected. The formation of a jet lobe and its early expansion appear to have been triggered by the accretion event that started in 2015.
The end of the accretion outburst is also mirrored in the radio jet. In fact, ∼1 yr after the onset of the radio outburst, the inner radius of
the jet began to increase, at the same time the jet mass stopped growing, as expected if the powering mechanism of the jet is quenched.
We conclude that our findings strongly support a tight connection between accretion and ejection in massive stars, consistent with a
formation process involving a disk–jet system similar to that of low-mass stars.

Key words. stars: individual: S255IR NIRS3 – stars: early-type – stars: formation – ISM: jets and outflows

1. Introduction

In recent years, observations have provided us with increas-
ing evidence of circumstellar rotating structures around B-type
(proto)stars, especially since the advent of the Atacama Large
Millimeter/submillimeter Array (ALMA; see e.g. the review
by Beltrán & de Wit 2016). This strongly suggests that disk-
mediated accretion could be a viable mechanism to feed even
the most massive stars. However, we still do not understand the
physical properties of these rotating structures, nor how such an
accretion proceeds, whether through a smooth, continuous flow

⋆ Based on observations carried out with the VLA and ALMA.

or episodically with parcels of material falling onto the star. The
recent detection of outbursts (Stecklum 2016, 2021; Caratti o
Garatti et al. 2017; Hunter et al. 2017, 2021; Burns et al. 2020,
2023; Chen et al. 2021) in a few luminous young stellar objects
(YSOs) >8 M⊙ provides us with the intriguing possibility that
these phenomena could be the consequence of episodic accretion
events, akin to those commonly observed in low-mass YSOs as
FU Orionis and EX Orionis events (Audard et al. 2014; Fischer
et al. 2023).

In this study, we focus on the outburst from the massive
(proto)star S255IR NIRS 3, located at a distance of 1.78+0.12

−0.11 kpc
(Burns et al. 2016). This object is unique because the outburst has
been observed not only in the emission of some maser species
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(Fujisawa et al. 2015; Moscadelli et al. 2017; Hirota et al. 2021)
and in lines and continua at IR and (sub-)millimetre wavelengths
(Caratti o Garatti et al. 2017; Uchiyama et al. 2020; Liu et al.
2018), but also in the centimetre domain (Cesaroni et al. 2018;
hereafter Paper I). A time delay of ∼1 yr was found between
the onset of the IR and radio outbursts, consistent with the
different mechanisms at the origin of the two: in fact, the IR
outburst is based on radiative processes propagating at velocities
comparable to the speed of light, whereas the radio outburst is
due to shocks expanding approximately at the speed of sound.
In Paper I, we present compelling evidence of an exponential
increase in the radio emission from the thermal jet associated
with this source. Given the existence of a disk-jet system in
S255IR NIRS 3 (Boley et al. 2013; Wang et al. 2011; Zinchenko
et al. 2015; Liu et al. 2020), we believe that we are witnessing
an episodic accretion event mediated by the disk, where part of
the infalling material has been diverted into the associated jet
Fedriani et al. (2023). In Paper I, we show that a simple model
of an expanding jet can satisfactorily reproduce the increase in
the radio flux observed in four bands. Although the emission
was basically unresolved, we predicted that in a few years the
jet expansion should make it possible to resolve its structure.
With this in mind, we performed both monitoring of the radio
emission and sub-arcsecond millimetre imaging at two epochs,
several years after the beginning of the outburst. In this article
we report on the results of these observations.

2. Observations

The radio emission was monitored with the Karl G. Jansky
Very Large Array (VLA) and, at a later time, with ALMA.
In the following we describe the observational setup and data
reduction separately for the two datasets. In both cases, for
the phase centre we chose the position α(J2000)=06h 12m 54.s02,
δ(J2000) = 17◦ 59′ 23.′′1.

2.1. Very large array

S255IR NIRS 3 was observed at 11 epochs from January 2017
to January 2018 (project codes: 16B-427 and 17B-045). The
observing dates and array configurations are listed in Table 1,
where for the sake of completeness we have also included the
2016 data already presented in Paper I. We note that the table
contains as yet unpublished data in the L band obtained in the
same observing run (project 16A-424) described in Paper I.

The signal was recorded with the Wideband Interferometric
Digital ARchitecture (WIDAR) correlator in six bands, centred
approximately at 1.5 (L band), 3 (S ), 6 (C), 10 (X), 22.2 (K), and
45.5 GHz (Q), in dual polarisation mode. The total observing
bandwidth (per polarisation) was 1 GHz in the L band, 2 GHz
in the S band, 4 GHz in the C and X bands, and 8 GHz in
the K and Q bands. The primary flux calibrator was 3C48 and
the phase-calibrators were J0632+1022 in the L and S bands,
J0559+2353 in the C and X bands, and J0539+1433 in the K and
Q4 bands.

We made use of the calibrated dataset provided by the NRAO
pipeline and subsequent inspection of the data and imaging
were performed with the CASA1 package, version 5.6.2-2. The
continuum images were constructed using natural weighting to
maximise flux recovery. Typical values of the 1σ RMS noise

1 The Common Astronomy Software Applications software can be
downloaded at http://casa.nrao.edu

level and synthesised beam are given in Table 2 for each band
and array configuration.

The flux density of the compact, variable source centred
on S255IR NIRS 3 has been estimated inside a polygonal shape
encompassing the compact, unresolved radio source and is
given in Table 1 for each band and epoch. As explained in
Paper I, in our VLA observations the continuum emission from
S255IR NIRS 3 appears as an unresolved component (the vari-
able source of interest for our study) plus two large-scale lobes
separated by ∼8′′, or ∼15 000 au, in projection (see Fig. 1 of
Paper I) that in all likelihood are originating from a previous
outburst that occurred many decades ago. At the longest wave-
lengths it was possible to resolve the central source from the
lobes only in the most extended array configuration. In the other
cases, we could only measure the total flux density from all com-
ponents and the corresponding values are reported in Table 1 as
upper limits. In a few cases, as indicated in the footnotes of the
table, we attempted a correction to the flux, under the assump-
tion that the flux of the lobes is constant in time and thus equal to
the value measured (at a different epoch) with the A array. With
this approach a caveat is in order, because a compact configura-
tion may be sensitive to lobe structures that are resolved out in
a more extended configuration. This implies that the corrected
flux densities could be still an upper limit.

In order to estimate the uncertainty on the flux den-
sity measurements of S255IR NIRS 3, we took advantage
of the presence of a compact, marginally resolved contin-
uum source located approximately at α(J2000) = 06h 12m 53.s61,
δ(J2000) = 18◦ 00′ 26.′′4, which happens to fall in the primary
beam in all bands except band Q. Under the reasonable assump-
tion that this object is not variable, by comparing the flux
density measurements obtained at different epochs at the same
frequency, we estimated a relative error of 10% in all bands.

2.2. Atacama Large Millimeter/submillimeter Array

S255IR NIRS 3 was observed with ALMA in band 3 on
June 6, 2019, and September 3, 2021 (project 2018.1.00864.S,
P.I. R. Cesaroni). The main characteristics of the observations
are summarised in Table 3. The correlator was configured with 4
units of 2 GHz, in double polarisation, centred at 85.2, 87.2, 97.2,
and 99.2 GHz. The spectral resolution is 0.49 MHz (correspond-
ing to ∼1.5–1.7 km s−1, depending on the frequency), sufficient
to identify line-free channels and obtain a measurement of the
continuum emission.

The data were calibrated through the ALMA data reduc-
tion pipeline. For each 2 GHz correlator unit, we created a data
cube using task tclean of CASA, adopting natural weighting
and a circular beam of 0.′′097 for the first epoch and 0.′′087 for
the second one. To create a continuum map for each 2 GHz
band, we used the STATCONT software2 developed by Sánchez-
Monge et al. (2018). In this way we also obtained cubes of the
continuum-subtracted line emission. Finally, the four continuum
maps were averaged together to increase the signal-to-noise ratio.
The measured fluxes at the two epochs are reported in Table 1.

We note that the derivation of the continuum images
described above also provides us with continuum-subtracted
channel maps. Although a study of the line emission in
this region goes beyond the purposes of this article, in the
following we briefly consider the maps of two molecular
transitions, SO(22–11) at 86 093.983 MHz and H13CN(1–0)
at 86 338.7 MHz.

2 https://hera.ph1.uni-koeln.de/~sanchez/statcont
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Table 1. Flux densities of S255IR NIRS 3 observed at different epochs and frequencies.

Year: 2016 (a)

Date: Mar. 11 Jul. 10 Aug. 1 Oct. 15 Nov. 20 Dec. 27
Days: –121 0 22 97 133 170
Array: C B B A A A

ν (GHz) S ν (mJy)

1.5 – – – 3.58 3.3 4.7
3.0 – – – – – –
6.0 0.87 0.79 1.1 2.63 4.8 7.9
10.0 1.0 1.2 1.8 3.49 6.7 11.0
22.2 2.7 2.2 3.1 6.58 11.3 17.6
45.5 4.4 1.9 3.8 13.6 21.3 26.8

Year: 2017

Date: Jan. 26 Mar. 3 Mar. 19 Jul. 29 Aug. 19 Aug. 25 Sep. 17 Oct. 23 Dec. 8 Dec. 27
Days: 200 236 252 384 405 411 434 470 516 535
Array: A D D C C C B B B B

ν (GHz) S ν (mJy) (b)

1.5 3.9 <8.5 <14.9 <14.2 <17.4 <10.8 <7.5 <9.3 <8.7 <7.3
3.0 6.1 <9.9 <13.8 <11.2 <14.1 <13.4 14.6 14.7 14.5 13.4
6.0 8.1 9.2 (c) 10.0 (c) 14.3 16.3 16.1 17.7 18.5 16.9 17.4
10.0 11.4 12.8 (d) 12.8 (d) 20.9 22.3 22.6 24.0 23.1 22.7 22.7
22.2 20.4 20.7 22.8 30.0 34.0 36.8 29.5 29.5 27.6 26.9
45.5 26.8 28.9 34.5 35.9 44.1 45.3 26.0 28.3 24.2 23.3

Year: 2018 2019 2021

Date: Jan. 15 Mar. 29 May. 5 Jun. 6 Sep. 3
Days: 554 627 664 1061 1881
Array: B A A C43-9/10 C43-9/10

ν (GHz) S ν (mJy) S ν (mJy) S ν (mJy)

1.5 <6.9 (b) – – – –
3.0 13.3 – – – –
6.0 16.8 15.1(e) – – –
10.0 22.2 – – – –
22.2 25.0 – 24.7 (e) – –
45.5 23.3 – – – –
92.2 – – – 46.0 (22.8) ( f ) 42.3 (18.8) ( f )

Notes. The row labelled with ‘days’ gives the number of days after the beginning of the radio burst. The error on the flux densities is estimated
to be ∼10% (see main text). (a)Data acquired in 2016 at ν ≥ 6 GHz have already been reported by Cesaroni et al. (2018) and are listed here for the
sake of completeness. (b)The symbol ‘<’ indicates that the value also includes the contribution from the two large-scale lobes, due to insufficient
angular resolution. (c)Corrected by subtracting a fiducial value of 1.8 mJy for the two large-scale lobes (see main text). (d)Corrected by subtracting
a fiducial value of 1.0 mJy for the two large-scale lobes (see main text). (e)From Obonyo et al. (2021). ( f )The value in parentheses is the flux density
of the NE lobe only (see Sect. 4.1).

3. Results

3.1. Continuum emission at λ=3 mm

The structure of the radio jet from S255IR NIRS 3 at the two
epochs observed with ALMA is shown in Fig. 1. The most
striking result is the clear expansion of the jet, which becomes
significantly more elongated to both the NE and SW. At first
look, the figure seems to outline a bipolar structure, where the
star might be located close to the geometrical centre, between the
two jet lobes. However, this is not the case. Careful comparison
between Figs. 1a and b reveals that, while the NE peak is mov-
ing away from the centre, the SW peak stays still, consistent with
this being the location of the (proto)star. This result is confirmed
by the coincidence of the SW peak with the peak of the sub-
millimetre emission (white cross) measured by Liu et al. (2020),

as expected if the (proto)star lies inside the parental molecular,
dusty core. Figure 2 clearly confirms this scenario by showing
an overlay of the molecular emission maps of the SO(22–11) and
H13CN(1–0) lines observed by us, with an image of the 3 mm
continuum emission. It is worth noting that in both transitions a
dip is seen towards the continuum peak, which suggests that part
of the line emission is likely absorbed against the bright contin-
uum. This is consistent with the high brightness temperature of
both 3 mm continuum peaks, of the order of 500 K (obtained
from the maps cleaned with uniform weighting).

With all the above in mind, in the following we assume
that the (proto)star powering the radio jet is located at the
SW peak of the 3 mm continuum emission, namely at
α(J2000) = 06h 12m 54.s012, δ(J2000) = 17◦ 59′ 23.′′04. We prefer
to use the peak position of our maps instead of that of the
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Table 2. Typical 1σ RMS noise and synthesised beam for different
bands and VLA configurations.

Band – ν(GHz) Noise, beam
(µJy beam−1), (arcsec)

A B C D

L – 1.5 84, 1.4 53, 4.7 148, 15 662, 44
S – 3 27, 0.69 31, 2.3 68, 7.2 347, 23
C – 6 11, 0.37 24, 1.2 67, 3.8 693, 12
X – 10 8, 0.21 14, 0.71 37, 2.3 342, 7.7

K – 22.2 16, 0.094 19, 0.36 36, 1.1 111, 3.4
Q – 45.5 81, 0.061 42, 0.20 51, 0.57 102, 1.9

Table 3. Main parameters of the ALMA observations.

Date 2019/6/6 2021/9/3

Configuration C43-9/10 C43-9/10
Antennae 43 47

Baselines (m) 237–1524 122–1619
Flux cal. J0750+1231 J0750+1231

Bandpass cal. J0750+1231 J0750+1231
Phase cal. J0613+1708 J0613+1708

Synthesised beam 0.′′097 0.′′087
1σ RMS noise 50 µJy beam−1 30 µJy beam−1

Table 4. Position angles of the jet outflow from S255IR NIRS 3 in
different tracers.

Tracer Size PA Ref.
12CO(2–1) 40′′(0.35 pc) 75◦ Wang et al. (2011)
cm cont. 8′′(0.07 pc) 70◦ Paper I
mm cont. 0.′′6 (1000 au) 48◦ This paper

H2O masers 0.′′5 (900 au) 44◦ Hirota et al. (2021)

sub-millimetre maps of Liu et al. (2020), because of the higher
angular resolution (0.′′087 instead of 0.′′14).

It is also interesting to compare the jet lobes observed in our
ALMA maps with those seen on a much larger scale (see Fig. 1
of Paper I). The comparison is presented in Fig. 3, where we
show the maps of the 3.6 cm and 3 mm continuum emission.
Clearly, the directions of the symmetry axes of the two pairs of
lobes are remarkably different, with position angle (PA) of ∼70◦,
on the large scale, and ∼48◦, on the small scale. The fact that the
two axes have different orientations and do not intersect at the
position of the star (i.e. at the SW peak of the 3 mm continuum)
can be interpreted in two ways: either we are dealing with two
jets originating from two different YSOs, or the jet is precessing
and the star is moving on the plane of the sky at a different speed
with respect to the large-scale lobes. The latter scenario implies
that either the star or the ejected material is experiencing decel-
eration or acceleration, such that one of the two is lagging behind
the other.

Although it is impossible to rule out one of the two hypothe-
ses, in the following we assume that all lobes belong to the
same jet, because there is only one core lying along the jet axis
and evidence for precession has been found in S255IR NIRS 3

Fig. 1. Maps of the 3 mm continuum emission obtained with ALMA.
(a) Data acquired on June 6, 2019. Contour levels range from 0.52 to
16.12 in steps of 2.6 mJy beam−1. The cross marks the peak of the
900 µm continuum emission imaged by Liu et al. (2020). The circle
in the bottom left represents the synthesised beam. (b) Same as the top
panel, but for the map obtained on September 3, 2021. Contour levels
range from 0.29 to 16.24 in steps of 1.45 mJy beam−1.

(Wang et al. 2011; Fedriani et al. 2023), as well as other simi-
lar objects (see e.g. Shepherd et al. 2000, Cesaroni et al. 2005,
Sánchez-Monge et al. 2014, Beltrán et al. 2016). Further sup-
port for this hypothesis is given by the progressive change of
the position angle of the jet from the large to the small scale,
as shown in Table 4. This trend is indeed consistent with a jet
outflow undergoing precession.

3.2. Continuum emission at λ ≥7 mm

In Fig. 4, we present the continuum spectra obtained from
the flux densities in Table 1. Our VLA observations of
S255IR NIRS 3 span an interval of time prior to the ALMA
observations (see Table 1) and the radio emission of the vari-
able source in S255IR NIRS 3 is basically unresolved in all of
our VLA observations. However, we can study the spatial evolu-
tion of the jet by determining the position of the peak at different
times. For this purpose we fitted a 2D Gaussian to the K-band
maps with sub-arcsecond resolution. We prefer the 1.3 cm data
to the 7 mm data, which would provide us with better resolution,
because in the K band the S/N is higher and in the Q band con-
tamination by dust thermal emission might be present. In Fig. 5,
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Fig. 2. Maps of the line emission obtained with ALMA. (a) Map of the
emission averaged over the H13CN(1–0) line (white contours) overlaid
on the continuum image at 3 mm obtained on June 6, 2019. Contour
levels range from 1.2 to 4.56 in steps of 0.48 mJy beam−1. The circle
in the bottom left represents the synthesised beam. (b) Same as the top
panel, but for the SO(22–11) line. Contour levels range from 1.65 to 4.62
in steps of 0.33 mJy beam−1.

Fig. 3. Maps of the 3.6 cm continuum emission obtained with the VLA
on July 10, 2016 (red) and of the 3 mm continuum emission (blue), also
shown in Fig. 1b. The dashed lines denote the symmetry axes of the
bipolar structures. Red contour levels range from 0.1 to 0.6 in steps of
0.1 mJy beam−1. Blue contour levels range from 0.29 to 8.99 in steps of
2.9 mJy beam−1.

we plot the distribution of the peak positions thus obtained. To
give an idea of the uncertainty on these positions, we also draw
ellipses corresponding to one-fifth of the synthesised beams. For
our analysis we also included the NE peak of our ALMA data
and that of Obonyo et al. (2021; hereafter OLHKP). Despite

the large uncertainties, it is clear that the distance of the peak
from the star is increasing with time, as expected if the jet is
expanding. This expansion appears to slow down with time,
because the mean velocity (projected on the plane of the sky)
estimated from the ratio between the separation of the peaks at
the last two epochs (ALMA data) and the corresponding time
interval is ∼40 au/820 days ≃ 84 km s−1, much less than the
mean velocity from the beginning of the radio burst, namely
∼472 au/1881 days≃ 436 km s−1, where ∼472 au is the distance
of the NE peak from the star at the last epoch. Using the same
approach, Fedriani et al. (2023) estimated an expansion speed
of 450 ± 50 km s−1 from their IR data. We further analyse the
expansion of the jet in Sect. 4.3.1.

The flux density of S255IR NIRS 3 is changing with time
in all bands, as shown in Fig. 6. One can identify two phases:
the first when the flux increases exponentially for ∼200 days;
the second when the flux remains basically constant, or slightly
declines towards the end of our monitoring. This behaviour is
the same at all frequencies ≥6 GHz, but is not so obvious at the
two longest wavelengths, where a precise estimate of the flux
density of the compact variable source is not possible for the
reason explained in Sect. 2.1. Moreover, in these bands our mon-
itoring is more limited in time. It is hence quite possible that
the flux density below 6 GHz has a different behaviour than that
at higher frequencies. Therefore, the radio emission at 1.5 and
3 GHz, and probably also part of the 6 GHz flux, might not be
due to free-free radiation but to another mechanism, such as syn-
chrotron emission, which has been detected towards a number
of extended radio jets from YSOs (e.g. Carrasco-Gonzalez et al.
2010; Moscadelli et al. 2013; Brogan et al. 2018; Sanna et al. 2019
and references therein). The evident change of slope in some of
the VLA spectra seems to support this possibility. In this respect,
the most representative is the spectrum acquired on 2016/10/15
(see Fig. 4), where the 1.5 GHz point lies well above any plausi-
ble extrapolation of the other fluxes. For all these reasons, in the
following we focus our study on the emission above 6 GHz, with
the caveat that even the 6 GHz flux might be partly contami-
nated by a non-thermal contribution, as suggested by OLHKP.
It is worth noting that the existence of synchrotron emis-
sion from S255IR NIRS 3 is supported by the recent possible
detection of high-energy gamma-ray emission from this source
(see de Oña Wilhelmi et al. 2023).

4. Analysis and discussion

4.1. Nature of the 3 mm continuum emission

For the reasons presented in Sect. 3.1, we have concluded that
the (proto)star should lie at the SW peak of the 3 mm continuum
map. If this is the case, one expects this peak to have a significant
contribution from thermal dust emission, whereas the NE peak,
being part of a jet lobe, should be dominated by free-free emis-
sion. To investigate these assumptions, we computed the spectral
index of the 3 mm continuum over the maps in Fig. 1. For this
purpose, we used the maps obtained from the four correlator
units centred at 85.2, 87.2, 97.2, and 99.2 GHz (see Sect. 2.2),
created with the same clean beam. For each pixel of the maps,
the spectral index was computed from a least-square fit to the
four fluxes in a log S ν–log ν plot. The fit was performed only in
those pixels where all of the four fluxes were above the 5σ level.
The result is shown in Fig. 7, where the formal error obtained
from the fit ranges from 0.03 towards the emission peaks to 0.3
towards the borders.
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Fig. 4. Continuum spectra of the variable, compact component in S255IR NIRS 3. The date of the observations is given in the top left of each
panel. The vertical error bars assume a calibration error of 10% in all bands, while the horizontal bars indicate the bandwidth covered at each
frequency. The upper limits denote that the flux density is also contributed by the emission from the large-scale lobes, due to the limited angular
resolution. Red symbols mark data in the L (1.5 GHz) and S (3 GHz) bands. The curves are the best fits obtained with the model of a thermal jet
described in Sect. 4.3.2.

At 3 mm it is reasonable to assume that dust emission is opti-
cally thin and the flux density is ∝ νγ, with γ = 2–4, because
the dust absorption coefficient is believed to vary as νβ with
β = 0–2 (see e.g. D’Alessio et al. 2001; Sadavoy et al. 2013),
where β = 0 corresponds to the case of large grains (‘pebbles’)
in disks (Testi et al. 2014). The same assumption also holds
for the free-free emission: the spectra in Fig. 4 flatten beyond
45 GHz, and hence the flux density is ∝ ν−0.1. Therefore, more
positive spectral indices can be associated with dust emission
and, conversely, more negative ones with free-free emission. At
both epochs dust emission arises from the region around the
SW peak, as expected for a deeply embedded star, while the
NE lobe of the jet is characterised by free-free emission. Notice-
ably, some free-free emission is also detected towards the most
south-western tip.

When estimating the flux density at wavelengths of 3 mm or
shorter, it is thus necessary to distinguish between the NE lobe
and the rest of the source. In Table 5 we give all these fluxes for
the two epochs of the ALMA observations. It is worth point-
ing out that the spectral index over the SW region is mostly
<∼2, whereas the typical index expected for pure dust emission,

should lie approximately between 2 and 4. This suggests the
presence of non-negligible free-free emission around the SW
peak as well. It is possible to estimate what fraction of the total
flux is due to free-free as follows. The total flux can be writ-
ten as S ν = S d

ν + S ffν , where S ffν ∝ ν−0.1 is the optically thin
free-free flux and S d

ν ∝ ν
γ, with γ = 2–4, is the dust flux. As

previously explained, the spectral index between ν1 = 85.2 GHz
and ν2 = 99.2 GHz was estimated assuming S ν ∝ ν

α, and hence
we have

S ν2

S ν1

=

(
ν2

ν1

)α
(1)

S ν2

S ν1

=
S d
ν2
+ S ffν2

S d
ν1 + S ffν1

=
S d
ν1

(
ν2
ν1

)γ
+ S ffν1

(
ν2
ν1

)−0.1

S d
ν1 + S ffν1

. (2)

After some algebra, we obtain the ratio

RS ≡
S ffν1

S d
ν1

=

(
ν2
ν1

)γ
−

(
ν2
ν1

)α(
ν2
ν1

)α
−

(
ν2
ν1

)−0.1 (3)
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Fig. 5. Distribution of the peaks of the 3 mm and 1.3 cm continuum
maps obtained, respectively, with ALMA and with the A and B con-
figurations of the VLA. The circles indicate our VLA data, the triangle
the data of OLHKP, and the two squares our ALMA data. The dashed
line connects the points in order of time (the first point in the bottom-
right corner corresponds to the observation on July 10, 2016). The third
point from the top left is obtained from the OLHKP data. The cross
marks the position of the (proto)star, and the solid red line is the axis of
the radio jet (PA = 48◦). The dotted ellipses are the synthesised beams
scaled down by a factor of 5.

Fig. 6. Flux density of the variable, compact source in S255IR NIRS 3
as a function of time from the beginning of the radio burst (July 10,
2016) in all bands observed with the VLA. The two rightmost points are
the measurements at 6 and 22 GHz by OLHKP. Curves are colour-coded
by frequency (in gigahertz). Arrows denote points with upper limits (see
Sect. 2.1), which are connected by dashed lines. The two black arrows
pointing to the right indicate the flux densities at 92 GHz of the NE lobe
(see Table 1) measured 1061 and 1881 days after the radio burst. Typical
error bars are shown in the bottom right of the figure. The vertical dotted
lines mark the beginning and end of an array configuration, as labelled
above the figure.

Fig. 7. Maps of the 3 mm continuum emission (contours) overlaid on
the corresponding map of the spectral index at 3 mm. (a) Data obtained
with ALMA on June 6, 2019. Black contour levels range from 10% to
90% in steps of 10% of the peak emission. White contour levels cor-
respond to a spectral index equal to 0. The cross marks the position of
the (proto)star. The circle in the bottom left represents the synthesised
beam. (b) Same as the top panel, but for the map obtained on September
3, 2021.

Table 5. Flux densities in millijanskys measured at 92.5 GHz with
ALMA towards the NE and SW components of S255IR NIRS 3.

Date NE SW Total

2019/6/6 22.8 (a) 23.2 (b) 46.0
2021/9/3 18.8 (a) 23.4 (b) 42.3

Notes. (a)Free-free emission. (b)Both dust and free-free emission.

and, from this, the fraction of the total flux due to free-free emis-
sion, RS/(1 + RS). Using the values of α in Fig. 7, we find that
such a fraction on average ranges from 65%, for γ=2, to 85%,
for γ =4. This implies that 15–20 mJy out of 23 mJy emitted
by the SW component (see Table 5), are contributed by free-
free emission, also consistent with the brightness temperature of
∼500 K measured at 3 mm towards the SW peak, probably too
large to be due only to dust emission. We note that part of this
free-free emission might be due to ionisation by the embedded
star of ∼20 M⊙ (Zinchenko et al. 2015).
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Fig. 8. Map of the 3 mm continuum emission obtained with ALMA on
September 3, 2021, overlaid on the 1.3 cm image obtained by OLHKP
on May 5, 2018. Contour levels are the same as in Fig. 1b. The cross
marks the position of the (proto)star. The ellipse in the bottom left rep-
resents the synthesised beam at 1.3 cm.

As already mentioned, some free-free emission is also
detected towards the tip of the SW region and becomes more
prominent and more extended with time, as one can see by
comparing Figs. 1a to b. This hints at the existence of another
jet lobe emerging from the dusty core and expanding towards
the SW.

To shed light on the nature of this putative lobe and set a con-
straint on its age, in Fig. 8 we compare the jet structure observed
by OLHKP at 1.3 cm on May 5, 2018, with our ALMA image at
3 mm. It seems that during the period of our monitoring, up to
the observation of OLHKP (664 days after the onset of the radio
outburst), no significant free-free emission was seen to the SW of
the (proto)star at any of the wavelengths observed with the VLA.
We thus conclude that in all likelihood the SW jet lobe appeared
only recently, between May 2018 and June 2019. Therefore, the
radio flux variations monitored by us until January 2018 are to
be attributed only to the NE lobe.

4.2. Origin of the SW lobe

One may wonder if the emerging SW lobe corresponds to a
new radio burst or is somehow related to the accretion outburst
observed by Caratti o Garatti et al. (2017). Only follow-up obser-
vations of the jet structure will allow us to establish if the new
lobe is as prominent and long-lasting as the NE one. However, we
point out that the IR monitoring performed by Uchiyama et al.
(2020) and Fedriani et al. (2023) between November 2015 and
February 2022 as well as the methanol maser observations3 of
the Maser Monitoring Organization (M2O)4 have not revealed
any other burst after that of Caratti o Garatti et al. (2017) and
before the ejection of the SW lobe. We conclude that both jet
lobes could arise from the same accretion event, although with a
time lag between them of 22–35 months.

3 Available at http://vlbi.sci.ibaraki.ac.jp/iMet/data/
192.6-00
4 The M2O is a global cooperative of maser monitoring programmes;
see https://MaserMonitoring.org

Fig. 9. Water masers spots (solid circles) observed by Goddi et al.
(2007; cyan), Burns et al. (2016; green), and Hirota et al. (2021;
magenta) overlaid on the 3 mm continuum map (blue contours) of
Fig. 1b. The dashed lines indicate the jet axes in the two tracers. The
cross marks the position of the (proto)star. The circle in the bottom left
represents the synthesised beam at 3 mm.

This hypothesis is also supported by a noticeable feature of
the jet system in S255IR NIRS 3, namely that the extension of
the NE lobe is about twice as much as that of the SW lobe. This
is true not only for the large-scale and small-scale lobes in Fig. 3,
but also for the H2O masers distribution, as shown in Fig. 9. The
existence of the same asymmetry on different scales and tracers
cannot be a coincidence and is suggestive of a mechanism that
causes a delay of the ejection of the SW lobe with respect to the
NE lobe. In our opinion, two explanations are possible: either
the accretion (and hence ejection) event is intrinsically stronger
on the NE side of the disk, or the expansion towards the SW is
hindered by the presence of denser material. We favour the latter
hypothesis since the near-IR emission is much fainter from the
SW lobe than from the NE lobe (see Caratti o Garatti et al. 2017
and Fedriani et al. 2023). This finding is surprising, because the
SW lobe corresponds to the blue-shifted emission of the jet out-
flow (see Wang et al. 2011), which means that the jet is pointing
towards the observer on that side and the extinction should be
lower than on the NE side. The weakness of the IR emission to
the SW is thus indicative of an asymmetry in the density distri-
bution along the jet axis, a fact that could naturally also explain
the delay of the expansion of the SW lobe with respect to the
NE lobe.

4.3. Evolution of the radio emission

In this section, we present a model fit to the observed spectra,
following the approach adopted in Paper I, with some modifica-
tions. As done in Paper I, we adopted the ‘standard spherical’
model from (Reynolds 1986, see his Table 1) to describe the
radio continuum emission from the jet. In practice, this means
that we assume a jet where at a given time the opening angle,
electron temperature, ionisation degree, and expansion speed do
not depend on the distance from the star, r.
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4.3.1. Expansion law of the jet

In Paper I, the jet was assumed to undergo expansion at con-
stant velocity so that the maximum radius could be described by
the simple expression rm(t) = rm(0) + 30t, with 30 = 900 km s−1.
While this assumption could hold for the first few months after
the onset of the radio outburst, it is inconsistent with the most
recent data. In fact, in Sect. 3.2 we show that the jet expansion is
slowing down with time. We thus need to adopt a more realistic
law for rm(t).

For this purpose, we assume that the jet is expanding in a
medium with density ∝ r−2, with r the distance from the star.
It is possible to demonstrate (see Appendix A) that applying
momentum conservation one obtains

ym(t) = ym0 + 2T 30 cosψ
√1 +

t
T
− 1

 , (4)

where we have multiplied both terms of Eq. (A.3) by cosψ, with
ψ the angle between the jet axis and the plane of the sky. For
consistency with Reynolds (1986), we have indicated with y the
projection of r on the plane of the sky. Here, T is a suitable
timescale, and 30 and ym0 are, respectively, the expansion veloc-
ity and the value of ym at the onset of the radio outburst (i.e. on
July 10, 2016). As in Paper I, we chose 30 = 900 km s−1, while
the two parameters T and ym0 can be determined from the values
of ym estimated from the two ALMA maps at t = 1061 days and
t = 1881 days.

The problem is that ym cannot be trivially obtained from the
position of the NE peak, which corresponds to the maximum
brightness temperature. This temperature is attained either at the
inner radius, if the whole jet is optically thin, or at the border
between the optically thin and the optically thick parts of the
jet (denoted by y1 in Reynolds’ notation). Beyond this point, the
emission is optically thin and the brightness temperature scales
with the opacity τ ∝ r−3, as from Reynolds’ Eq. (4). For this rea-
son, the jet can extend much beyond the position of the observed
peak.

In order to obtain a reliable estimate of ym, we have fitted
the NE lobe in the two ALMA maps of Fig. 1 assuming that the
3 mm emission is optically thin all over the jet surface. Under
this hypothesis the brightness temperature can be expressed as

TB = T0τ = T0

(
y

y0

)−3

, (5)

where y = r cosψ is the projection of r on the plane of the
sky and y0 = r0 cosψ with r0 the inner radius of the jet. For a
given set of y0, ym, and θ0 (the opening angle of the jet) a map
was generated, convolved with the instrumental beam, and the
model brightness temperature was computed for each pixel of
the observed map. The best fit was obtained by minimising the
expression

χ2 =
∑

i

(
T i

B(model) − T i
B(data)

)2
, (6)

with i a generic pixel, after varying the three parameters
over suitable ranges. The best-fit models are compared to
the observed maps in Fig. 10 and correspond to θ0=9◦,
y0=0.′′206=367 au, and ym=0.′′29=516 au, for the first map,
and θ0=2.◦4, y0=0.′′207=368 au, and ym=0.′′356=634 au, for the
second map.

From Eq. (4) written for t=1061 days and t=1881 days, one
obtains a system of two equations in the two unknowns T and

Fig. 10. Comparison between the observed maps of the NE lobe of the
radio jet (left panels) with the best-fit maps obtained with the model
(right panels). The top panels correspond to the first ALMA epoch, bot-
tom panels to the second one. The horizontal axis is parallel to the jet
axis. Contour levels range from 10% to 90% in steps of 10% of the peak
of each image. The circle in the bottom left represents the synthesised
beam.

ym0, the solutions to which are T = 124 days and ym0 = 251 au.
Hence, one has

ym(au) = 251 + 127


√

1 +
t(days)

124
− 1

 . (7)

The value of rm can be computed from Eq. (4) assuming ψ=10◦
(see Paper I, where the complementary angle i = 90◦ − ψ = 80◦
was used). Figure 11 compares our solution, ym, as a function of
time (blue curve) with (i) the positions of the maximum bright-
ness temperature (the same as in Fig. 5) and (ii) the value of y1
obtained from the model fits described later in Sect. 4.3.2. The
latter corresponds to the border between the optically thin and
optically thick parts of the jet. Clearly, the brightness appears to
peak much closer to y1 than to ym, as previously mentioned.

4.3.2. Modelling the jet variability

We wish to reproduce the spectral variation shown in Fig. 4 and
thus derive the values of the jet parameters as a function of time.
For this purpose, we introduce some modifications with respect
to the original model by Reynolds (1986), which was used in
Paper I. Reynolds’ equations were derived under the approxima-
tion of small θ0, the opening angle of the jet5. However, in Paper I
we find that θ0≃20◦–50◦ is needed to fit the spectra. In order to
overcome this limitation we re-wrote Reynolds’ equations under
suitable assumptions, as detailed in Appendix B, so that they are
now valid for any θ0 < 90◦.

All observed spectra have been fitted with Eq. (B.9) using
only the measurements with ν≥ 6 GHz, for the reasons discussed
in Sect. 3.2. We stress that, unlike Paper I, here we assume the

5 We stress that our definition of θ0 corresponds to one-half of the θ0
defined by Reynolds (1986).
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Fig. 11. Comparison of the projection on the plane of the sky of the
outer radius of the jet, ym (blue), with the position of the brightness
temperature peak, ypeak (black), and the border between the optically
thin and optically thick parts of the jet, y1 (red). All quantities are plotted
as a function of time from the onset of the radio outburst (July 10, 2016).
The black circles indicate our VLA data, the triangle the OLHKP data,
and the two squares our ALMA data. We remark that ypeak is measured
from Fig. 5 as the separation between the star and the projection of the
peak along the jet axis.

jet to be mono-polar, because there is no hint of the existence
of a SW lobe during the whole period of our VLA monitoring
(see Sect. 4.1). The input parameters of the model are the angle
between the jet axis and the plane of the sky, ψ, the ionised gas
temperature, T0, the inner radius, r0, the projection of the outer
radius on the plane of the sky, ym, the opening angle, θ0, and the
parameter Λ = x0 Ṁ/30, where x0 is the fraction of ionised gas,
30 the expansion velocity, and Ṁ the total mass loss rate (neutral
plus ionised). The quantities T0, 30, and x0 are assumed to be
constant along the jet, while T0 is also constant in time.

To simplify the fitting procedure as much as possible, we
fixed T0 = 104 K and ψ = 10◦ (see Paper I), and computed
ym from Eq. (7). Unlike in Paper I, we decided to leave r0
free, because a priori the inner radius could change while the
jet is expanding. So, we are left with three free parameters: r0,
θ0, and Λ. The best fit to each spectrum has been obtained by
minimising the χ2 given in Eq. (10) of Paper I, after varying
the parameters over the ranges θ0 = 3◦–50◦, r0 = 50–300 au, and
Λ= 10−10–10−7 M⊙ yr−1 (km s−1)−1. The best-fit spectra are rep-
resented by the solid curves in Fig. 4 and the best-fit parameters
are given in Table 6. The errors on the parameters have been
computed using the criterion of Lampton et al. (1976), as done
in Paper I.

While most of the fits look to be in agreement with the data
within the uncertainties, the 6 GHz fluxes appear to be under-
estimated by the model at the last five to six epochs. In our
opinion, such a discrepancy could indicate contamination from
non-thermal emission at this frequency, as already suggested by
OLHKP. Indeed, as discussed in Sect. 3.2, non-thermal emission
is very prominent at longer wavelengths in the same spectra (red
points in Fig. 4) and it is hence not surprising that this type of
emission can contribute significantly to the flux up to 6 GHz.

In Fig. 12, we plot the best-fit parameters as a function of
time. One sees that the opening angle rapidly increases up to
the maximum value allowed by us. It may seem that an open-
ing angle of 50◦ is too large for a jet, but it is similar to
that predicted by theory for a jet powered by a ∼20 M⊙ YSO

Table 6. Parameters of the best fits to the spectra in Fig. 4.

Date Time ym
(a) θ0 r0 Λ × 108

(yy/mm/dd) (days) (au) (deg) (au) (M⊙ yr−1/(km s−1))

16/07/10 0 251 11+8
−3 64+44

−14 0.19+0.07
−0.04

16/08/01 22 262 14+5
−4 50+29

−0 0.28+0.07
−0.06

16/10/15 97 294 20+5
−4 50+9

−0 0.72+0.14
−0.13

16/11/20 133 307 38+12
−8 50+11

−0 1.69+0.37
−0.35

16/12/27 170 320 50+0
−5 61+24

−11 2.90+0.47
−0.41

17/01/26 200 329 50+0
−6 68+29

−18 3.11+0.57
−0.47

17/03/03 236 340 50+0
−5 73+30

−23 3.33+0.61
−0.50

17/03/19 252 345 50+0
−4 63+25

−13 3.38+0.54
−0.45

17/07/29 384 381 50+0
−2 106+30

−25 4.78+0.73
−0.65

17/08/19 405 386 50+0
−2 96+26

−25 4.98+0.66
−0.63

17/08/25 411 388 50+0
−2 97+27

−25 5.12+0.71
−0.66

17/09/17 434 393 50+0
−1 136+26

−24 5.12+0.65
−0.60

17/10/23 470 402 50+0
−1 136+27

−27 5.19+0.65
−0.66

17/12/08 516 413 50+0
−2 155+28

−30 5.33+0.71
−0.76

17/12/27 535 417 50+0
−2 161+27

−31 5.41+0.67
−0.81

18/01/15 554 421 50+0
−2 166+29

−32 5.41+0.72
−0.83

Notes. (a) Obtained from Eq. (7).

Fig. 12. Parameters of the best fits to the continuum spectra, as a func-
tion of time from the onset of the radio outburst (July 10, 2016). The
plotted parameter is indicated in the bottom right of each panel.
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Fig. 13. Lower limit on the opening angle estimated from Eq. (10)
for all the epochs of our monitoring. The bars indicate the standard
deviation of the values obtained in the different bands. The dashed line
connects the values of θ0 obtained from the best fits to the spectra (see
Table 6).

Zinchenko et al. (2015), namely ∼52◦, obtained by interpolating
the values in Table 2 of Staff et al. (2019). Moreover, we can
obtain a direct estimate of θ0 from the observed peak brightness
temperature in the synthesised beam, TSB, assuming optically
thick emission. Approximating the jet as a Gaussian source, one
has

TSB = TB
Θ2

S

Θ2
S + Θ

2
B

, (8)

where TB is the intrinsic brightness temperature of the source
and ΘS and ΘB are, respectively, the full widths at half power of
the source and synthesised beam. Consequently,

ΘS = ΘB

√
TSB

TB − TSB
. (9)

This expression can be used to calculate a lower limit on the
source diameter, Θmin

S , assuming that the free-free emission is
optically thick, namely for TB = T0 = 104 K. Correspondingly, a
lower limit on the opening angle is obtained from

θmin
0 = arcsin

Θmin
S

2∆

 = arcsin
ΘB

2∆

√
TSB

T0 − TSB

 , (10)

where ∆ is the separation between the peak of TSB and the posi-
tion of the (proto)star. We estimated θmin

0 for all of our maps, and
for each epoch we computed the mean θmin

0 obtained from the
four bands. This is plotted in Fig. 13 as a function of time. For
the sake of comparison we also plot θ0 obtained from our model
fits (dashed line). We conclude that, despite the crude approxi-
mations adopted to derive Eq. (10), values of θ0 of a few times
10◦ seem plausible and consistent with our model fit results. It
is worth noting that θ0 computed from the map of OLHKP and
from our ALMA maps (Fig. 1) using Eq. (10) turns out to be
much less, namely 7◦, 1.◦7, and 1.◦3, respectively 664, 1061, and
1881 days after the radio outburst. We speculate that the jet could
be re-collimating on a timescale of a couple of years.

Another interesting result from Fig. 12 is the behaviour of r0,
which remains basically constant for ∼250 days after the radio

Fig. 14. Ionised jet mass (solid black curve) and inner radius (dashed
red curve) as a function of time from the onset of the radio outburst
(July 10, 2016). The grey area separates the period when the jet is
still powered by the outburst from that when the feeding mechanism
is quenched.

outburst, thereafter showing a systematic increase until the end
of our monitoring – and even beyond that, as we estimate val-
ues of ∼370 au at the time of our first ALMA observations (see
Sect. 4.3.1). A straightforward interpretation is that the inner
radius expands when the mechanism feeding the jet is switched
off. Noticeably, Λ appears to reach a maximum just when r0
starts increasing, supporting the idea that no more material is
added to the jet. This hypothesis is confirmed by Fig. 14, which
shows how the ionised jet mass, computed from Eq. (B.13),
varies with time. In the same figure we also plot r0 for the sake of
comparison. It is quite clear that both quantities have a bi-modal
temporal behaviour, before and after the time interval marked
by the grey area. From the onset of the radio outburst up to
∼250 days, r0 remains approximately constant, whereas the jet
mass increases. After that, the reverse occurs: as soon as the
inner radius starts increasing, the jet stops growing in mass, with
the grey area marking the transition between these two phases.
This is consistent with mass conservation in an expanding jet
that is not fed anymore by the outburst.

It is also worth noting that the ratio, Re, between the mass
ejected, Mjet, and that accreted during the outburst, Macc, can
be computed from the final value of x0 Mjet in Fig. 14 and that
quoted by (Caratti o Garatti et al. 2017; Macc ≃ 3.4 × 10−3 M⊙).
One obtains Re ≃ 7.5 × 10−5/(3.4 × 10−3 x0) ≃ 2.2 × 10−2/x0.
Since by definition x0 ≤ 1, we conclude that Re must be greater
than a few percent. Vice versa, assuming that at least 10% of the
infalling material will be redirected into outflow, one has Re >
0.1, which sets an upper limit of ∼0.2 on the ionisation fraction,
consistent with the estimate obtained in Paper I and the values
estimated for similar sources (see Fedriani et al. 2019).

5. Summary and conclusions

As a follow-up to Paper I, we monitored the radio continuum
emission of the outburst from the massive YSO S255IR NIRS 3
over ∼13 months at six wavelengths with the VLA. We also
imaged the radio jet at 3 mm with ALMA at two epochs sep-
arated by ∼27 months, with an angular resolution <∼0.′′1. Our
results indicate that after an exponential increase in the radio flux
in all observed bands, the intensity becomes constant or slightly
decreasing. A comparison of the two ALMA maps shows that
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the radio jet is expanding both to the NE and SW, although only
the NE lobe was present during our VLA monitoring. The SW
lobe appeared between May 2018 and June 2019, namely at a
much later time than the NE lobe. We believe that this ejection
event is related to the same accretion outburst, which occurred in
2015. We speculate that the delay between the two lobes might
be due to a greater density of the medium facing the SW lobe,
which could curb the expansion of the jet on that side.

From the analysis of the continuum spectra, we infer that two
mechanisms are needed to explain the observed fluxes: free-free
emission at short wavelengths and non-thermal (probably syn-
chrotron) emission at long wavelengths. We believe that the latter
should become dominant at frequencies <∼6 GHz. For this reason,
we fitted only the data with ν ≥ 6 GHz using a slightly modi-
fied version of the jet model adopted in Paper I, which works for
any opening angle of the jet <90◦. We conclude that the spectra
can be satisfactorily reproduced with an expanding, decelerating,
mono-polar thermal jet that was actively powered by the outburst
until mid-2017. After this date, no more mass is injected into the
lobes and the inner jet radius expands, which, over the long term,
is bound to give rise to one of the knots that characterise thermal
jets from YSOs.
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operated by ESO, AUI/NRAO and NAOJ.
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Appendix A: Jet expansion law

As discussed in Sect. 4.3.1, the jet is not expanding at constant
velocity during the period of our monitoring, but it appears to
slow down. It is thus necessary to adopt an expression for the
maximum radius, rm, that properly takes this effect into account.
A reasonable scenario may be that of a jet confined in a solid
angle Ω, with initial mass M0, which expands with initial veloc-
ity 30 through a medium with density ρ ∝ r−2, where r is the
distance from the jet origin. Because of momentum conservation
one can write

M030 = M(t)
drm

dt

=

[
M0 +

∫ rm

rm0

ρ0

( rm0

r

)2
Ωr2 dr

]
drm

dt

=
[
M0 + Ωρ0r2

m0 (rm − rm0)
] drm

dt
, (A.1)

with ρ0 density at radius rm0. The solution of this differential
equation is

M030t = M0 (rm − rm0)

+ Ωρ0r2
m0

 r2
m − r2

m0

2
− rm0 (rm − rm0)

 , (A.2)

which after some algebra gives

rm(t) = rm0 + 2T 30

√1 +
t
T
− 1

 , (A.3)

where we have defined T ≡ M0/(2ρ0Ωr2
m030).

While this expression provides us with a more realistic
description of the jet expansion than the constant velocity
assumption adopted in Paper I, we stress that it is not to be taken
as the real equation of motion of the jet but as the simplest way
to parametrise the observed deceleration of it.

Appendix B: Description of the model

In Paper I we adopted the jet model by Reynolds (1986)
to describe the integrated flux density of the radio jet from
S255IR NIRS 3. More specifically, we assumed what is defined
as the ‘standard spherical’ case in Reynolds’ Table 1, namely a
jet where the opening angle (θ0), internal velocity (30), ionisation
degree (x0), and temperature (T0) do not depend on the distance
r from the star. Conservation of mass along the flow implies that
the gas number density can be expressed as n = n0(r/r0)−2.

Despite its simplicity, the model was successful in fitting
the observed spectra in Paper I. However, Reynolds’ equations
have been derived under the assumptions of small θ0, an approx-
imation that is not satisfied by the best fit to the radio spectra
obtained in Paper I (see Table 3 there), which requires angles as
large as ∼50◦. In order to overcome this limitation, we propose
here a slightly modified version of Reynolds’ model that works
for any θ0 < 90◦.

To allow for an analytic solution of the equations, we main-
tain Reynolds’ assumption that the opacity depends only on r.
This is equivalent to assuming that the jet is not conical but has
a pyramidal shape with two faces parallel to the line of sight. We
also assumed that the jet is delimited by two cylindrical surfaces,
with radii r0 and rm, and that its axis is inclined by a small angle,
ψ, with respect to the plane of the sky. Figure B.1 schematically
illustrates the geometry of the jet, where the star lies at the origin
of the axes and the line of sight is parallel to the z-axis.

Fig. B.1. Sketch of the jet model. The x- and y-axes lie in the plane of
the sky, and the z-axis is parallel to the line of sight. The y-axis coincides
with the projection of the jet axis on the plane of the sky. The dotted line
labelled ‘l.o.s.’ denotes a generic line of sight. The star powering the jet
lies at the origin of the coordinate system.

Following Reynolds, the absorption coefficient of the ionised
gas and the opacity can be written as

κ(r) = κ0

(
r
r0

)−4

, (B.1)

where

κ0 = aκn2
0x2

0T−1.35
0 ν−2.1, (B.2)
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with aκ = 0.212 in CGS units, and

τ(R) =
∫ R tan(θ0+ψ)

−R tan(θ0−ψ)
κ dz = κ0r4

0

∫ R tan(θ0+ψ)

−R tan(θ0−ψ)

(
R2 + z2

)−2
dz

=
κ0r4

0

2R3

[
tan(θ0 + ψ)

1 + tan2(θ0 + ψ)
+

tan(θ0 − ψ)
1 + tan2(θ0 − ψ)

+ 2θ0

]
=
κ0r4

0

2R3

[
sin(2θ0) cos(2ψ) + 2θ0

]
= τ0

( r0

R

)3
. (B.3)

Here we have defined the two quantities

R =
√

x2 + y2 (B.4)

and

τ0 = κ0r0
sin(2θ0) cos(2ψ) + 2θ0

2
. (B.5)

To ease the comparison with Reynolds’ expressions, we indi-
cate with y0 and ym the projections of r0 and rm on the plane of
the sky, namely y0 = r0 cosψ and ym = rm cosψ, and with y1 the
value of R at which τ(R) = 1. From Eq. (B.3) one has

y1 = r0τ
1
3
0 . (B.6)

For the calculation of the total flux density of the jet we fol-
low Reynolds’ approach and assume that the emission between
R = 0 and R = y1 is optically thick, and that between R = y1 and
R = ym is optically thin. Under this approximation the flux can
be written as

S ν =
1
d2

∫ ym

y0

Bν(T0)
(
1 − e−τ

)
2θ′0R dR

≃
2θ′0Bν(T0)

d2

[∫ y1

y0

R dR +
∫ ym

y1

τ(R)R dR
]

=
2θ′0Bν(T0)

d2

y2
1 − y

2
0

2
+ y3

1

(
1
y1
−

1
ym

) , (B.7)

where Bν is the Planck function and θ′0 is the projection of θ0 on
the plane of the sky. The two angles are related by the expression

tan θ′0 =
tan θ0

cosψ
. (B.8)

We note that it is not strictly correct to integrate from y0 to ym
because the projections of the two circles with radii r0 and rm on
the plane of the sky are ellipses, and the integral should be made
not only in the variable R but also in the azimuthal angle. How-
ever, the approximation adopted by us is acceptable for small ψ.

The expression of S ν in the case of a jet totally thin (y1 < y0)
or thick (y1 > ym) can be obtained in a similar way, by con-
sidering only the relevant approximation in the argument of the
integral in Eq. (B.7). In conclusion, one obtains

S ν =
2θ′0Bν(T0)

d2

×


y3

1

(
1
y0
− 1

ym

)
⇔ y1 ≤ y0[

y2
1−y

2
0

2 + y3
1

(
1
y1
− 1

ym

)]
⇔ y0 < y1 < ym

y2
m−y

2
0

2 ⇔ y1 ≥ ym

. (B.9)

We note that this expression gives the total flux emitted by a
single jet lobe, whereas Eq. (5) of Paper I takes into account both
lobes. The different approach is justified by the fact that our new
findings have proved that only the NE lobe was present during
our monitoring (see Sect. 4.1).

The quantity y1 is a function of n0, in addition to other
parameters. However, following Reynolds, it may be convenient
to express it in terms of the mass loss rate of the jet, Ṁ, which
is obtained by integrating the flux of mass through the inner sur-
face of the jet. Obviously, Ṁ does not depend on the inclination
of the jet with respect to the line of sight, so we can simplify the
calculation by assuming ψ = 0. Hence, we obtain

Ṁ =
∫ r0 tan θ0

−r0 tan θ0

µn0
r2

0

r2
0 + z2

30
r0√

r2
0 + z2

2θ0r0 dz

= 4µn030θ0r4
0

∫ r0 tan θ0

0

(
r2

0 + z2
)− 3

2 dz

= 4µn030θ0r2
0

tan θ0√
1 + tan2 θ0

, (B.10)

where µ is the mean particle mass per hydrogen atom (we assume
µ = 1.67×10−24 g) and 30

r0√
r2

0+z2
is the component of the velocity

perpendicular to the inner surface of the jet. From this it is trivial
to express n0 as a function of Ṁ, and from Eqs. (B.2), (B.5),
and (B.6) one obtains

y1 =

 aκ
16µ2Λ

2T−1.35
0 ν−2.1 1 + tan2 θ0

tan2 θ0

sin(2θ0) cos(2ψ) + 2θ0

2θ2
0

 1
3

,

(B.11)

where we have defined Λ ≡ x0Ṁ/30.
Finally, a quantity of interest for our purposes is the ionised

mass of the jet, which is given by the expression

Mi =

∫ θ0

−θ0

dθ
∫ rm

r0

R dR
∫ R tan θ0

−R tan θ0

µx0n0
r2

0

R2 + z2 dz (B.12)

= 4µx0n0θ
2
0r2

0 (rm − r0)

= Λθ0

√
1 + tan2 θ0

tan θ0
(rm − r0) , (B.13)

where we have used Eq. (B.10) to replace n0.
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