
Investigating episodic accretion in a very low-mass young stellar object

Downloaded from: https://research.chalmers.se, 2026-04-04 22:58 UTC

Citation for the original published paper (version of record):
Stock, C., Garatti, A., McGinnis, P. et al (2020). Investigating episodic accretion in a very low-mass
young stellar object. Astronomy and Astrophysics, 643.
http://dx.doi.org/10.1051/0004-6361/202038897

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



A&A 643, A181 (2020)
https://doi.org/10.1051/0004-6361/202038897
c© ESO 2020

Astronomy
&Astrophysics

Investigating episodic accretion in a very low-mass young stellar
object?

C. Stock1,2, A. Caratti o Garatti1,3, P. McGinnis1, R. Garcia Lopez1,3, S. Antoniucci4, R. Fedriani5, and T. P. Ray1,2

1 Dublin Institute for Advanced Studies (DIAS), School of Cosmic Physics, Astronomy and Astrophysics Section,
31 Fitzwilliam Place, Dublin 2, Ireland
e-mail: cstock@cp.dias.ie

2 Trinity College Dublin, School of Physics, College Green, Dublin 2, Ireland
3 School of Physics, University College Dublin, Belfield, Dublin 4, Ireland
4 INAF – Osservatorio Astronomico di Roma, via di Frascati 33, 00040 Monte Porzio Catone, Italy
5 Department of Space, Earth & Environment, Chalmers University of Technology, 412 93 Gothenburg, Sweden

Received 11 July 2020 / Accepted 10 September 2020

ABSTRACT

Context. Very low-mass Class I protostars have been investigated very little thus far. Variability of these young stellar objects (YSOs)
and whether or not they are capable of strong episodic accretion is also left relatively unstudied.
Aims. We investigate accretion variability in IRS 54 (YLW52), a Class I very low-mass protostar with a mass of M? ∼ 0.1−0.2 M�.
Methods. We obtained spectroscopic and photometric data with VLT/ISAAC and VLT/SINFONI in the near-infrared (J, H, and K
bands) across four epochs (2005, 2010, 2013, and 2014). We used accretion-tracing lines (Paβ and Brγ) and outflow-tracing lines (H2
and [Fe ii]) to examine physical properties and kinematics of the object.
Results. A large increase in luminosity was found between the 2005 and 2013 epochs of more than 1 magnitude in the K band,
followed in 2014 by a steep decrease. Consistently, the mass accretion rate (Ṁacc) rose by an order of magnitude from ∼10−8 M� yr−1

to ∼10−7 M� yr−1 between the two early epochs. The visual extinction (AV ) has also increased from ∼15 mag in 2005 to ∼24 mag
in 2013. This rise in AV in tandem with the increase in Ṁacc is explained by the lifting up of a large amount of dust from the disc
of IRS 54, following the augmented accretion and ejection activity in the YSO, which intersects our line of sight due to the almost
edge-on geometry of the disc. Because of the strength and timescales involved in this dramatic increase, this event is believed to have
been an accretion burst possibly similar to bursts of EXor-type objects. IRS 54 is the lowest mass Class I source observed to have an
accretion burst of this type, and therefore potentially one of the lowest mass EXor-type objects known so far.

Key words. infrared: stars – stars: jets – stars: protostars – stars: individual: IRS 54 – accretion, accretion disks –
techniques: spectroscopic

1. Introduction

The young stellar object (YSO) phase represents a very impor-
tant stage in the life of a star and influences its subsequent evo-
lution. YSOs can be divided into four classes (Class 0, I, II,
and III), where Class I to Class III are defined by their spec-
tral index (α) measured from the near- to mid-infrared (NIR to
MIR) portion of the spectrum (Lada 1987). Class 0 stars are nor-
mally observed only at millimetre (mm) and radio wavelengths
and represent the earliest phase when over 50% of the mass is
still contained in an envelope surrounding the protostellar core.
Although Class I YSOs are deeply embedded, they are neverthe-
less observable in the NIR. Since they are still strongly accret-
ing and generating powerful outflows, it is possible to study
both accretion and ejection processes at this relatively early
stage through IR spectroscopy and imaging using state-of-the-
art ground-based telescopes.

Young stars have been known to exhibit episodic variability
in their accretion and ejection over the course of their evolu-
tion (see e.g. Audard et al. 2014, and references therein). It is
important to note that in this case, an increase in accretion is
? Based on observations collected at the European Southern Obser-

vatory Paranal, Chile, Program ID 075.C-0561(A), 290.C-5095(B) and
093.C-0366(A).

usually associated with an increase in luminosity as more mate-
rial is accreted, producing strong shocks onto the stellar pho-
tosphere and additional radiation. Two evident forms that this
variability can take are FU Orionis-type outburts (FUors, named
after the prototype FU Ori) and EXor outbursts (named after
EX Lupi), which were first discovered in the context of optical
observations (Herbig 1966, 1977, 1989) and since then have had
their definition broadened to include more embedded types of
young stars (e.g. Connelley & Greene 2010).

FUors are YSOs that exhibit accretion bursts of several
orders (3–4) of magnitude, reaching Ṁacc ∼ 10−4 M� yr−1 for
a relatively short timescale (∼102 years) and might accrete up to
∼30−40% of their final mass during these bursts over the course
of their formation (Fischer et al. 2019). It is believed that these
kinds of dramatic bursts preferentially occur during the early
stages of star formation when mass is still falling onto the disc
from an envelope (e.g. Vorobyov & Basu 2015), even though the
phenomenon was first discovered in pre-main sequence (PMS)
stars.

EXor bursts are phenomena that occur over shorter
timescales (∼1–2 years) and are less violent (Ṁacc increases of
1–2 orders of magnitude typically up to 10−7−10−6 M� yr−1)
than their FUor counterparts (Audard et al. 2014). The bright-
ness of these objects can increase by a few magnitudes
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Table 1. Observation log for ISAAC and SINFONI data taken in 2005, 2013, and 2014.

Date Telescope Int (s) Seeing (′′) R Std. star (Hip) Band Method
yyyy-mm-dd

2005-06-16 VLT/ISAAC 300 1.54 10 500 082254 J spec.
2005-06-16 VLT/ISAAC 300 1.54 10 000 082254 H spec.
2005-06-16 VLT/ISAAC 180 1.54 8900 082254 K spec.
2013-04-22 VLT/ISAAC 300 1.69 10 000 082254 H spec.
2013-06-12 VLT/ISAAC 20 1.00 – – H photo.
2013-06-12 VLT/ISAAC 20 1.00 – – J photo.
2013-08-01 VLT/ISAAC 300 1.12 10 500 082254 J spec.
2013-09-10 VLT/ISAAC 300 1.38 8900 092393 K spec.
2013-09-12 VLT/ISAAC 60 0.49 – – K photo.
2014-05-22 VLT/SINFONI 300 0.56 4000 082430 H IFU
2014-06-02 VLT/SINFONI 300 0.60 4000 079771 K IFU

Notes. The SINFONI archival data used from 2010 is not included in this table, being published in GL13. J band photometry was implemented
using the acquisition image taken in the J band the same night as the spectroscopy J band data.

over mere months, according to photometric observations (e.g.
Audard et al. 2010). Their frequency is also higher than FUors,
with bursts occurring potentially only a few years apart (Herbig
2008). Similar to FUors in the quiescent state, most EXors
are optically observable classical T Tauri stars. However, there
is evidence that earlier stage protostars also exhibit episodic
bursts (see, e.g. Audard et al. 2014, and references therein), and
it has been found that, in Class I YSOs, this eruptive variability
is at least an order of magnitude more common than in Class II
YSOs (Contreras Peña et al. 2017). Certainly the increased use
of IR observations has helped to shed light on this phenomenon
at earlier phases in stellar evolution.

Here, we investigate the variability of a single object (IRS 54)
over 9 years using NIR spectroscopic and photometric data.
IRS 54 (YLW52) is located in the Ophiuchus star-forming region
at a distance of ∼137 pc (Sullivan et al. 2019). It is a Class I very
low-mass star (VLMS) (M? ∼ 0.1−0.2 M�) of estimated spectral
type M (Garcia Lopez et al. 2013, hereafter GL13) with a bolo-
metric luminosity of Lbol = 0.78 L� (van Kempen et al. 2009).
Observations of this YSO have revealed an accretion disc and a
H2 molecular jet (Khanzadyan et al. 2004, GL13) typical of pro-
tostars at an early evolutionary phase (see, e.g. Lee 2020, and ref-
erences therein). IRS 54 in fact is one of the lowest luminosity
sources where an H2 outflow has been spatially resolved (GL13).
Moreover, it is an ideal candidate for studying variability due to
its edge-on disc geometry that allows us to view the red- and
blueshifted components of its outflow, and because multi-epoch
spectra and imaging are available spanning almost a decade.

2. Observations and data reduction

The Class I protostar IRS 54 was observed over four epochs
(2005, 2010, 2013, and 2014) in the NIR, as reported in Table 1.
Epochs 2005 and 2013 were obtained with the Very Large
Telescope (VLT) at the European Southern Observatory (ESO)
Paranal Observatory in Chile using the Infrared Spectrometer
and Array Camera (ISAAC, Moorwood et al. 1998). ISAAC
employed medium spectral resolution (R ∼ 10 000, see Table 1),
a slit width of 0.3′′, and a slit length of 120′′, with a pixel scale
of 146 milli-arcseconds (mas). The K band data in 2005 cover
a larger wavelength range than in 2010, because two contiguous
spectral segments were acquired in 2005. The seeing values for
each individual night are included in Table 1. To correct for the

atmospheric response, telluric standard stars were also observed
(see Col. 6 in Table 1).

The 2014 data were acquired over two separate nights with
the VLT using the Spectrograph for Integral Field Observations
in the Near Infrared (SINFONI; Eisenhauer et al. 2003), an inte-
gral field unit (IFU). SINFONI observations in the H and K
bands had a pixel scale of 100 mas, with a corresponding field
of view of 3′′ × 3′′, and a spectral resolution of ∼4000. The
seeing measurements for each night are included in Table 1. As
with the ISAAC data, to correct for atmospheric effects, telluric
standard B-type stars were observed (see Table 1).

The data reduction was completed with the GASGANO1

data file organiser to run the standard SINFONI pipeline recipes.
These were used to apply dark and bad pixel masks, flat field cor-
rection, optical depth correction, and a wavelength calibration
using either OH lines (in the case of the H band) or arc lamps
(in the case of the K band, where there were not enough strong
OH lines) to the data cubes. A spectrum was then extracted from
the telluric cube using IRAF2 (Image Reduction and Analysis
Facility). The region to extract (about the central region on the
cube) was determined using CASA3 (Common Astronomy Soft-
ware Applications) Viewer. Hydrogen-recombination lines were
manually removed from the spectrum of the telluric standard
star before this spectrum was used to correct for telluric absorp-
tion. The H band reduction of the 22 May 2014 SINFONI data
required a further manual sky subtraction because OH line resid-
uals were present in the datacube. This was done by selecting a
region of sky in the field of view with little to no emission from
the source and subtracting this from the science cube. The result-
ing spectra were extracted on source.

ISAAC spectroscopic data were reduced in the standard
way using IRAF. Wavelength calibration relied on the OH

1 GASGANO is maintained by ESO. https://www.eso.org/sci/
software/gasgano
2 IRAF is distributed by the National Optical Astronomy Observatory
(NOAO). http://iraf.noao.edu
3 CASA is developed by an international consortium of scientists
based at the National Radio Astronomical Observatory (NRAO), the
European Southern Observatory (ESO), the National Astronomical
Observatory of Japan (NAOJ), the Academia Sinica Institute of Astron-
omy and Astrophysics (ASIAA), the CSIRO division for Astronomy
and Space Science (CASS), and the Netherlands Institute for Radio
Astronomy (ASTRON) under the guidance of NRAO. https://casa.
nrao.edu
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(a)
(b)

Fig. 1. Panel a: blueshifted component of the [Fe ii] emission in the H band in IRS 54 from the SINFONI 2014 data. Four spectral channels were
averaged from 1.6430 µm (−171 km s−1) to 1.6438 µm (−25 km s−1). Panel b: redshifted component of the [Fe ii] emission in the H band in IRS 54
from the SINFONI 2014 data. Four spectral channels were averaged from 1.6440 µm (11 km s−1) to 1.6443 µm (66 km s−1). For reference, the
centre black (a) and white (b) contours represent the continuum of the source taken at levels of 0.1, 0.3, 0.5, 0.7 and 0.9.

atmospheric lines in each frame. Spatial distortion and cur-
vature caused by the long slit were corrected using the cal-
ibration file STARTRACE. An average wavelength accuracy
of 2 Å was achieved. As in the case of the SINFONI data,
hydrogen-recombination lines were removed from the telluric
standard spectra before telluric corrections were applied.

The photometric data obtained with ISAAC (epochs 2005
and 2013) were reduced with IRAF. Flat-fielding of the raw data,
sky subtraction, and cosmic ray corrections were all performed.
Approximately five nearby stars in the field of view were used to
flux calibrate the final science images using their known 2MASS
catalogue values. However, the J band flux calibration was com-
pleted using the J band acquisition image as photometric science
images were not available.

When calculating the line velocities, the spectra were corr-
ected to theparent cloudvelocityof∼ 3.5 km s−1 (Wouterloot et al.
2005; André et al. 2007).

The 2010 VLT/SINFONI archival data were taken from
GL13.

3. Results

3.1. Morphology

Detected features in IRS 54 include a disc, jet, and illuminated
outflow cavity walls (see Fig. B.2 of GL13). The geometry of the
system is such that the disc is seen roughly edge-on (GL13). This
geometry poses challenges from an observational perspective,
specifically in viewing the inner disc where most of the accretion
activity takes place. Nevertheless, the edge-on disc configuration
of IRS 54 also provides good conditions in which to trace its
bipolar jet back to the source (see below).

Images were generated from the SINFONI data for the
H2 and [Fe ii] (1.644 µm) emission lines in the H and K
bands. Figure 1 shows both the blue- and redshifted continuum-
subtracted images of the emission from the [Fe ii] line at
1.644 µm observed in 2014, where four spectral channels

were averaged from 1.6430 µm (−171 km s−1) to 1.6438 µm
(−25 km s−1, see Fig. 1a) and from 1.6440 µm (11 km s−1) to
1.6443 µm (66 km s−1, see Fig. 1b). This emission traces the jet
of the YSO and is extended with respect to the source position,
which is indicated with the black and white contours in Figs. 1a
and 1b, respectively. It is spatially asymmetric about the central
source, with much stronger blueshifted than redshifted emission.
In summary, the IRS 54 jet predominately emits [Fe ii] in the
blueshifted lobe.

In contrast, most of the H2 emission comes from the red-
shifted lobe: it traces not only the bright redshifted jet but also
what appear to be cavity walls that straddle the source. Figure 2
shows the red- and blueshifted continuum-subtracted images
of IRS 54 at the H2 1-0 S(1) emission line in the K band. In
Fig. 2a four spectral channels were averaged from 2.12087 µm
(−125 km s−1) to 2.12160 µm (−22 km s−1), and in Fig. 2b four
spectral channels were averaged from 2.12185 µm (30 km s−1)
to 2.12258 µm (134 km s−1). The blue contours represent the
location of the central source and its continuum emission. The
behaviour of this H2 emission traces a different spatial compo-
nent of the jet than that of the [Fe ii] emission. The redshifted
component of the jet is primarily radiating H2 at 2.122 µm.
The molecular jet was already observed to be asymmetric by
GL13, with a redshifted molecular jet component and also pos-
sibly a blueshifted atomic jet component. Here, we observe this
asymmetry as well and also observe the atomic component. Our
observations therefore adhere to the morphology sketch pre-
sented by GL13 (their Fig. B.2).

3.2. Spectroscopy and IFU on source

Figure 3 shows the on-source flux calibrated spectra (J, H, and
K bands) along with the main lines detected from our obser-
vations (epochs 2005, 2013, and 2014) and from 2010 archival
data (GL13). It is apparent from Fig. 3 that not only the flux
intensities of both line and continuum have changed from one
epoch to another, but also the shape of each spectral energy
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(a) (b)

Fig. 2. Panel a: blueshifted component of the H2 emission in the K band in IRS 54 from the SINFONI 2014 data. Four spectral channels were
averaged from 2.12087 µm (−125 km s−1) to 2.12160 µm (−22 km s−1). Panel b: redshifted component of the H2 emission in the K band in IRS 54
from the SINFONI 2014 data. Four spectral channels were averaged from 2.12185 µm (30 km s−1) to 2.12258 µm (134 km s−1). For reference, the
centre blue contours represent the position of the continuum of the source taken at levels of 0.2, 0.4, 0.6 and 0.8 of the continuum flux.

Fig. 3. Spectral Energy Distribution (SED) of J, H, and K bands over the four epochs (2005, 2010, 2013, and 2014). We note that the J band has
two overlapping spectra from 2005 (blue) and 2013 (orange).

distribution (SED). Between 2005 (blue), 2010 (red), and 2013
(orange) the flux increased and the shape of the SED went from
being approximately flat (especially in the K band) to having
a much steeper slope. The SED of 2014 (green) receded to a
flux below that of 2010 (red), becoming less steep in the K
band. Because 2010 data were only available in the K band, it is

impossible to say definitively whether this was the case in the
J and H bands as well. Emission lines at different epochs have
been identified and labelled in Fig. 3; Table 2 provides a list of
the main lines detected along with their full width at half max-
imum (FWHM), fluxes, radial velocities and full width at zero
intensity (FWZI). These quantities are analysed further in the
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Table 2. J, H, and K bands Kinematics for IRS 54 taken with VLT/ISAAC (2005 and 2013) and VLT/SINFONI (2010 and 2014).

2005 Line λ FWHM F vR FWZI FWZI
(µm) (Å) (erg s−1 cm−2) (km s−1) ( ±1 Å) (±24 km s−1)

J

[FeII] (HVC, blue) 1.257 3.4 (3.4 ± 0.4) × 10−16 −111± 5 – –
[FeII] (LVC) 1.257 2.7 (1.7 ± 0.3) × 10−16 −30± 5 15 358

[FeII] (HVC, red) 1.257 5.2 (2.6 ± 0.6) × 10−16 54± 5 – –
Paβ 1.282 13.0 (2.8 ± 0.2) × 10−15 −17± 4 26 608

H

Br13 1.611 12.9 (1.4 ± 0.9) × 10−15 0± 5 29 540
Br12 1.641 12.5 (1.6 ± 0.1) × 10−15 1± 4 29 530

[FeII] (HVC, blue) 1.644 3.6 (7.0 ± 0.4) × 10−16 −121± 3 – –
[FeII] (LVC) 1.644 5.9 (9.8 ± 0.7) × 10−16 −43± 3 28 511

[FeII] (HVC, red) 1.644 7.3 (7.7 ± 0.8) × 10−16 64± 3 – –
Br11 1.681 14.7 2.7 ± 0.2) × 10−15 −22± 4 30 535

K H2 2.122 3.1 (7.2 ± 0.8) × 10−15 11± 1 13 184
Brγ 2.166 19.2 (1.0 ± 0.6) × 10−14 −113± 2 46 733

2010

K H2 2.122 7.0 (1.2 ± 0.2) × 10−14 6± 3 24 339
Brγ 2.166 18.3 (3.0 ± 0.7) × 10−14 −18± 4 53 734

2013

J

[FeII] (HVC, blue) 1.257 2.4 (4.2 ± 0.3) × 10−16 −102± 5 – –
[FeII] (LVC) 1.257 1.6 (1.8 ± 0.2) × 10−16 −22± 5 15 358

[FeII] (HVC, red) 1.257 5.1 (1.1 ± 0.2) × 10−16 107± 5 – –
Paβ 1.282 14.8 (3.5 ± 0.2) × 10−15 −7± 4 26 608

H

Br14 1.588 14.6 (3.5 ± 0.4) × 10−15 −32± 4 38 717
Br13 1.611 13.6 (4.2 ± 0.3) × 10−15 −5± 3 34 632
Br12 1.641 13.9 (5.2 ± 0.4) × 10−15 −34± 5 31 566

[FeII] (HVC – blue) 1.644 4.8 (3.4 ± 0.2) × 10−15 −98± 2 – –
[FeII] (LVC) 1.644 2.3 (2.3 ± 0.2) × 10−15 −17± 2 31 565

[FeII] (HVC – red) 1.644 7.0 (3.4 ± 0.2) × 10−15 72± 5 – –

K H2 2.122 3.2 (5.3 ± 0.2) × 10−15 7± 2 12 170
Brγ 2.166 16.4 (4.2 ± 0.9) × 10−14 −57± 1 58 803

2014
Br20 1.519 13.9 (6.8 ± 0.7) × 10−16 27± 3 29 572
Br19 1.526 22.9 (1.2 ± 0.1) × 10−15 −24± 5 36 707
Br18 1.534 22.4 (1.4 ± 3) × 10−15 −37± 7 34 664

H

Br17 1.544 16.0 (1.1 ± 0.2) × 10−15 8± 5 34 660
Br16 1.556 17.3 (1.5 ± 0.1) × 10−15 −31± 3 30 578
Br14 1.588 14.7 (2.0 ± 0.2) × 10−15 −11± 3 33 623
Br13 1.611 14.9 (2.8 ± 0.1) × 10−15 12± 3 33 614
Br12 1.641 13.9 (2.9 ± 0.2) × 10−15 13± 3 32 585
[FeII] 1.644 10.4 (1.3 ± 0.1) × 10−15 −65± 3 23 419
Br11 1.681 17.1 (5.8 ± 0.3) × 10−15 1± 3 53 945
Br10 1.736 17.1 (5.4 ± 0.4) × 10−15 −28± 3 39 673

K H2 2.122 3.1 (7.2 ± 0.8) × 10−15 11± 3 26 367
Brγ 2.166 19.2 (1.0 ± 0.6) × 10−14 −33± 4 57 789

coming sections to derive visual extinction (AV ) and mass accre-
tion rates at different epochs.

The spectra from IRS 54 display multiple hydrogen-
recombination lines, the brightest of which are the Brγ and Paβ
emission lines in the K and J band, respectively. These lines
are primarily accretion signatures (e.g. Muzerolle et al. 1998).

Forbidden iron ([Fe ii] 1.257 µm and 1.644 µm) and molecular
hydrogen (H2 2.122 µm) emission lines, which trace the jet, are
also visible. The [Fe ii] emission is also useful in understand-
ing physical properties of the surroundings of the YSO, such as
the amount of foreground extinction in the observations. Also
present are the R(0–15) and P(1–9) (between 2.31 and 2.37 µm)
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Fig. 4. Low J lines from the v = 2 − 0 CO band head (2.31–2.37 µm) in
the 2010 (red) and 2014 (green) data, seen in absorption. The vertical
lines indicate the different lines.

rotational lines (J) of the v = 2 − 0 CO band head, which trace
relatively mild temperatures (a few hundred Kelvin). These lines
are seen in absorption in the 2010 and 2014 data (see Fig. 4).
Many of these line measurements are below 3σ, however the
signal-to-noise ratio is higher in the 2014 spectrum, making
these absorption features easier to identify in this epoch. The
2010 epoch also contains these CO lines, less clearly, but just
barely visible in absorption. Notably, a star of spectral type M
would have CO photospheric absorption lines, including the high
rotational lines (i.e. those that actually pile up, producing the
band heads), which typically trace gas at a few thousand Kelvin.
The high-J lines are not seen here. Moreover, such a young
source as IRS 54 should present very high veiling and thus pho-
tospheric lines should not be detected. Therefore these features
in absorption most likely originate from the outer disc or from
the envelope, seen against a much hotter inner disc gas. These
features are observed in emission during outbursts of EXors
(Audard et al. 2014).

3.3. Variability in visual extinction

[Fe ii] transitions can be used to determine visual extinction
(AV ), however, uncertainties are still prevalent when estimat-
ing the radiative transition probabilities used in the calcula-
tion (Giannini et al. 2015). The ratio of two bright NIR lines,
1.644/1.257 µm, is useful because they originate from the same
upper level and are optically thin. The line ratio 1.644/1.320 µm
can similarly be used to calculate AV , however the signal-to-
noise ratio of the 1.320 µm line in our observations is below 3σ.
Because these transitions originate from the same upper level,
their theoretical intensity ratio depends not on the physical con-
ditions in the emission region, but on the frequencies and transi-
tion probabilities. The observed ratio is:

Iλ1

Iλ2

=
Ai jλ2

Aikλ1
10− (Aλ1− Aλ2 ) / 2.5, (1)

where Iλ1 and Iλ2 are the observed intensities of the two [Fe ii]
lines; Ai j and Aik are Einstein coefficients of 4.65 s−1 ([Fe ii]
at 1.644 µm) and 4.83 s−1 ([Fe ii] at 1.257 µm) representing the
transition rates for each line (taken from Nussbaumer & Storey
1988); and λ1 and λ2 are the wavelengths of the lines. The

following equation, along with an extinction law (namely,
Rieke & Lebofsky 1985), allows for the calculation of AV :

Aλ = αλβAV ; α = 0.42, β = −1.75, (2)

where Aλ is the extinction at a specific wavelength λ.
To study if and how the visual extinction changes with

time, line ratios were measured at different epochs. Visual
extinction (AV ) was calculated for the ISAAC data (2005 and
2013 epochs) using Eq. (1) for the [Fe ii] 1.644/1.257 µm line
ratio from the spectra extracted on-source, using the flux val-
ues reported in Table 2. To increase the signal-to-noise ratio
and thus reduce the uncertainties, we combine the fluxes of
the different velocity components. As the SINFONI data (2010
and 2014 epochs) did not contain J band observations, a
measurement of the integrated flux of the [Fe ii] 1.257 µm
line was not possible. The measured AV value changes from
15± 1 mag in 2005 to 24± 1 mag in 2013 (as reported in Col. 2
of Table 3). These values are similar to those found in other stud-
ies towards Class I protostars (Davis et al. 2011). It is impor-
tant to note that these values represent lower limits for the
extinction on source, because the [Fe ii] lines originate in the
jet.

3.4. Accretion-Tracing Lines

The Brγ and Paβ lines are understood to primarily trace the
accretion activity of the young star, rather than outflow activ-
ity further out (e.g. Muzerolle et al. 1998; Calvet et al. 2004;
Alcalá et al. 2017). An empirical correlation exists between
the accretion luminosity (Lacc) and the luminosity of these
hydrogen-recombination lines (Lline). As expected of lines trac-
ing the same processes, both of these lines follow similar trends
of increasing flux in the accretion burst between 2005 and 2013.
In 2014, a decrease is seen in the Brγ line (Fig. 5). The values of
the fluxes of these lines can be found in Table 2.

Figure 5a shows the continuum-subtracted line profiles of
the Brγ (2.166 µm) line emission present in the data from the
epochs 2005, 2010, 2013, and 2014 normalised to the peak
intensity of the 2013 epoch. Due to the different spectral res-
olution of ISAAC and SINFONI, the ISAAC spectra were re-
sampled to match the lower resolution of the SINFONI data
for comparison purposes. Subsequently, this line was found to
have an average FWZI of ∼765 km s−1. The intensity of the
Brγ line flux increased by about a factor of five from 2005
(blue) to 2013 (orange), and then in 2014 (green) dropped to
an intensity of only ∼40% of the peak of 2013 (orange). As
a tracer of accretion processes, this decrease in Brγ emission
suggests that accretion decreased dramatically between the 2013
and 2014 epochs, a much sharper change than the peak increase
from 2005 to 2013. The integrated flux and radial velocity
of the Brγ emission across all four epochs can be found in
Table 2.

In Fig. 5b, the Paβ (1.282 µm) line profiles from two epochs
are shown normalised to the peak intensity of the 2013 epoch in
the J band. It is apparent that the change in flux from 2005 to
2013 was much less pronounced at this wavelength range than
in the K band (see Brγ in Fig. 5a); the intensity in 2005 was
∼70% that of the peak intensity in 2013. In comparison the Brγ
line in 2005 only reached ∼25% of the peak intensity of that in
2013. However, it is worth noting that the line profiles shown in
Fig. 5 are not dereddened. Once dereddened (see Figs. A.1 and
A.2), the differences in flux between the 2005 and 2013 epochs
are readily visible.
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Table 3. Visual extinction (AV ) values calculated using the ratio [Fe ii] 1.644/1.257 µm and mass accretion rates (Ṁacc) calculated from the Brγ
and Paβ line luminosities using the relation from Alcalá et al. (2017).

AV Lacc,Brγ (L�) Ṁacc,Brγ (M� yr−1) Lacc,Paβ (L�) Ṁacc,Paβ (M� yr−1) Ṁacc,avg (M� yr−1)

2005 15± 1 0.039± 0.007 (2.1 ± 0.4) × 10−8 0.023± 0.009 (1.2 ± 0.5) × 10−8 (1.7 ± 0.5) × 10−8

2013 24± 1 0.68± 0.09 (3.6 ± 0.5) × 10−7 0.29± 0.08 (1.5 ± 0.4) × 10−7 (2.6 ± 0.5) × 10−7

Notes. Ṁacc,avg is the average of the Ṁacc found from the Brγ and Paβ lines. The errors propagated for the Ṁacc for both Paβ and Brγ are underes-
timates, as the errors present in the conversion from line flux to accretion luminosity (the a and b values found in Alcalá et al. 2017) were omitted
in order to compare the values found in the different epochs (which would be affected the same way by this conversion). This remains valid when
comparing the values of Ṁacc found from the same line over two different periods. However, in order to compare between the values of Ṁacc found
from two different lines, these errors on a and b would need to be taken into consideration, and the result would be a much larger error bar for the
Ṁacc values that would bring the measurements from Brγ and Paβ into agreement. Here, the former is preferred.
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Fig. 5. Line profiles of the (panel a) Brγ 2.166 µm and (panel b) Paβ 1.282 µm hydrogen-recombination lines. Both lines are continuum-subtracted
and have been corrected to the cloud velocity and normalised to the 2013 peak flux densities. In (a), the ISAAC spectral data (epochs 2005 and
2013) have been smoothed to match the lower spectral resolution of the SINFONI data (epoch 2014). In (b), this was not necessary as only ISAAC
data contained J band observations.

3.5. Outflow-tracing lines

Jets provide an environment where shocks can break up dust
grains releasing, for example, refractory elements like Fe into the
gas phase (see, e.g. Nisini et al. 2002; Nisini 2008). Two [Fe ii]
lines in particular (1.644 µm and 1.257 µm) are understood to
be tracing the outflow activity in IRS 54 (Connelley & Greene
2014). They are consistent in their trends of flux increase and
eventual decrease, as for the Brγ and Paβ lines, as seen in Fig. 6.
This trend suggests that the YSO ejection activity close to the
source follows the same path as that of accretion.

These forbidden emission lines can exhibit multiple and
often complex velocity components (Davis et al. 2001). The
high-velocity component (HVC) is generally associated with the
jet at higher velocities on larger scales, while the low-velocity
component (LVC) originates from a more compact and dense
region at the base of the jet (see, e.g. Garcia Lopez et al. 2009).
Both [Fe ii] lines clearly show a HVC and a LVC, which are both
blueshifted. A redshifted component of the HVC is also visi-
ble in the 1.257 µm line at ∼+100 km s−1. In the 1.644 µm line,
the emission at ∼+100 km s−1 could potentially be the redshifted
component of its HVC, but it is strongly blended with the LVC.
Our difficulty in separating the different velocity components is
not unexpected given the (almost edge-on) geometry of the disc.

In addition to atomic emission, molecular hydrogen (H2)
emission is also detected. This traces dense molecular gas

of relatively low excitation (nH2 ≥ 105 cm−3, T ∼ 2000 K;
Caratti o Garatti et al. 2006). The brightest transition detected is
the 1–0 S(1) line at 2.122 µm (other H2 lines are also present in
the data, but their signal-to-noise ratio values are much lower).
Figure 6c shows the line profile at different epochs. Notably,
between 2013 and 2014 the intensity dropped to ∼20% of the
peak, below even that of the earliest (2005) epoch. This trend
can be seen in the [Fe ii] 1.644 µm line as well, but not in the
Bracket or Paschen hydrogen-recombination lines (whether this
trend is also seen in the [Fe ii] 1.257 µm line cannot be confirmed
due to the lack of J band data in 2014). This is consistent with
our expectations that the H2 and [Fe ii] emission are tracing dif-
ferent processes in IRS 54 than the Brackett and Paschen lines.
The H2 and [Fe ii] lines trace the outflow, while the Brackett and
Paschen lines trace accretion activity closer to the star and inner
disc4,5.

4 WISE is a joint project of the University of California, Los Angeles,
and the Jet Propulsion Laboratory/California Institute of Technology,
funded by the National Aeronautics and Space Administration.
5 NEOWISE is a project of the Jet Propulsion Laboratory/California
Institute of Technology, funded by the Planetary Science Division of
the National Aeronautics and Space Administration.
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Fig. 6. Panels a and b: line profiles of [Fe ii] at 1.257 µm and 1.644 µm. Panel c: line profile of molecular hydrogen (H2) 2.122 µm. All lines are
continuum-subtracted and have been corrected to the cloud velocity. In (b) and (c), the ISAAC spectral data (epochs 2005 and 2013) have been
smoothed to match the lower spectral resolution of the SINFONI data (epoch 2014); in (a), this was not necessary as only ISAAC data contained
J band observations. We note the different velocity components present. The redshifted HVC in (b) cannot be separated as it is blended with the
LVC. In (b) the Br12 (1.641 µm) line is also shown to highlight how the 2014 epoch (green line) changes differently in the outflow-tracing [Fe ii]
emission from the accretion-tracing Br12 line.

3.6. Photometry

In order to put our observations in perspective and investigate the
variability of IRS 54 across a broader time frame and at different
wavelengths, we combine our SINFONI and ISAAC photometry
with archival and literature photometric data for IRS 54 obtained
by 2MASS (2 Micron All Sky Survey), the SQIID (Simultane-
ous Quad-Color Infrared Imaging Device) at Kitt Peak National
Observatory, DENIS (Deep Near Infrared Survey), NSFCAM
(NASA), the Anglo-Australian Telescope (AAT), and the Wide-
field Infrared Survey Explorer (WISE). These data can be seen
in Fig. 7 and Table 4, where their respective sources are cited.
The WISE data (MIR) were used to obtain an idea of how
the object has varied at these longer wavelengths where extinc-
tion is less influential. J, H, and K bands all show a simi-
lar trend in luminosity variability, while the MIR observations
(bands W1 and W2 at 3.4 and 4.6 um, respectively) show the
brightness peaking in 2010. Their steep rise suggests that the
maximum has happened around the epochs of 2010 or 2011
rather than in 2013. However, due to the gaps in photometry
between 2010 and 2013, it is impossible to define when the max-
imum of each light curve takes places. As monitoring data were
available from NEOWISE between 2014 and 2019, it can be
seen from the photometry in 2014 that W1 and W2 magnitudes
dropped with respect to 2010, and after that there is a smooth
secondary maximum followed by an erratic dimming of the
source.

Multi-epoch archival data in the J, H, and K bands show
a large variability of up to two magnitudes during the decade
preceding our 2005 observations. The observed variability in
IRS 54 seems therefore to be episodic rather than being a
single event we happened to witness with our observations.
2MASS NIR archival data indicate that in 1999 the object
was ∼1 mag brighter than the peak seen in this study. How-
ever, it is worth noting the differing spatial resolution and
likely contamination from the surrounding nebulosity in the
region in the 2MASS data. Nevertheless, as there are also
DENIS data (in J and K bands) from the 1999 epoch that
agree with the 2MASS data points, we can trust that IRS 54
brightened around 1999 and then a quiescent state followed
until the more recent surge we observed between 2010 and
2013.
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Fig. 7. Photometry of IRS 54. The present archival data are described in
Table 4. Our data from SINFONI and ISAAC are also included.

3.7. Accretion variability

The mass accretion rate (Ṁacc) can be derived from measuring
the release of accretion energy (Lacc) in the form of UV con-
tinuum and line emission (Gullbring et al. 1998). The relation
between Lacc and Ṁacc is expressed in Eq. (3) (Gullbring et al.
1998; Hartmann et al. 1998):

Lacc =
GM?Ṁacc

R?

(
1 −

R?

Rin

)
, (3)
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Table 4. Photometry measurements from J (1.25 µm), H (1.65 µm), K (2.16 µm), W1 (3.4 µm) and W2 (4.6 µm) filters.

Date Instrument J H K W1 W2 Refs.
yyyy-mm-dd (mag) (mag) (mag) (mag) (mag)

1994-04-25 KPNO/SQIID 16.63± 0.10 13.50± 0.10 10.87± 0.10 – – 1
1999-03-29 DENIS 14.90± 0.12 – 8.666± 0.060 – – 2
1999-04-17 2MASS 14.678± 0.037 11.189± 0.029 8.713± 0.023 – – 3
2002-03-01 IRTF/NSFCAM 16.38± 0.10 12.22± 0.04 10.15± 0.02 – – 4
2005-06-16 VLT/ISAAC 16.00± 0.25 13.12± 0.17 10.80± 0.18 – – –
2008-05-24 AAT/IRIS2 15.71± 0.20 12.47± 0.20 10.44± 0.20 – – 6
2010-02-27 WISE – – – 8.135± 0.041 6.424± 0.057 7
2010-06-14 VLT/SINFONI – – 9.83± 0.10 – – 8
2010-08-28 WISE – – – 6.774± 0.015 4.796± 0.013 7
2013-06-12 VLT/ISAAC 15.90± 0.35 12.06± 0.13 – – – –
2013-09-12 VLT/ISAAC – – 9.67± 0.05 – – –
2014-03-02 NEOWISE – – – 7.230± 0.018 5.626± 0.016 9
2014-05-22 VLT/SINFONI – 12.30± 0.20 – – –
2014-06-02 VLT/SINFONI – 10.10± 0.10 – – –
2014-08-28 NEOWISE – – – 7.116± 0.021 5.549± 0.016 9
2015-02-27 NEOWISE – – – 6.927± 0.021 5.385± 0.017 9
2015-08-25 NEOWISE – – – 6.955± 0.020 5.252± 0.019 9
2016-02-26 NEOWISE – – – 6.858± 0.020 5.407± 0.016 9
2016-08-18 NEOWISE – – – 6.792± 0.022 5.444± 0.017 9
2017-02-27 NEOWISE – – – 7.269± 0.020 5.656± 0.016 9
2017-08-13 NEOWISE – – – 7.399± 0.018 5.795± 0.016 9
2018-02-27 NEOWISE – – – 7.172± 0.019 5.512± 0.018 9
2018-08-09 NEOWISE – – – 7.107± 0.019 5.505± 0.015 9
2019-03-01 NEOWISE – – – 7.495± 0.016 5.867± 0.016 9
2019-08-11 NEOWISE – – – 7.299± 0.018 5.651± 0.015 9

References. (1) Barsony et al. (1997); (2) DENIS Consortium (2005) ; (3) Cutri et al. (2003); (4) Haisch et al. (2004); (5) Evans et al. (2003); (6)
Barsony et al. (2012); (7) Wright et al. (2010); (8) Garcia Lopez et al. (2013); (9) Mainzer et al. (2011, 2014).

where R? is the radius of the YSO and Rin is the inner (trun-
cation) radius. We adopted the values M? ∼ 0.15 M� and
R? ∼ 2 R� (GL13). The truncation radius is assumed to be
Rin = 5 R? (Gullbring et al. 1998).

To calculate Lacc, we used the empirical relation between
line luminosity and accretion luminosity given by Alcalá et al.
(2017) for the hydrogen-recombination lines Paβ (1.282 µm) and
Brγ (2.166 µm). The observed line flux is reddened by the dust
in the YSO system. The degree to which this reddening occurs
can be calculated using the following equation:

F 0
λ = Fobs

λ 10 Aλ/2.5, (4)

where F0
λ is the line flux emitted from the source corrected for

extinction, Fobs is the measured line flux (affected by extinction),
and Aλ is the extinction measured at a specific wavelength. It is
especially important to take this reddening into account when
studying these early stages of star formation, as protostars are
deeply embedded in their parent cloud and the value of Aλ is not
only non-negligible but can be quite large. With the extinction-
corrected flux and assuming d = 137± 5 pc (Sullivan et al.
2019), we derive the line luminosities and use the following rela-
tion to derive Lacc:

log
(

Lacc

L�

)
= a log

(
Lline

L�

)
+ b, (5)

where a and b are the parameters derived in Alcalá et al. (2017)
and depend on the particular line being measured: the Brγ line
has corresponding values of a = 1.19± 0.10 and b = 4.02± 0.51

and the Paβ line has corresponding values of a = 1.06±0.07 and
b = 2.76 ± 0.34.

The derived Ṁacc values can be found in Table 3. We derive
an average from these two lines to obtain a value of Ṁacc = (1.7±
0.5)×10−8 M� yr−1 in 2005 and (2.6±0.5)×10−7 M� yr−1 in 2013.
This shows that the mass accretion rate increases by one order
of magnitude between 2005 and 2013. Notably, the AV increases
in tandem with the Ṁacc, although an increase in extinction is
normally associated with a decrease in flux. However, in the case
of IRS 54 the accretion burst is so strong that the flux increase is
apparent even with the extinction dampening it.

To determine AV , we used the [Fe ii] line ratio, which origi-
nates from the jet rather than directly from the accretion region,
where one would expect the HI lines to originate. As the jet is
further from the surface of the star, the extinction would only
decrease from the central source. However, as we extracted spec-
tra on source, the extinction measured is on a part of the jet that is
very close (within 1′′–1.2′′ i.e. within ∼150 au of the source) to
the central object, and is therefore a reasonable estimate. Even
so, our values of AV should be taken as lower limits. Extinc-
tion dampens the apparent accretion luminosity, and therefore
the apparent Ṁacc. As a lower limit for AV has been calculated,
the actual Ṁacc may be higher than reported. This is explored
further in Sect. 4.

For the 2010 archival data, GL13 estimate extinction on
source using a different method from ours, exploiting the mea-
sured versus expected ratio of H2 lines. This leads to an esti-
mate of AV of ∼30 mag. Using this value, GL13 estimate Ṁacc ∼

3 × 10−7 M� yr−1 from the relation between Lline and Lacc derived
by Calvet et al. (2004). In order to compare Ṁacc in 2010 with
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what was found in the other epochs (2005 and 2013), we recal-
culated it using the same Alcalá et al. (2017) relation between
Lline and Lacc used throughout this study. The result is Ṁacc =
4.3 × 10−7 M� yr−1, which is slightly higher than that found in
GL13. This result would then strengthen the idea of the burst
maximum being closer to the 2010-2011 epochs rather than the
2013 one.

4. Discussion

4.1. Accretion and extinction variability

From our observations, it is clear that IRS 54 underwent signifi-
cant changes in luminosity, accretion, and extinction during the
period from 2005 to 2014. We interpret this sharp increase in
flux as an accretion burst that peaked between 2010 and 2013.

The Ṁacc between 2005 and 2013 (Table 3) increases by
a factor of ∼20, while AV increases by nine magnitudes (flux
increases by ∼4000 in the V band and by ∼2.4 in the K band).
While both of these are significant changes, it is clear that the
accretion appears to have the larger effect on the SED of IRS 54
between this time period because we see an overall increase
in luminosity, especially in the K band where the continuum
flux increases by a factor of approximately six. The photome-
try also reflects this increase in flux during the burst (Fig. 7),
supporting the idea of an accretion burst. The MIR data show
that there is a large increase of over a magnitude in 2010 fol-
lowed by a decrease and with subsequent small fluctuations from
2014 to 2019. The MIR shows a sharper increase in flux within
2010 than seen in the NIR which is likely due to extinction
affecting these latter wavelengths to a lesser extent. To measure
the effect of visual extinction on a given wavelength, the ratio
AV/Aλ can be used. In the case of the MIR, AV/AL is ∼17, and
AV/AM is ∼43 (Rieke & Lebofsky 1985). Namely, AV = 15 mag
and AV = 24 mag (the values found in this study) translate to
0.88 mag and 1.41 mag in the L band, and to only 0.35 mag and
0.56 mag in the M band, respectively.

As the extinction was seen to increase between 2005 and
2013, it is important to note that the spectra shown in Fig. 3 are
reddened due to extinction. AV was thus calculated in the data
where appropriate emission lines were available for the analysis
(see Sect. 3.3). Between 2005 and 2013, we find a large increase
in AV (from ∼15 mag to ∼24 mag). As line and continuum fluxes
are also seen to increase in this time frame, this change cannot be
accounted for solely by variable extinction. All increases of line
fluxes that we measure, especially in the K band, are in fact more
pronounced in the de-reddened spectra (see Figs. A.1 and A.2).
The de-reddened spectra indicate that the 2010 epoch was close
to the peak of the burst, as its flux is similar to that of 2013 in
the K band, when both are corrected for extinction. However,
it is important to remember that the AV in 2010 was estimated
in GL13 using H2 lines rather than the [Fe ii] lines which were
used for 2005 and 2013, and therefore we must be cautious when
comparing these values.

Both extinction and accretion can affect the shape of the
SED of a protostar, but in different ways. An increase in accre-
tion would result in a more pronounced increase in luminosity at
shorter wavelengths. For example, in the NIR, it would increase
the flux in the J band more than in the K band, effectively flat-
tening the SED. Alternatively, an increase in extinction would
result in a steeper slope of the SED in this wavelength range,
decreasing the observed flux more at the shorter wavelengths (J
band) than at the longer wavelengths (K band). Our results indi-
cate that the change in SED shape observed is not due solely to

one or the other of these phenomena, but to a combination of the
two. We see an increase in steepness in the slope with increased
extinction, but also an increase of flux in the H and especially
the K bands. This combination of both accretion and extinction
is representative of the complex processes at work and how they
are related to one another in IRS 54. The combined effect of these
two processes is quite unique, because it tends to flatten the light
curves more at shorter wavelengths. This can be seen qualita-
tively in Fig. 7, where the J band light curve is much flatter with
respect to the K, W1, or W2 bands.

A possible explanation for this tandem increase of both
extinction and accretion is that the increase in accretion and ejec-
tion lifts a large amount of dust from the disc, which crosses the
line of sight and therefore produces more extinction. The edge-
on geometry of the system supports this interpretation as any
dust lifted as a result of an accretion or ejection burst would eas-
ily intersect the line of sight between the observer and the source.
Therefore, this system demonstrates an accretion or ejection
burst activity that also increases the visual extinction along the
line of sight. A similar increase of extinction was observed for
RW Aur, whose photometric and polarimetric variability were
explained by the presence of dust in the disc wind (Dodin et al.
2019; Koutoulaki et al. 2019).

The mass accretion rates derived in this study are likely lower
limits, as the method used to determine AV utilised outflow-
tracing lines, which originate further from the source where the
extinction is lower. As can be seen in Table 3, the values of Ṁacc
derived from the two different lines are slightly different. Incor-
porating a higher AV value into the calculation of Ṁacc would
provide a higher mass accretion rate. The accuracy of our AV
estimates is thus investigated further by plotting Ṁacc derived
from the Paβ and Brγ lines and the difference in accretion lumi-
nosities measured using the Paβ and Brγ lines (∆Lacc) as a
function of AV for the 2005 (Fig. 8 top panel) and 2013 (Fig. 8
bottom panel) epochs. The Ṁacc measured from each line should
theoretically agree if the AV was measured accurately. As can
be seen in Fig. 8, the agreement between Paβ and Brγ in 2005 is
strongest in the low extinction limit, and it diverges for AV values
larger than ∼20 mag. In the 2013 case, the difference between
Ṁacc calculated using either line is largest at AV values ∼25 mag,
which is where our measurement of AV ∼ 24 mag resides. How-
ever, this strengthens our assumption that this is a lower limit for
extinction, as values approaching 30 mag provide better agree-
ment. The red star in Fig. 8 represents the value for AV that min-
imises the disparity between the Ṁacc values derived from Brγ
and Paβ measurements, which is at AV ∼ 18.5 mag in 2005 and
∼29.5 mag in 2013. This is most likely close to the actual extinc-
tion toward the source in 2013. These AV values correspond to
Ṁacc ∼ 3.1×10−8 M� yr−1 in 2005 and Ṁacc ∼ 7.3×10−7 M� yr−1

in 2013, respectively.

4.2. Jet variability and asymmetry

Examining the H2 line emission maps in Fig. B.1, the 2014
epoch exhibits lower luminosity in line emission than that of
the 2010 epoch. We sought to investigate whether the lumi-
nosity in the region of the jet was also changing. In principle,
the jet would not be expected to change instantaneously with a
change in accretion. Although accretion and ejection are linked,
the observed jet emission originates from further out in the sys-
tem and consequently takes longer to reflect an increase in accre-
tion. Therefore, between 2010 and 2014, where accretion was
observed to change, the jet would not necessarily change accord-
ingly. To determine this, spectra from multiple regions of the
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Fig. 8. Ṁacc and ∆Lacc vs. AV for the 2005 (top panel) and 2013 (bot-
tom panel) epochs. The blue line represents the measurement of Ṁacc
using the Brγ line luminosity and the orange line represents the mea-
surement of Ṁacc using the Paβ line luminosity. The red stars represent
the value of AV where the Brγ and Paβ de-reddened fluxes best agree in
calculating the Ṁacc.

same size across the SINFONI image were extracted in 2010
and 2014 and compared. Unexpectedly, we found the flux of the
regions extracted along the jet to vary between the two epochs.
A possible explanation is that these regions are contaminated by
scattered light, which does reflect the changes in accretion lumi-
nosity. The cavity walls surrounding the central source are also
illuminated by this scattered light and their flux also increases
during the burst.

It is clear that the jet of IRS 54 has both an atomic and a
molecular component, as seen in Figs. 1 and 2 where the H2 line
emission is predominantly redshifted and the [Fe ii] line emis-
sion is predominantly blueshifted. This implies different excita-
tion conditions and possibly different velocities of the jet mate-
rial ejected in the two lobes. This asymmetry could be due in
part to the inhomogeneity of the interstellar medium (ISM) in
the region, or is potentially an effect of a misalignment in the
magnetic fields of the protostar, but investigating this issue is
beyond the scope of this study.

It is also interesting to note that during the 2014 epoch dim-
ming, the flux from the jet-tracing lines (H2 and [Fe ii]) dropped
to a flux lower than that of 2005. In contrast, the flux from
accretion-tracing lines (Paβ, Br12 and Brγ) during 2014 dropped
only to a flux between that of 2005 and 2010, which reflects how
the continuum changed during this period across all bands (J,
H, and K). This difference in how the flux changed in 2014 is
most obviously seen in Fig. 6b where Br12 line is adjacent to the
[Fe ii] 1.644 µm emission line. This implies that the processes
of accretion and ejection are not behaving synchronously fol-
lowing the burst, as we would expect considering they originate
from different regions.

4.3. A new EXor object?

The increase of mass accretion rate seen in IRS 54 is consis-
tent with that observed in EXor objects. In addition, EXor burst
timescales and frequencies are also in line with our observa-
tions of IRS 54. As our observations are at NIR wavelengths,
the observed increase in luminosity of IRS 54 is lower than what
would be observed in typical, much less embedded EXors, which
are usually observed at optical wavelengths and are therefore
expected to be larger. If one considers this and the fact that
IRS 54 is a very low-mass star, its luminosity increase is likely
on par with typical Exor-type bursts. The brightness of IRS 54
increases by more than one magnitude in the K band (and varies
by more than two magnitudes over 20 years in the J, H, and K
bands) and Ṁacc increases by at least an order of magnitude.

We also note a similar behaviour of EX Lup and IRS 54 light
curves in the MIR in terms of strength, duration and shape (see
Fig. 1 of Ábrahám et al. 2019, and our Fig. 7). As for IRS 54,
EX Lup W1 and W2 light curves (during the 2011 burst) have
a similar shape, showing a steep rise at the beginning and a
smoother flickering decline lasting a few years, as indeed seen
in IRS 54 (see top panels of Fig. 7). In both objects the MIR
brightness increases by a couple of magnitudes.

Both the duration (a few years) and intensity of the burst
hint at an EXor-type event, although some of the typical disc
spectral features are missing, such as the CO band head lines in
emission and Na lines. This might be due to the system geom-
etry of IRS 54, which prevents us from seeing the inner disc, as
these signatures originate from that region. On the other hand,
the hydrogen lines detected in IRS 54 that trace accretion are
likely seen in scattered light. Indeed, the low-J lines from the
v = 2−0 CO band head are seen in absorption, suggesting a cold
gas (with temperature of a few hundred Kelvin), likely originat-
ing from the outer disc atmosphere, absorbing emission coming
from a hotter (inner) region emitting CO. This might possibly
hint at CO band heads in emission, typical of EXor bursts, being
present in the inner gaseous disc of IRS 54. While it is not possi-
ble at this time to definitively decipher whether or not IRS 54 is
an EXor-type object, the issue is worthy of further investigation,
as this source would be the first very low-mass protostar where
an EXor-type burst is observed.

5. Conclusions

In the course of this study, data obtained with ISAAC and SIN-
FONI over four epochs (2005, 2010, 2013, and 2014) were
reduced and analysed to assess variability in IRS 54. This was
done over the wavelength range 1.24 µm to 2.45 µm (J, H, and
K bands). Significant changes in flux were found between the
epochs, reflecting an increase between 2005 and 2013 and a drop
in 2014. The lightcurves in the W1 and W2 bands show a similar
behaviour, showing a steep rise in 2010 and possibly a secondary
maximum after 2014. This increase in luminosity is accompa-
nied by a burst in the mass accretion rate, Ṁacc, which increases
from ∼1.7 × 10−8 M� yr−1 in 2005 to ∼2.6 × 10−7 M� yr−1 in
2013. This burst is consistent with the photometric data that we
have been gathering during these same epochs. Going back to
archival data from 1999, the photometry illustrates that this pro-
tostar went through a previous change in luminosity between
1999 and 2005 of approximately two magnitudes in the J, H, and
K bands. These two large changes in flux suggest these bursts
may be episodic.

Specific emission lines were analysed for this variability and
to calculate Ṁacc and AV , which demonstrated an increase in
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tandem with one another. Maps of the jet-tracing emission (H2
and [Fe ii]) were also generated to examine how the emission
varied spatially about the central star of the YSO. The [Fe ii] was
found to be emitting predominantly from the blueshifted compo-
nent of the jet, and the H2 was found to be illuminating the cavity
walls with scattered light, while primarily originating from the
redshifted component of the jet. This asymmetry is notable and
may help understand the inner mechanism at work in the YSO.
Two of the possible causes for this asymmetry in emission from
the jet are that the interstellar medium in the region may be inho-
mogeneous or that there may be misaligned magnetic fields in
the protostar.

Examining the SED of each epoch and its variability, we
deduce that the changes it exhibits reflect a combination of both
an increase in accretion and extinction. A possible explanation
for this tandem increase in these two parameters is that the
increased accretion and ejection activity during the burst lifts up
material into the line of sight and obscures the YSO.

The timescales of the burst seen in IRS 54 are reminiscent an
EXor-type object, and its increase in luminosity is exceptionally
large over a short period of time, especially considering it is a
VLMS. Further investigation of IRS 54 as a potential EXor-type
object is warranted, as if found to be true, IRS 54 would be the
lowest mass Class I source observed to have this type of violent
bursts in accretion and ejection.
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Appendix A: De-reddened fluxes of the accretion
and outflow-tracing lines

−800 −600 −400 −200 0 200 400 600 800
Velocity (km/s)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Fl
ux

 (e
rg

 s
−1

 c
m

−2
 μ

m
−1

) 

1e−14 Brγ 2.166μm
Epoch

2005
2010
2013

−800 −600 −400 −200 0 200 400 600 800
Velocity (km/s)

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Fl
u 

 (e
rg
 s

−1
 c
m

−2
 μ
m

−1
) 

1e−13 Paβ 1.282μm
Epoch

2005
2013

Fig. A.1. De-reddened flux of the accretion-tracing (Paβ and Brγ) lines from IRS 54. These plots were generated using the extinction values found
in Table 3 for the 2005 and 2013 epochs. The 2010 epoch uses the extinction value found in GL13.
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Fig. A.2. De-reddened flux of the outflow-tracing ([Fe ii] and H2) lines from IRS 54. These plots were generated using the extinction values found
in Table 3 for the 2005 and 2013 epochs. The 2010 epoch uses the extinction value found in GL13.

Appendix B: H2 emission line maps from 2010
and 2014

V ~ +4 km/sV ~ +4 km/s V ~ +6 km/sV ~ +6 km/s

Fig. B.1. Continuum-subtracted SINFONI data from the 2010 (left panel) and 2014 (right panel) epochs taken by summing five spectral channels
centred on the H2 emission line at 2.122 µm in the K band. The blue contours represent the spatial position of the continuum of the source taken
at levels of 0.2, 0.4, 0.6, and 0.8 of the continuum flux.
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