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ABSTRACT

Context. Among known young stellar objects (YSOs), those exhibiting the most dramatic increases in brightness due to sudden
increase in mass accretion rate are eruptive young stars. Gaia20dsk is one of the Gaia-alerted young star candidates that has displayed
a double, nonperiodic brightening resembling that of other young eruptive stars.

Aims. The goal of this work is to determine the physical and accretion properties of Gaia20dsk to confirm its classification as an
eruptive young star.

Methods. We combined publicly available optical and near-infrared (NIR) photometry with our X-shooter optical/NIR spectrum. In
our analysis, we examined the optical and IR light curves from the bursts, reviewing the color-magnitude diagrams across different
bands, reporting the detection of emission lines, and providing estimates of the star’s accretion rates during the burst.

Results. The optical light curve shows two major and one brief brightening events with an maximum amplitude of ~1.8 mag in the
last five years. A classification based on spectral index indicates that Gaia20dsk is a flat-spectrum star. The X-shooter spectrum exhibit
emission lines characteristic of accreting low-to-intermediate-mass young stars, displaying features typical of MNor-type objects. The
mass accretion rate is between (0.5-1.8) x 107 My /yr.

Conclusions. Gaia20dsk is an eruptive YSO that exhibits photometric features similar to those of MNors, including its characteristic

brightening amplitude and burst duration, along with similar spectroscopic features and accretion rates.

Key words. accretion, accretion disks — stars: formation — stars: low-mass — stars: protostars

1. Introduction

Young stellar objects (YSOs) display photometric variability
in both optical and infrared (IR) bands over timescales rang-
ing from minutes to centuries (Carpenter et al. 2001; Siwak
et al. 2018; Herbst et al. 1994; Késpdl et al. 2012; Cody et al.
2014). This variability can be attributed to fluctuations in accre-
tion rates, changes in line-of-sight extinction, or the rotation of
accretion hot or cold spots (for a review, see Fischer et al. 2023).

Among the YSOs, the eruptive young stars exhibit the
largest increases in brightness. These events are caused by the
sudden increase in the mass accretion rate. Historically, these

* Corresponding authors.

stars have been separated into two classes based on the extent
of their brightness variations and the duration of the events.
EX Lupi-type objects (EXors) undergo outbursts of two to four
magnitudes that last from a few months to a year and their mass
delivery mechanism is consistent with magnetospheric accre-
tion, albeit at a higher intensity (Jurdana-Sepi¢ et al. 2018). The
spectra of EXors closely resemble those of Class II pre-main
sequence stars or classical T Tauri stars (CTTS), which are domi-
nated by emission lines. Their typical mass accretion rate during
the outburst is on the order of 108-10""Mg yr~'. In contrast,
FU Orionis-type stars (FUors) experience brightenings of 2.5 to
6 magnitudes, with the rise to peak brightness taking from sev-
eral months to years (Herbig 1977). Their typical mass accretion
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Fig. 1. Far left: spatial distribution of clusters from Hunt & Reffert (2023) in the vicinity of Gaia20dsk (shown with a star), overlaid on the
DECaPS dust map (Zucker et al. 2025). The arrows indicate the proper motions of the cluster members. Left center: distance distribution of the
cluster members. The thick solid and dashed lines show the dg; distance of Gaia20dsk and its uncertainties. Right center: proper motion distribution
of the cluster members and Gaia20dsk, shown with error bars. Far right: Cumulative reddening as a function of distance toward Gaia20dsk, based
on the data from Zucker et al. (2025). The red dash-dotted line indicates the most likely distance to Gaia20dsk, while the black solid and dashed

lines represent dgy and its uncertainties.

rate during the outburst is on the order of 10°—10* M, yr~'.
The spectral types of FUors vary by wavelength: F-G types
are observed in the optical, while K-M types dominate in the
near-IR (NIR, Hartmann & Kenyon 1996; Audard et al. 2014).
This wavelength-dependent spectral type is well modeled by a
steady-state viscous accretion disk (e.g., Liu et al. 2022).

The traditional distinction between FUors and EXors has
become increasingly blurred with the discovery of eruptive
young stars that do not fit neatly into either category. A growing
number of these objects exhibit intermediate properties in terms
of outburst duration, mass accretion rate, and spectroscopic fea-
tures; examples include V1647 Ori (Aspin & Reipurth 2009),
WISE 1422-6115 (Lucas et al. 2020), and PTF14jg (Hillenbrand
etal. 2019). These stars have been referred to by various names in
the literature and one of these classes is MNors (Contreras Pefia
et al. 2017). We note that this classification is the same as the
one referring to peculiar stars in Connelley & Reipurth (2018)
and V1647 Ori-like objects in Fischer et al. (2023).

Despite these well-known examples, only a few dozen erup-
tive YSOs have been identified so far. Their numbers have
increased thanks to large-scale surveys and transient detec-
tion programs, such as the Gaia alert system, which monitored
the sky for sudden brightness variations as part of its oper-
ations, including accretion outbursts. The Gaia Photometric
Science Alerts system announced a list of objects that experi-
enced brightening or dimming in the Gaia G photometric band
(Hodgkin et al. 2021). When a source experienced a brighten-
ing or fading of at least 0.15 magnitudes or a deviation that was
at least six times the standard deviation of the baseline flux, an
alert was generated and made publicly available'. Several erup-
tive YSOs have been discovered through this program, including
Gaial8dvy (Szegedi-Elek et al. 2020), Gaial9fct (Park et al.
2022), Gaia20eae (Cruz-Sdenz de Miera et al. 2022), Gaia2lelv
(Nagy et al. 2023), Gaia2lbty (Siwak et al. 2023), Gaia20bdk
(Siwak et al. 2025), Gaia23bab (Giannini et al. 2024), and
Gaial8cjb (Fiorellino et al. 2024). These sources have been stud-
ied and published by members of the Gaia Science Alerts to Find
Eruptive Young Stellar Objects (GLORIOUS) collaboration,
introduced here for the first time.

In this paper, we propose Gaia20dsk as another outbursting
young star. The paper is structured as follows. In Section 2, we
describe the properties of Gaia20dsk. In Section 3, we present

I https://gsaweb.ast.cam.ac.uk/alerts

A332, page 2 of 17

the data reduction of the spectrum and its results. In Sec-
tion 4, we examine the spectral energy distribution (SED) and
Gaia20dsk behavior based on the JHK color—color diagram,
using this information to classify our source. Section 5 details
our analyses, including the determination of physical properties,
calculation of the mass accretion rate, and stellar parameters.
Finally, in Section 6, we discuss our findings.

2. Properties of Gaia20dsk
2.1. Location and distance

The coordinates of Gaia20dsk are ajpg = 17" 20™ 20.13* and
Oy000 = —35° 48 17.78"”, placing it within NGC6334 (see left
panel of Fig. 1), which is a well-known star-forming region (Persi
& Tapia 2008). Gaia20dsk shares a similar proper motion in right
ascension with other members of the group, but with a signifi-
cantly larger proper motion in declination (see the third panel
from the left of Fig. 1), suggesting that it is not a close member
of this cluster.

To constrain the distance to Gaia20dsk, we used the 3D
DECaPS dust map (Zucker et al. 2025). The cumulative extinc-
tion along the line of sight shows a steep rise near 1700 pc (see
the last panel of Fig. 1), which is consistent with the NGC6334
cluster distance of 1650*}* pc (Hunt & Reffert 2023). Addition-
ally, Bailer-Jones et al. (2021) reported a distance to Gaia20dsk
of 254218;1 pc. The estimate relies on photogeometric methods,
utilizing Gaia parallax measurements along with Gaia G magni-
tude and Ggp — Grp color data from Gaia EDR3. Owing to the
embedded nature of YSOs, the use of the parallax of a single
object to estimate its distance is highly uncertain. In the follow-
ing, we describe how we used both the distance to NGC 6334
(dnge) from Hunt & Reffert (2023) and the Bailer-Jones et al.
(2021) distance (dpy) to calculate the physical parameters of
Gaia20dsk and its accretion.

2.2. Light curve

The multiband light curve of the Gaia20dsk is shown in Fig. 2.
The quiescent magnitude of the star is G ~ 19 mag. Gaia20dsk
began brightening in 2019 October and continued brighten-
ing for approximately one-and-a-half years before reaching a
peak brightness level of 17.2 mag (AG = 1.8 mag). Gaia20dsk
remained at that level until late 2021, when it began to dim. In
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Fig. 2. Gaia20dsk light curve. Gaia G photometry is represented by
black dots, with error bars similar in size to or smaller than the data
points. ATLAS o weekly median photometry is shown in orange. The
WISE W1 and W2 bands are represented by blue and red dots, shifted
by 9.5 mag for clarity. The dashed vertical line indicates the date of the
X-shooter measurements. The three triangles at the bottom of the plot
mark the first major burst, which began in 2019 October (green); a short
brightening event around 2022 February (blue). A second major burst
that started in 2023 February (brown).

2022, the Gaia photometry showed a few bright points, suggest-
ing another brightening event. Starting in 2023 February, the
source brightened for the third time at a much faster rate than
during the previous episodes and reached a peak of 17.4 mag. For
the Gaia measurements, we calculated the uncertainties using the
empirical method first presented in Kruszynska et al. (2022).

We complemented our Gaia light curve with data from the
Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry
et al. 2018), utilizing reduced photometry from the ATLAS
Forced Photometry server (Shingles et al. 2021). ATLAS has
data in two photometric bands: o (leg = 662.98 nm) and ¢
(der = 518.24 nm). Gaia20dsk was only detected in the o band.
To ensure that we used only high-quality photometry, we applied
selection criteria based on the chi/N value (as reported by
the ATLAS pipeline, which reflects the reduced y? from the
point spread function (PSF), fitting of individual measurements),
signal-to-noise ratio (S/N), and the width at half maximum
(FWHM) of the PSF fit. Details of this filtering process are pro-
vided in Appendix A. After refining the dataset, we computed
weekly median values to improve the clarity of the light curve.
The brightening in the o band was confirmed after a careful
visual inspection of the target and the surrounding stars. The
final o band light curve is shown in Fig. 2. When Gaia20dsk
was in quiescence, it was not detected in the o band. A brief
brightening event that started in 2022 February (blue triangle in
Fig. 2) was observed by ATLAS in the o band, although it was
not fully captured by Gaia. The most recent brightening event,
which began in early 2023, has remained in a plateau phase since
mid-2023.

We constructed the mid-IR (MIR) light curve of Gaia20dsk
using NEOWISE (Mainzer et al. 2014) data. Given the relatively
large beam size of WISE (FWHMy, = 6.1”, FWHMy, =
6.4”), flux contamination from foreground or background
sources, or source blending, could affect the measured brightness
(Ribas et al. 2014; Dennihy et al. 2020). To assess the poten-
tial contamination, we examined higher-resolution images from
2MASS (Skrutskie et al. 2006), Spitzer (Werner et al. 2004), and
VIRAC (Smith et al. 2018). We overplotted circles with radii of
1.3 X FWHMyy, and 1.3 X FWH My, around the coordinates of
Gaia20dsk to simulate the WISE beam size (see Fig. B.1). We

defined this search area according to the WISE documentation?.
The images revealed a stronger source near our defined search
radius; however, the source is not entirely contained within it.
Additionally, none of the images underwent an active deblend-
ing process, as indicated by the WISE Active deblending
quality parameter’. We find that the influence of this source on
our data is negligible, and thus no correction was applied (see
Appendix B).

After checking the images, we applied filtering based on the
quality parameters provided by the NEOWISE-R Single Expo-
sure (L1b) Source Table. The details of this filtering process are
provided in Appendix B. Between 2020 August and 2021 March,
Gaia20dsk brightened by 0.33 mag in W1 and by 0.5 mag in W2
(see Fig. 2). This event appears to have begun approximately five
months after the first G brightening. The brightening event after
2023 was not as clear in the WISE bands as it was in the optical
bands. The variability of the WISE light curve is discussed in
Sect. 6.

3. Spectroscopic observations

The spectrum of Gaia20dsk was obtained on 2022 June 12 using
the X-shooter instrument (Vernet et al. 2011), an echelle spectro-
graph mounted on the ESO Very Large Telescope at the Paranal
Observatory in Chile (Program ID: 108.22LN; PI: Cruz-Sédenz
de Miera). By covering the spectral range from 300 to 2500
nm, this instrument can simultaneously observe the ultraviolet
(UVB), visible (VIS), and NIR spectra. We used the 0.5 x11"”,
0.4”7x11”, and 0.4""x 11" size slits, providing spectral resolutions
of 9700, 18400, and 11 600 in the UVB, VIS, and NIR arms,
respectively. The exposure times for UVB, VIS, and NIR regions
were 1492 s, 1536 s, and 1600 s, respectively. Gaia20dsk was also
measured with the 5”x11” slit to correct for slit-losses and esti-
mate the actual flux level by scaling the narrow slit spectrum to
match the broad slit spectrum.

The data were reduced using the X-shooter pipeline
(Modigliani et al. 2010), and corrected for tellurics using
MOLECFIT (Smette et al. 2015; Kausch et al. 2015). The median
S/N in the UVB below 556 nm is approximately 0.15, whereas in
the VIS range below 750 nm the median S/N is around 2.5. The
spectrum (see Fig. 3) shows an increasing flux density toward
longer wavelengths and exhibits several emission lines, nine of
which are known magnetospheric accretion tracers (Alcald et al.
2017): HB, Ha, the Ca1i IR triplet, Pad, Pay, Pags, and Bry. HB
and He are in the portion of the spectrum with low S/N; there-
fore, we cannot accurately estimate their line fluxes and caution
should be exercised when interpreting them.

3.1. Photosphere of Gaia20dsk: Identification and subtraction

The shape and flux density of emission lines utilized to deter-
mine the mass accretion rate are contaminated by the stellar
photosphere. The spectral lines flux density and shape are influ-
enced by the continuum level of the star, mostly due to veiling
(Hartmann et al. 2016). To eliminate these effects, we subtracted
the photospheric contribution from the Gaia20dsk spectrum.

To characterize the photosphere of Gaia20dsk, we compared
its spectrum to stellar templates from the third data release
of the X-shooter Spectral Library (XSL; Verro et al. 2022),

2 https://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/sec4_4c.html

3 https://wise2.ipac.caltech.edu/docs/release/neowise/
expsup/sec2_la.html#wlsat
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Fig. 3. X-shooter spectrum of Gaia20dsk. The optical part is shown in gray, while the IR range is shown in red. The spectrum is not corrected for

extinction. The noisy part below 7500 A is not shown.

which contains 830 spectra of 683 stars. Because Gaia20dsk
is likely a low- to intermediate-mass YSO, we selected tem-
plate stars with properties characteristic of T Tauri stars
(Schiavon et al. 1995) and Herbig Ae/Be stars (Alecian et al.
2013; Montesinos et al. 2009). Specifically, we kept stars with
effective temperatures between 4000 and 15 000 K, surface grav-
ities (log g) between 3.0 and 4.5, and metallicities between —0.5
and +0.5. Applying these filters resulted in a subset of 125 XSL
templates.

We used a portion of the optical spectrum (8770-8840 A)
of Gaia20dsk to identify its photosphere. This section was
chosen because it was the first region containing purely absorp-
tion lines (see Fig. 4) and because the effects of veiling are
less pronounced at these short wavelengths. The comparison
between Gaia20dsk and the 125 templates from the XSL was
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performed using continuum-normalized spectra. We applied the
FIT_CONTINUUM function from the SPECUTILS* package to the
126 spectra (125 template + Gaia20dsk) in order to determine
the continuum level for normalization.

Before finding the best match between Gaia20dsk and the
125 XSL stars, we accounted for the veiling and rotation of
accreting stars by applying these effects to each template spec-
trum. First, we applied a barycentric velocity correction (with the
ASTROPY Python package) for the spectral range of Gaia20dsk.
The template spectra were then shifted into the same velocity
frame as Gaia20dsk, removing relative radial-velocity offsets
and enabling a direct comparison of their spectral features.
The templates were subsequently broadened by increasing v sin i

4 https://specutils.readthedocs.io/en/stable/
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Fig. 4. Top panel: segment of the spectra of our target Gaia20dsk (in
blue) and the best-fitting photosphere HD 188262 (shown in magenta).
See Sect. 3.1 for details. Middle panel: example of one of the Ca 1l lines
before correction with the best-fitting photosphere. The colors indicate
the same sources as in the top panel. Bottom panel: photosphere-
subtracted accretion-tracing line.

using the rotBroad function from the PyAstronomy package,
which implements rotational broadening following Gray (2005).
Broadening was applied over grids of v and i, with v sampled
from 0 to 85kms~! in steps of 15kms™!, and i from 0° to 90°
in steps of 15°. For each broadening step, we applied a series of
veiling factors from 0 to 5 in steps of 0.1, using the following
equation,

preil Fiemp + 0,

temp —

&)

1+l)1

where Fienp is the continuum-normalized spectrum of the tem-
plate, v, is the veiling factor, and F' tveﬂp is the veiled flux density
of the continuum-normalized template.

We compared the Gaia20dsk spectrum to each veiled and
broadened template, and computed a y?. Based on the y? min-
imization, two stars emerged as the best fitting templates with
the same )(2: HD 116544, and HD 188262. As a final deci-
sion, we adopted HD 188262. Using its effective temperature
(Tefr) together with the derived stellar luminosity of Gaia20dsk
yields an age of 0.5-1.4 Myr (see Sect. 5), consistent with the
expected evolutionary stage of a Class I or flat spectrum (FS)
source (Evans et al. 2009). By contrast, adopting the T.gs of
HD 116544 implies a much younger age (<0.2 Myr), character-
istic of a Class 0 object (Evans et al. 2009). Because Gaia20dsk
is classified as a Class I or FS source (see Sect. 4) and its spec-
trum clearly shows photospheric absorption lines (which are not
expected for Class 0 objects). Therefore, we adopted HD 188262
as the preferred template.

The parameters that minimize y? for HD 188262 are a veiling
factor of v; = 0.1 and broadening factor of vsini = 31kms™.
HD 188262 has an effective temperature (Teg) 5919 + 93 K, with
log g being 3.25, while [Fe/H] is 0.27 (Arentsen et al. 2019). We
utilized this T.q to determine the stellar parameters in Sect. 5.3.
In Fig. 4, we show a portion of the Gaia20dsk spectrum along-
side the best-fit template (top panel), the Ca 11 8542 A line before
subtraction (middle panel), and the same line after removal of the
photospheric component (bottom panel).

3.2. Line profiles

The accretion tracer lines include HB (At = 0.486 um), Ha
(Arest = 0.656 um), the Call triplet (Agege = 0.849 um, 0.852 pm,
0.866 um), Pad (Arese = 1.005 um), Pay (Apesy = 1.094 um), Paf
(Arest = 1.282um), and Bry (At = 2.166 um). Because veil-
ing is wavelength-dependent, we determined it individually for
each spectral line before the photosphere subtraction. For this,
we used the photospheric template HD 188262 and the method
described in Sect. 3.1. We adopted the vsini value derived in
Sect. 3.1 and we applied Eq. (1) to compute the veiling. In
practice, we measured the veiling from the nearby absorption
features in the vicinity of each line, while excluding the emis-
sion components. On average, the veiling at the end of the
VIS range was found to be around v, ~ 0.5 (vcanr = 0.5 £ 0.1),
increasing toward the NIR, reaching v, ~ 3.5 (vp,s = 0.5 £ 0.1,
Vpay = 2.5+0.1, vpyg = 3.5£0.6) in the J band and up to v, ~ 10
(VBry = 10.1 £2.5) in the K band.

After photosphere subtraction, most accretion tracer lines
show slight blueshift of approximately —10 to —15 km s,
whereas Call triplet lines show slight redshift of about
+15 km s7!. These shifts are smaller than the velocity resolution
of the spectra (Avyis = 16 km s™!, Avyr = 26 km s7!) and
should therefore be interpreted with caution. In the vicinity of
Bry at 2.167 pym and HB at 0.486 um, we identified a spectral
peak that could not be associated with any well-known line.
Therefore, we treat it as an artifact and excluded it from further
analysis.

Each of the corrected lines exhibits a single-peaked struc-
ture (see Figs. in Appendix C). To determine the amplitude,
central wavelength, and width of the line profile, we fit Gaus-
sian functions to each of the lines. We fitted a single Gaussian
for all lines using the Python CURVE_FIT function, which per-
forms a nonlinear least-squares optimization. In the cases where
the line exhibited both broad and narrow components (Call
triplet, Pad, Pay, PaB, Bry), we fit two Gaussian components

A332, page 5 of 17
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Table 1. Best-fit parameters of the identified accretion-tracing lines.

Line Rest wavelength” (A) Peak positionb (10%) Velocity shift (km s™)  FWHMC‘(kms™)
Hp 4861.3 4861.1 —17+2 60+2
Ha 6562.8 6562.6 -9+1 47 + 1
Call 8498.0 8497.9 +16+2 [231 +4, 82 + 5]
Can 8542.1 8541.9 +16 1 [247 £2, 42 + 3]
Cam 8662.1 8662.0 +13+1 [253 +£6, 40 + 4]
Pas 10049.8 10049.04 —-13+1 [209 £ 8, 48 + 2]
Pay 10938.1 10937.8 -7x1 [245+9, 32 +2]
Pag 12818.1 12817.7 -10+1 [274 £5,44 + 1]
Bry 21655.3 21653.4 -8+1 [200 £ 4, 20 + 3]

Notes. “The wavelengths are measured in air. ' Where the line shows both double and narrow components, we report the peak position for the
narrow component. “When the line exhibits both broad and narrow components, we report each FWHM separately. In such cases, the column
contains two values within brackets, where the first value corresponds to the broad component and the second to the narrow component.

(examples shown in Figs. C.3-C.9). The best-fit values are
shown in Table 1.

The combined presence of a broad and narrow component is
common in CTTS. The narrow component is thought to origi-
nate in the stellar chromosphere, while the broad component is
associated with the infalling material (Herbig 2008). For Pad, we
smoothed the spectrum to improve the S/N, as it was noisier than
the other lines, complicating the continuum determination. The
smoothing was performed by taking the mean flux density over
three pixel wide bins.

The two Balmer lines detected in our spectra, He and Hp,
both exhibit notably narrow profiles compared to the other emis-
sion lines (~250 kms™! on average). HB has a FWHM of
60+1 kms™! (Fig. C.1), whereas Ha is even narrower, with a
FWHM of 47+1 km s~! (Fig. C.2). The red wing of Ha dis-
plays shallow, elongated, and very weak emission features, which
might be attributed to outflowing winds.

Among the accretion tracers, the Call triplet lines are
the strongest emission lines in the NIR spectra (Figs. C.3—
C.5). Furthermore, the Call 8498 A line has the narrowest
FWHM (23144 kms~') among the triplet, while Ca11 8542 A
and Call 8662 A display similar FWHMs (24742 kms~' and
253+6kms~'). Additionally, Ca 11 8498 A is the strongest among
the triplet, while Ca 1l 8662 is the weakest. A similar tendency
was previously noted, for example by Hamann & Persson (1992)
in their analysis of the CaTI triplet.

In addition to the previous accretion-tracing lines, the spec-
trum also exhibits several jet-tracing lines, such as [S I1] 6716 A
and [S1] 6731 A, as well as outflow indicators such as
[N11] 6548 A and [N 11] 6583 A (see Figs. C.10-C.13). We note
that a double-peaked structure is visible in some forbidden lines,
similar to that observed in EX Lupi during its outburst (e.g.,
Aspin et al. 2010). We detected the He1 10 830 A (Fig. C.14),
which exhibits a broad absorption component that might arise
from a stellar wind (e.g., Erkal et al. 2022) or from an outflow
(e.g., Kwan & Fischer 2011). The spectrum also shows the H;
21218 A emission line (see Fig. C.15), which is associated with
shocks from molecular outflows (Contreras Pefia et al. 2017). We
consider these lines to be beyond of the scope of this paper and
are not discussed further.

4. Spectral energy distribution

We compiled the SED for Gaia20dsk using archival data from
the VO SED Analyzer (VOSA) services (Bayo et al. 2008) and

A332, page 6 of 17

_ 10-14 (}4 g(\ ® é
7 ' L] L Y
= ® Gaia  2014-17
n VPHAS+ 2012
N 10-15 ‘ ® VIRAC 2010-15
£ V/{ S ® DENIS 1998
o ° ® DENIS 1999
E ° ® 2MASS 1998
X < 16 ° X-Ss.p. 2022
510 WISE 2010
L= ® ® Spitzer 2008
° —— X-SHOOTER 2022
1 10

3
Wavelength [um]

Fig. 5. Gaia20dsk SED. Different colored dots denote different surveys,
as explained in the legend. The synthetic photometry in /, J, H, and Kj
bands represented by the cyan color were computed from the X-shooter
spectrum (labeled X-S s.p.). The spectrum itself is plotted with reduced
resolution for clarity. The points are not corrected for extinction. The
sizes of the error bars are comparable to or smaller than the symbol
size.

VizieR (Ochsenbein et al. 2000). It includes archival photometric
data from various surveys, including Gaia (Gaia Collaboration
2023), 2MASS (Skrutskie et al. 2006), WISE (Wright et al.
2010), Spitzer (Werner et al. 2004), DENIS (Epchtein 1994),
VIRAC (Smith et al. 2018), and VPHAS+ (Wright 2016). The
flux densities used for the SED are listed in Appendix D.

Figure 5 shows the full SED, with different instruments
indicated by distinct colors. The X-shooter spectrum is slightly
smoothed for clarity, and synthetic photometry was calculated
in the I, J, H, and K bands to compare with the archival
photometric data.

Gaia20dsk shows differences exceeding 30 between syn-
thetic photometry and archival data in the DENIS 7 and J bands
and the 2MASS J and H bands. In the DENIS J and 2MASS
J bands, the source dimmed by 0.24 + 0.1 mag between 1998
August 10 and October 29, then brightened by 0.29 + 0.1 mag by
1999 July 22. Without supporting spectroscopy, the significance
of these events and whether they are due to changes in accretion
or extinction remain unclear.

We applied several photometric methods to classify
Gaia20dsk. Using 2MASS and WISE measurements, we com-
puted [H] — [K,] = 1.24 + 0.03 mag and [W1] — [W2] = 1.32
0.07 mag, suggesting a Class I FS object when compared to
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Fig. 6. J — H versus H — K diagram. The main sequence is represented
by a blue thick solid line (Pecaut & Mamajek 2013), the giant branch
by a green dashed line (Koornneef 1983), and the reddening path (with
Ay = 1 mag steps) by gray cross symbols (Cardelli et al. 1989). The
T Tauri locus is shown as an orange dash-dotted line (Meyer et al. 1997).
Open squares denote quiescent colors, while filled squares represent
outburst colors. For Gaia20dsk, the filled dot corresponds to the 2MASS
measurements from 1998, the filled square to the VIRAC measure-
ments (2010-2015), and the star symbol indicates synthetic photometry
derived from the X-shooter spectrum (2020). The error sizes are smaller
than or comparable to the symbol sizes.

Fig. 6 of Koenig & Leisawitz (2014). Spitzer colors [I1] —
[72] = 0.685 = 0.07, [/1] — [I3] = 1.357 £ 0.04, [12] - [I3] =
0.672 £ 0.07, and [12] — [/4] = 1.74 + 0.07 mag meet the cri-
teria defined by Gutermuth et al. (2008) for a Class II star or
slightly earlier. Kuhn et al. (2021) provided three equations for
determining the spectral index @ (Lada 1987) using NIR pho-
tometry between 4 and 24 pm, where interstellar extinction is
reduced. Although we lack measurements near 24 pm, we used
the Spitzer [I2] — [I4] color and Equation (9) of Kuhn et al.
(2021): aqz)-p1a; = 1.64([12] — [14]) — 2.82. This gives a slope
of a4 = 0.04 £ 0.07, consistent with a FS classification
(—0.3 < @ < 0.3). Considering all three methods, Gaia20dsk has
been classified as Class I or FS source.

Objects occupy distinct regions in color—color diagrams and
the position of a YSO in the J, H, K space provides insight into
its evolutionary stage (see e.g., Lada & Adams 1992). Com-
paring this position with the extinction vector allows us to
assess whether light variation could be caused by extinction. In
Fig. 6, the measured J, H, K colors of Gaia20dsk are compared
against those of other eruptive young stars: V1647 Ori (Acosta-
Pulido et al. 2007), EX Lupi (Juhdsz et al. 2012), HBC 722 and
VSX J205126.1+440523 (Késpal et al. 2011), V2775 Ori (Caratti
o Garatti et al. 2011), and Gaial9bey (Hodapp et al. 2020).
Gaia20dsk 2MASS colors are depicted by a red filled circle,
while the red star symbol represents the JHK synthetic pho-
tometry we calculated from the X-shooter spectrum and the open
red square represents the VIRAC measurements. We note that
to match the VIRAC J, H, K; data with 2MASS, we applied a
color correction for VIRAC bands using the formulas derived by
Gonzélez-Ferndndez et al. (2018). The cross symbols in the fig-
ure indicate the direction of extinction, signifying a measure of 1
magnitude of light attenuation in the V band. The red solid line
connecting the 2MASS (filled red circle) and synthetic photom-
etry (red star symbol) data points deviates from the extinction
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Fig. 7. WISE W1-W?2 color curve. The panel illustrates how Gaia20dsk
became bluer approaching the first major brightening event. Following
this, two episodes of blueward color changes occur, superimposed on an
overall reddening trend, which coincide with the brief and second major
bursts.

vector; thus, the discrepancy could be attributed to intrinsic
variability. In this case, we used Ry = 3.1 total-to-selective
extinction ratio, but using different values (e.g., Ry = 5.1) does
not affect this result. Gaia20dsk shows a similar trend to other
sources, as it becomes bluer during bursts, a behavior we discuss
in detail in Sect. 6.

In Fig. 7, we present the NEOWISE W1 — W2 color curve,
which shows Gaia20dsk becoming bluer leading up to the first
major brightening event. The star reaches its maximum bluest
color at the peak of this brightening event, which occurred
between 2020 and 2021. Afterward, the star appears to begin to
follow a trend of becoming redder, although this process was
interrupted by two events during which the star became bluer.
These bluer periods coincide with the brief burst and then the
second major burst.

5. Analysis

In this section, the stellar parameters of Gaia20dsk (e.g., lumi-
nosity, radius, age, and mass) as well as its accretion properties
(e.g., accretion luminosity and accretion rate) are reported. For
outbursting young stars, photometric data suggest an accretion
outburst, but do not provide a confirmation. To confirm these
outbursts, it is necessary to estimate the mass accretion rate dur-
ing the bright phases of the event and compare it to an accretion
rate measured during quiescence (if possible) or to a standard
quiescent mass accretion rate. To calculate the mass accretion
rate (M,..), we first need to estimate the accretion luminosity
(Lace)- We applied two methods to determine this: one based
on the integration of the SED and the other on empirical rela-
tionships between the accretion luminosity and the luminosity
of accretion tracer spectral lines.

5.1. Accretion luminosities from the SED

As a first approach, we used the quiescence and the burst SEDs
to estimate L3FP. Given that our source is classified as Class I

acc
or FS, the bolometric luminosity in quiescence, LEEIuni, arises
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Table 2. Calculated accretion properties based on the SED and derived stellar parameters.

LSED SED LSED

MS ED

Ay bol, out bol, qui acc acc Ly R, M, age

(mag)  (log(Lo))  (log(Le))  (og(Le))  (logMoyr™") (Lo)  (Ro)  (Mo) (yr)
dnae 4.3 2.00+0.01 196+0.01 0.90=x0.10 -6.2+0.2 45j§ 6f81§ 3‘2t8:}1 (1.4f82?) x 10°
dgy 54 241+0.23 236+0.23 1.41+0.90 -5.6+09 110:%{9; 9.7:% 4.3f?:; (ngil) x 10°

Table 3. Accretion-tracing lines used to determine L, and M.
dnge dg;
Line Siine Lijne X 1072 Loce Maee X 1077 Lijpe x 10%2 Lycc Mo X 1070
(Wm™2) (W) Lo) (Mo yr™) (W) (Lo) (Mo yr™)

Pas 3.8x 107" 1.2 5.11%4 4.1f§:§ 0.3 15.0399'3 1.3fg:g

Pay 6.0x107" 1.9 5.433 4.4:"2‘3 0.5 16.03%4 1.4:1):‘71

Pag 12X 10716 4.0 4.53:2 3.7:"2‘:? 0.9 11.3125 1.0:1):2

Bry 2.0x 107" 0.7 5'4:1&.561 4.43%3 0.1 11.3fg%6 1.0fg:;

Pas  3.9x107" 1.3 7.8f§:§ 6.23:? 3.0 23.1fé_53‘6 2.1f(1):§

Pay 6.0x 107" 2.0 7.53:(1) 5.9f‘2‘j 4.6 22.1fé?46 2.0:1):%

Pag  1.2x107' 4.0 9.3*31 74%51 9.4 27.7+334 2,542

Bry 1.6x107" 0.5 5'4th8 4.31’;:3 1.2 16.6fé?7'2 I.Sf(l):g

Notes. Left side of the table corresponds to calculations based on dngc and the right side to calculations based on dg;. Data above the double line
use coefficients from Alcala et al. (2014), while data below the line use the coefficients from Fairlamb et al. (2017). See text for more details. The
uncertainties for line fluxes and line luminosities are not listed as they are below 1%.

from multiple components: the stellar photosphere, the accretion
luminosity (which persists even during quiescence), and the sur-
rounding circumstellar material, including the disk and envelope.
During a burst, we assume the bolometric luminosity, Lgfl]’)om,
can be expressed as the sum of this quiescent luminosity and an
additional accretion luminosity component, L3EP | resulting from

) acc °
enhanced accretion,

SED

_ 1SED SED
ol,out — +L

ol, qui acc (2)

The burst SED was compiled using synthetic photometry,
while the quiescent SED was constructed from VIRAC mea-
surements. In both cases, WISE and Spitzer data were used
for wavelengths beyond the K band, assuming that the SED
shape remained unchanged at these longer wavelengths. This
assumption was supported by the fact that the K-band photom-
etry remained largely unchanged between burst and quiescence.
Bolometric luminosities were estimated by fitting the data points
with a spline function and integrating in the log A-log F'; plane.
The longest available wavelength is 8 pm from Spitzer. Beyond
this, we assumed the flux declines as 1/4> and we extrapo-
lated the SED out to 100 um. These bolometric luminosities
should be considered lower limits because the lack of long-
wavelength coverage may underestimate emission from possible
colder material. Before integrating, we corrected for foreground
extinction using interstellar Ay values from the DECaPS dust
map (Zucker et al. 2025). We did not correct for local extinction
because that surrounding material re-radiates absorbed energy at
longer wavelengths. Afterward, we integrated the SED and com-
puted the bolometric luminosity using Ly, = 4nd>F, where d is
the distance, and F is the integrated flux.
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Based on the calculations and assuming dnge = 165024 pe,
the bolometric luminosity increased from 92 to 100 L, as a result
of the burst. Similarly, assuming dg; = 2542*70¢ pe, it increased
from 231 to 257 L. These changes correspond to accretion lumi-
nosities of 8 and 26 L, respectively. The calculated bolometric
and accretion luminosities, as well as the Ay values used, are

listed in Table 2.

5.2. Accretion luminosities from empirical relationships

To compare the L3EP values computed in the previous subsec-

tion, we derived accretion luminosities under the assumption
that mass is delivered onto the star via magnetospheric accre-
tion. We measured the line fluxes, fiine, of four accretion-tracing
lines: Pa¢d, Pay, PaB, and Bry, using the line_£flux function
from the SPECUTILS Python package. In these calculations we
did not use the Ha, HB due to their potential contamination by
non-accretion-related processes such as outflows. Additionally,
we excluded the Ca1l triplet lines (8498 A, 8542 A, 8662 A)
following the Alcald et al. (2017) and Fairlamb et al. (2017)
recommendations, as these lines are less reliable for deriv-
ing L,.. The line luminosities were then calculated as Ly =
47nd’ fine, Where d is the distance to the star and fiie is the
extinction-corrected flux.

The accretion luminosities were derived from Ly, using
empirical relationships of the form

Lacc Lline
log| — | =alog|— |+ b,
oo ) =)
where the coefficients @ and b were adopted from Alcald
et al. (2017) and Fairlamb et al. (2017), who calibrated

3
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these relations for low-mass and intermediate-mass protostars,
respectively.

Before applying these relations, we corrected the line fluxes
not only for foreground extinction, but also for local extinc-
tion toward Gaia20dsk. As no extinction value was previously
reported for this source, we used the accretion luminosities
to estimate Ay toward Gaia20dsk. In the absence of extinc-
tion (Ay = 0 mag), all accretion-tracing lines are expected to
yield the same L,.. Thus, we computed L, without extinc-
tion correction and searched for the value of Ay for which
the corrected line luminosities produced consistent accretion
luminosities across the different tracers. Extinction corrections
were performed using the Cardelli et al. (1989) reddening law
with Ry = 3.1, implemented via the CCM89 routine from the
DUST_EXTINCTION Python package. Our estimated extinction
is Ay = 8.6 = 1.7 mag, which we used during the calcula-
tions. Since the distance acts as a uniform scaling factor applied
equally to all line luminosities, the two distance estimates
yielded the same extinction value. We found that the derived
Ay is consistent regardless of whether the Alcald et al. (2017)
or Fairlamb et al. (2017) coefficients are used to compute L.

In addition, we estimated the visual extinction by projecting
the source position from the 2020 measurements in the J — H vs.
H — K color—color diagram (red star in Fig. 6) onto the locus
of unreddened CTTS (Meyer et al. 1997) along the reddening
vector using the extinction law of Cardelli et al. (1989). This gave
Ay = 8.9 = 1.9 mag, consistent with the values obtained from the
empirical relations. The measured line fluxes, line luminosities,
and accretion luminosities for each tracer are listed in Table 3.

5.3. Stellar parameters and mass accretion rate

To obtain accurate estimates of M,.., we first need to constrain
the stellar parameters, including stellar luminosity. The stellar
luminosities were estimated following the method of Fiorellino
et al. (2021), which uses the K band photometry and bolometric
correction to estimate the stellar luminosity. Because Gaia20dsk
is a Class I source, its observed flux contains contributions from
both the star and the circumstellar disk and envelope. To account
for this excess, we included the K band veiling parameter, ry,
in the calculation. This veiling was determined following the
method described in Sect. 3.1, adopting the vsini value derived
in Sect. 3.1 and using the spectral region around the Bry line
(2.162-2.172 um), excluding the emission component itself. The
resultis rg = 10.1+£2.5. We computed the bolometric magnitude
as

d
My =BCK+mK+2.510g(1 +rK)—AK—510g(10pC), (4)

where BCy is the bolometric correction, my is the brightness,
rg is the veiling, Ak is the extinction, and d is the distance (K
in the subscript denotes quantities measured in the K band). We
adopted BCk = 1.33 +0.03 mag from Pecaut & Mamajek (2013),
corresponding to the effective temperature of Teg = 5919 + 93 K
derived from our analysis (see Sect. 3.1). For the other parame-
ters, we used mg = 8.73 + 0.01 mag from synthetic photometry
and Agx = 1.0 £ 0.2mag. We converted the Ay values from
Sect. 5.2 to K band extinction using the Cardelli et al. (1989)
law. With these values, we obtained My, = —0.35 = 0.65 mag
and 0.58 £ 0.32 mag for the two distance estimates, dgy and dxgc,
respectively.

From the bolometric magnitude, we derive the stellar lumi-
nosity using

L
log (L_*) = 0.4 (Mooro — Mool), ©)

(0]

where My o = 4.74mag is the solar bolometric luminosity.
The resulting luminosities are approximately 110 L, for dgy and
45L for dnge. The exact numbers are presented in Table 2.
The stellar parameters were derived using the online tool pro-
vided by Lionel Siess’, which implements the pre-main sequence
evolutionary models of Siess et al. (2000).

We assumed a metallicity of Z = 0.02, but using different
metallicity values did not significantly affect the results. This
method provides estimates for the stellar mass and radius, yield-
ing M, = 3.2-43M; and R, = 6-9.7Rg, depending on the
assumed distances.

Finally, using the stellar parameters and the accretion lumi-
nosities derived earlier from the empirical relationships and from
the SED, we computed the mass accretion rate with the standard
magnetospheric accretion formula

25 LaccR* ,

My =1 - == =1.
ace GM, GM,

-1

* R‘k LaccR*
— = 6

(1- %) ©®

where G is the gravitational constant and the factor 1.25 assumes
an inner disk truncation radius R;,=5 R, (Hartmann et al. 2016).

Figure E.1 shows the extinction-corrected M, for both dis-
tance estimates and both relationships. Table 2 presents the rates
based on the SED and presents the stellar properties and Table 3
lists the rates derived from individual tracers.

6. Discussion

The results from Sects. 5.2 and 5.3 are presented in Fig. 8.
Points labeled Alcald et al. (2017) and Fairlamb et al. (2017)
show the average L,.. and M, from accretion-tracing lines (see
Sect. 5.2). The results for each line used in the averaging are
in Table 3. Overall, the L,.. and M,.. values derived from the
SED are consistent with those from the empirical relationships,
supporting the conclusion that the observed brightening resulted
from enhanced accretion. We note that spectroscopic follow-up,
including a quiescent spectrum and a corresponding quiescent
M, determination, would provide an independent check. This
would further support the observed changes in accretion.

Eruptive YSOs show a range of characteristics, but com-
parisons with similar objects help place Gaia20dsk in context.
Gaial9bey, a MNor, is one such object, sharing characteristics
with Gaia20dsk (Hodapp et al. 2020). Both sources are embed-
ded YSOs with similar classifications, namely: Gaial9bey is a
Flat-spectrum source, while Gaia20dsk falls into the Class I or
FS category. In terms of spectroscopic features, both objects
exhibit strong HI emission lines along with a prominent Call
IR triplet. Molecular hydrogen emission is also present in both
spectra. Additionally, they occupy a similar region and exhibit
comparable variations in the J — H versus H — K color—color
diagram (see Fig. 6). During its 2019 outburst, Gaial9bey
exhibited an accretion rate of 1.53:2 x 107 M, yr~!. The mass
accretion rates derived for Gaia20dsk are comparable, with
Myee = 54751 x 107" Mo yr™! for dyge and My = 1.8%7) x
107° M, yr‘1 for dgj.

5 http://www.astro.ulb.ac.be/~siess/pmwiki/pmwiki.php/
WWWTools/HRDfind
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Fig. 8. L,.. and M, based on SED, Alcala et al. (2017) relationship,
and on Fairlamb et al. (2017) relationship. The orange squares show the
L,.., while the blue dots show the corresponding M,... The presented
accretion properties from the two aforementioned relationships are the
mean values of the individual measurements of each accretion tracer
line summarized in Table 3.

Prior to late 2019, the star exhibited no changes in bright-
ness since 2015, when the first Gaia measurements were taken.
However, since then, Gaia20dsk has experienced two major
burst events and one brief burst. During the first major burst,
Gaia20dsk brightened by about 1.8 magnitudes in the G band,
with a rate of 0.15 magnitudes per month for approximately one-
and-a-half years, and the entire burst event lasted for two years.
After the first burst, Gaia20dsk did not return to its previous
brightness state. It is possible that the enhanced accretion rate
did not revert to the quiescent stage, but only decreased. The
duration of Gaia20dsk’s first major burst, of approximately two
years, aligns with MNor-type variability timescales, namely, of
>1.5 years (Contreras Pefia et al. 2017).

The WISE light curve shows only weak variability, with
changes less pronounced than those seen in the optical bands.
Our data do not allow firm conclusions regarding the ori-
gin of this behavior in Gaia20dsk. What we can conclude is
that the WISE photometry of Gaia20dsk is not significantly
affected by contamination from nearby sources, and that the
NIR changes are not attributable to variable extinction, as sup-
ported by our color—color diagram analysis. Similar cases of
weak NIR variability compared to the optical have been reported
in other eruptive YSOs, such as Gaial8cjb, a Class I object
(Fiorellino et al. 2024), and EX Lupi during its 2022 outburst
(Cruz-Séenz de Miera et al. 2023). However, the physical origin
of such weak IR responses may differ from source to source.

The NIR color light curve and color—color diagram show that
Gaia20dsk became bluer during its burst events. This behavior
is typical for young stars experiencing outbursts, as they often
become bluer, shifting their position toward the T Tauri locus
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in the diagram (e.g., Lorenzetti et al. 2012; Hodapp et al. 2019).
The changes observed in Gaia20dsk are similar to those seen in
other well-known young eruptive stars, such as V1647 Ori (e.g.,
Mosoni et al. 2013), Gaial9bey (Hodapp et al. 2020) and V2775
Ori (Caratti o Garatti et al. 2011). Based on the VIRAC and
2MASS photometry, we conclude that the brightening observed
in 1998 was a real physical event and not the result of chang-
ing extinction. This is supported by the fact that the observed
variations do not follow the extinction path and show a bluer
trend similar to that seen during the outburst of V2775 Ori (see
Fig. 6). Additionally, Gaia20dsk’s 1998 flux densities (2MASS)
were significantly higher than in 2020 (synthetic photometry),
exceeding the 30 level and indicating a stronger burst 22 years
earlier.

The spectrum reveals a prominent Ha emission along with
the [S11] lines at 6716 A and 6731 A. These features, taken
together, typically indicate the presence of Herbig—Haro shocks
(Hodapp et al. 2020). Furthermore, the Call triplet lines are
the strongest among the IR lines, a characteristic commonly
observed in T Tauri stars (e.g., Muzerolle et al. 1998). Under
optically thin conditions, the expected intensity ratio of these
three CaTll lines is approximately 1:9:5, as reported by Azevedo
et al. (2006) for CTTS. In the case of Gaia20dsk, however, the
observed ratio approaches unity, suggesting that the emission
originates from a region that is a nearly optically thick. This
behavior parallels that seen in Gaial9bey, which has been iden-
tified as a MNor. Notably, this star also displayed combined Ha
and [S 1] emission features. Our spectrum also exhibits emission
from H; at 2.12 wm, which is associated with shocks caused by
molecular outflows connected to the outburst event, which is an
important characteristic of MNors (Contreras Pefa et al. 2017).

7. Conclusion

Our analysis of photometric and spectroscopic data indicates that
Gaia20dsk has undergone an accretion outburst. Its properties do
not clearly correspond to classical EXor or FUor categories; we
propose that Gaia20dsk represents an intermediate case resem-
bling that of MNors. Following the criteria defined by Contreras
Pefia et al. (2017) for this subclass, we compared Gaia20dsk’s
characteristics to these standards:

1 SEDs corresponding to Class I or FS sources, which
Gaia20dsk also satisfies (see Sect. 4).

2 Outburst durations lasting longer than 1.5 years, but shorter
than those of FUors. Gaia20dsk meets this criterion, with its
first major burst lasting over two years (see Fig. 2).

3 Spectroscopic features typical of eruptive variables. This is
also true for Gaia20dsk, which shows accretion tracer lines
common in outbursting YSOs (see Sect. 3.2). Although CO
emission is absent, this does not contradict its classification,
as CO lines may be suppressed by strong veiling or envelope
emission (Contreras Pefia et al. 2017).

4 MNors typically exhibit H, emission at 2.122 pm. This emis-
sion line is detected in our spectrum as well (see Fig. C.15).

Furthermore, while it was not set as a formal criterion, Contreras
Pena et al. (2017) found that MNors usually have a bolomet-
ric luminosity approximately one order of magnitude greater
than their accretion luminosity. This feature is also observed in
Gaia20dsk, where this ratio is roughly 0.1. In addition, another
characteristic of MNors is that they have a high bolometric lumi-
nosity in the range of hundreds to thousands of Ls, which holds
for Gaia20dsk in the case of dg; distance (~230-260L) and
close to this limit in dngc distance (~90-100 L).
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Considering these criteria and the fact that our source shows
similarities with such objects as V1647 Ori, Gaial9bey, and
Gaial8cjb (three stars known to be intermediate between EXors
and FUors), we conclude that Gaia20dsk is a member of the
MNor-type YSos.
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Appendix A: ATLAS data filtering

To select reliable ATLAS photometry, we applied selection crite-
ria based on the y/N value (which represents the reduced y* PSF
fitting of individual measurements), the S/N, and the FWHM of
the PSF fit. First, we examined the y /N distribution using his-
tograms (upper panel of Fig. A.1), which was well approximated
by a double Gaussian fit. We focused on the narrow Gaussian
component, i.e., the peak of the distribution, and set a filtering
threshold at y + 30, where u and o are the mean and standard
deviation of the selected Gaussian. Only data points satisfying
X/N < u + 30 were retained. A similar filtering approach was
applied to the FWHM distribution (lower panel of Fig. A.l).
Additionally, we retained only measurements with S/N > 3.5,
calculated using the fluxes and uncertainties in the ATLAS
tables. These three selection criteria were combined to refine the
dataset before constructing the final light curve.

500 M —— Fitted Double Gaussian
————— Gaussian 1: p=0.25, 10=0.07
fffff Gaussian 2: ©=0.16, 10=0.76
400
300
200
- m
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Xx/N o band
%\ —— Fitted Double Gaussian
300 —— Gaussian 1: y=2.17, 10=0.14
—— Gaussian 2: u=2.72, 10=0.46
250
200
150 ]
100 il
’ 4 m
0 =

2.0 2.5 3.0 3.5 4.0 4.5 5.0
o band: FWHM of PSF [pixel]

Fig. A.1: ATLAS filtering method for the o band. The histograms
of y/N and FWHM were fit with two Gaussian functions. The
solid line indicates the mean of the Gaussian closest to the major
peak of the distribution. The dashed lines represent this mean
value plus/minus the 1o, 207, and 30 standard deviation.

Appendix B: WISE data analysis
Appendix B.1: Effect of contamination

A nearby source, located to the north of Gaia20dsk and with
2MASS ID 17202041-3548117 (az000 = 17" 20™ 20.41%, 52000 =
—35° 48" 11.7”), represents the strongest potential contami-
nant in the WISE bands. To date, very little is known about
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this source; a SIMBAD query (Wenger et al. 2000) using a 5”
search radius returned no results, making it difficult to draw
firm conclusions about its nature or behavior. When contempo-
raneous measurements were available, the contaminating source
was fainter by about 2 mag in the J, H, and K bands (based on
2MASS and VIRAC data), and by approximately 3 mag in the
Spitzer I1, I2 bands.

Here, the "contamination effect" refers to the fraction of flux
in the WISE beam that originates from nearby source. Since no
direct WISE measurements are available for the contaminant, we
estimated its flux by converting contemporaneous Spitzer mea-
surements into the WISE system using the color transformations
of Antoniucci et al. (2014), and then into flux densities using the
zeropoints from WISE documentation®.

Assuming total flux measured by WISE is given by

Fiorwx = Fowx + Fowx, (B.1)

where Fgwx and Fcwx denote the intrinsic fluxes
of Gaia20dsk without the contamination and the con-
taminant, respectively. Using the values from Table D.1,
Froawi = (1.14 £ 0.06) x 107 and Fiow2 = (1.05 £ 0.07) x
107 ergs™ cm™2 A~!, and the estimated contaminant fluxes
of Fewi = (6.67 +0.31) x 10719 and Fcw, = (4.80 + 0.19) x

107" ergs™! em 2 A~!, we obtain
Fowi = (1.07 £0.06) x 10 #ergs™  em™2 A1,

Fowa = (1.00£0.07) x 107 ergs™' em™2 A~1

The flux of Gaia20dsk is about 16 and 21 times higher than
the contaminant in W1 and W2, respectively. The contaminant
contribution can also be expressed in magnitude,

G ) (B.2)

mg — Miotal = —2.5 loglo(
total

which quantifies by how much the measured Gaia20dsk
magnitude would be brightened due to the contaminant. For
our data, we find AW1 ~ 0.08 mag and AW2 ~ 0.04 mag. In
other words, the presence of the contaminant would increase the
observed brightness of Gaia20dsk by at most 0.08 mag in W1
and 0.04 mag in W2.

We found time-series photometry only in ATLAS database.
Applying the same filtering method as for Gaia20dsk, we deter-
mined that nearly all ATLAS points lie below the detection limit,
and inspection of the corresponding images did not reveal the
source.

Any potential contamination in the WISE measurements is
at most comparable to, or smaller than, the measurement uncer-
tainties, and therefore the contaminant is not expected to sig-
nificantly affect Gaia20dsk’s observed photometry. Additionally,
WISE measures flux using PSF-fitting, which is less susceptible
to contamination from nearby sources, and the contaminant only
partially overlaps the beam.

Appendix B.2: Data filtering

To select the reliable WISE photometry, we first discarded
measurements where the flux was smaller than its uncertainty.

6 https://irsa.ipac.caltech.edu/data/WISE/docs/
release/All-Sky/expsup/sec4_4h.html
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Fig. C.1: Extinction-corrected, photosphere-subtracted, and
continuum-subtracted line profile of HB at 4861 A. The red curve
represents the best fit of the Gaussian(s), while several individ-
ual samples showing the range of uncertainties.
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Fig. B.1: Images of Gaia20dsk as observed by Spitzer 12 filter Velocity [kms™1]
(top), 2MASS K; filter (middle), and VISTA K filter (bottom).
Circles with radii of 1.3 x FWHMyy, are overplotted to illustrate Fig. C.2: Same as Fig. C.1, but for He at 6563 A.
the WISE beam size.
le—14

Afterward, we filtered out the measurements based on the fol-
lowing criteria: CC_FLAGS is lowercase letter, PH_QUAL is not
equal to X’, WIRCHI2, and W2RCHI2 are less than 50; QI_FACT
is nonzero, SAA_SEP is higher than five, MOON_MASKED is not
one. The detailed description of these parameters is available
from the database website’. Due to the brightening of Gaia20dsk
being close to the saturation limits in each band, we applied a
correction, which is available on the WISE website®. Finally, we
computed the median of multiple exposures of each season.

Flux [ergs~1cm~2A-1]

Appendix C: Line profiles and gaussian fits of
accretion tracers

—400 —200 0 200 400
Velocity [kms™!]

Fig. C.3: Same as Fig. C.1, but for Ca1r at 8498 A.

7 https://wise2.ipac.caltech.edu/docs/release/neowise/

expsup/sec2_la.html
8 https://wise2.ipac.caltech.edu/docs/release/neowise/

expsup/sec2_lciva.html
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Fig. C.4: Same as Fig. C.1, but for CalI at 8542 A.
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Fig. C.5: Same as Fig. C.1, but for CaT1r at 8662 A.
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Fig. C.6: Similar to Fig. C.1, but for Pa¢ at 10049 A.The green
vertical dashed lines indicate the boundaries within which we
calculated the line flux.
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Fig. C.7: Same as Fig. C.6, but for Pay at 10938 A.
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Fig. C.8: Same as Fig. C.6, but for Pag at 12 818 A.
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Fig. C.9: Same as Fig. C.6, but for Bry at 21 655 A.
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Fig. C.14: Same as C.10, but for He 1 at 10 830 A.

Fig. C.11: Same as C.10, but for [N I11] at 6583 A.
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Fig. C.15: Same as C.10, but for H; at 21 218 A.

Fig. C.12: Same as C.10, but for [S 11] at 6716 A.
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Appendix D: Flux densities used for the SED

Table D.1: Archival and synthetic photometry of Gaia20dsk.

Filter Wv4 Flux Mag.
[um]  [ergs 'em2 A7) [mag]

Gaia Ggp 0.50 (3.08+0.24)x 10777 20.31 +0.09
Gaia G 0.59 (4.90 +£0.06) x 1077 19.27 + 0.01
VPHAS+r 062 (2.63+0.14)x 1077  19.89 +0.06
VPHAS+I 075 (5.68+0.15)x 1077  18.45 +0.03
Gaia Ggp 0.77 (1.33+£0.03)x 107 17.43 +0.03
X-S I 0.79 (418 +0.19)x 107 16.13 +0.05
DENIS [¢ 0.79 (8.51+0.31)x 1071 15.36+0.04
DENIS 4 0.79  (1.09£0.04)x 1075 15.10 + 0.04
VIRAC Z 0.88 (1.86£0.02) x 1071 16.69 + 0.01
VIRAC Y 1.02  (3.42+0.03)x 1071  15.61 +0.01
DENIS J°¢ 122 (559+035) %107  11.89 +0.07
DENIS J4 122 (7.32+046)x 10755 11.60 + 0.07
2MASS J 1.24  (6.84+0.15x 107" 11.66 +0.02
X-S J? 124  (3.92+0.06)x 10715 12.26 + 0.02
VIRAC J 125  (6.65+0.06)x107'¢  14.13 +0.01
VIRAC H 1.63 (598 +0.05)x 1075 10.71 +0.01
2MASSH  1.66 (1.18+0.02) x 10™'*  9.97 +0.02
X-S H? 1.66  (9.01 £0.02)x 1075 10.26 + 0.01
VIRAC K, 2.14 (1.23+0.05)x107'%  8.88 +0.05
DENIS K¢ 2.15 (1.68 +0.08)x 10™'*  8.53+0.05
DENIS K¢  2.15 (1.42+0.09)x10™*  8.71 £ 0.07
2MASS K,  2.16 (1.39+0.02)x 10°* 873 +0.02
X-S Kb 2.16 (1.40+0.01)x107* 8.73+0.01
WISE W1 335 (1.14+0.06)x 107 7.15+0.06
Spitzer I1 351 (1.18+0.04)x 107*  6.89 +0.04
Spitzer 12 444 (8.97+051)x 1075  6.21 £0.06
WISEW2 460 (1.05+0.07)x 107" 592 +0.08
Spitzer I3 563 (6.58+0.13)x 10715 5.54+0.02
Spitzer I4 759 (528 +£0.11)x 1075 447 +0.02

Notes. @ Effective wavelength of the photometry band. ¢ Synthetic

photometry from the X-shooter spectrum. © From 1998 data. Y From

1999 data.
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Appendix E: Stellar parmeters and accretion properties

1073
® dy
E, ® dysc
(o]
=
g
o
-6
510 | ®
=
o
(9]
8 ) ®
(]
(%]
©
=
1077 ‘ ‘ ‘
Paé Pay PaB Bry

Lines name

Mass accretion rate [M, /yr]

107>

® dy

® duc
o .
o |
|

1077 1= ; : :

Pabé Pay PaB Bry
Lines name

Fig. E.1: Mass accretion rate of Gaia20dsk per different accretion-tracing line and considering two different distances. The spectral
lines are in order of ascending wavelength. The horizontal green and orange lines show the mean value of the calculated mass
accretion rate considering dgy and dnge, respectively. The left panel shows the result based on Alcala et al. (2017) coefficient, while
the right panel shows the result based on the Fairlamb et al. (2017) coeeficient.
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