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A B S T R A C T 

During the pre-main-sequence evolution, Young Stellar Objects (YSOs) assemble most of their mass during the episodic accretion 

process. The rarely seen FUOr-type events are valuable laboratories to investigate the outbursting nature of YSOs. Here, we 
present multiwavelength detection of a high-amplitude eruptive source in the young open cluster VdBH 221 with an ongoing 

outburst, including optical to mid-infrared time series and near-infrared spectra. The initial outburst has an exceptional amplitude 
of > 6.3 mag in Gaia and 4.6 mag in K s , with a peak luminosity up to 16 L � and a peak mass accretion rate of 1.4 × 10 

−5 M � yr −1 . 
The optical to infrared spectral energy distribution of this object is consistent with a low-mass star (0.2 M �) with a modest 
extinction ( A V 

< 2 mag). A 100-d delay between optical and infrared rising stages is detected, suggesting an outside-in origin of 
the instability. The spectroscopic features of this object reveal a self-luminous accretion disc, very similar to FU Orionis, with 

a low line-of-sight extinction. Most recently, there has been a gradual increase in brightness throughout the wavelength range, 
possibly suggesting an enhancement of the mass accretion rate. 

Key words: accretion, accretion discs – stars: pre-main sequence – stars: protostar – stars: variables: T Tauri, Herbig Ae/Be –
infrared: stars. 
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 I N T RO D U C T I O N  

 FUOr-type event, named after the prototype FU Orionis, displays 
 prominent outburst in its light curve, usually with an amplitude 
arger than 5 mag in the optical (see the re vie w from Fischer et al.
022 ). These events are rarely detected, as once per 10 4 –10 5 yr per
tar, estimated by the total known eruptive samples (Scholz 2012 ; 
illenbrand & Findeisen 2015 ; Contreras Pe ̃ na, Naylor & Morrell
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019 , and Contreras Pe ̃ na submitted 2024 ). So f ar, only tw o dozen
uch ev ents hav e been confirmed by photometric and spectroscopic
ata on young stars. Most FUOr-type outbursts share two common 
hotometric signatures (Hartmann & Kenyon 1996 ), high amplitude 
 ∼5 mag in optical) and long duration (tens to nearly one hundred
ears). These two characteristics distinguish FUOrs from the low- 
mplitude (up to a few mags) and short time-scale (up to a few years)
vents, such as EXOr -type outb ursts with magnetospheric accretion 
Herbig 2007 ). More recently, the eruptive phenomenon has been 
bserved at all stages and stellar masses in star formation, especially
mong embedded protostars (Contreras Pe ̃ na et al. 2017a ). Notably,
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0003-0292-4832
http://orcid.org/0000-0002-8872-4462
http://orcid.org/0000-0002-5936-7718
http://orcid.org/0000-0002-7535-7077
http://orcid.org/0000-0003-1894-1880
http://orcid.org/0000-0003-4908-4404
http://orcid.org/0009-0000-4741-7055
http://orcid.org/0000-0002-3780-0592
mailto:zhen.guo@uv.cl
https://creativecommons.org/licenses/by/4.0/


L116 Z. Guo et al. 

M

m  

i  

E  

h  

i  

K  

2  

e  

f  

e  

E
 

t  

a  

e  

t  

t  

t  

(  

c  

l  

L  

a  

t  

c  

a  

2
 

r  

(  

t  

2  

a  

o  

o  

T  

c  

a  

T  

e  

F  

d  

d  

b  

t  

t  

2  

s  

i  

e
 

a  

V  

e  

l  

R  

b  

V  

t  

f  

s

2

T  

L  

C  

T  

p  

m  

m  

b
 

o  

A  

o  

C  

t  

t  

L  

P  

t  

f  

i  

C  

t
 

D  

i  

o  

m  

l
 

(  

v  

s  

(  

t  

M  

t
2  

t  

t  

t  

t  

t  

e  

n
 

X  

L  

o
i  

d  

p  

t  

o  

O  

I  

(  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/529/1/L115/7589642 by U
niversity of H

ertfordshire user on 02 February 2024
ost infrared-detected eruptive Young Stellar Objects (YSOs) have
ntermediate observational features between the classical FUOr and
XOr groups (see Contreras Pe ̃ na et al. 2017b ). Theoretical models
ave been proposed to trigger episodic accretion bursts on YSOs,
ncluding gravitational instabilities (Armitage, Livio & Pringle 2001 ;
ratter & Lodato 2016 ), thermal instability (Lodato & Clarke
004 ; Clarke et al. 2005 ), magneto-rotational instabilities (MRI;
.g. Zhu, Hartmann & Gammie 2009b ; Elbakyan et al. 2021 ), disc
ragmentation (e.g. Vorobyov & Basu 2015 ), stellar fly-by (Borchert
t al. 2022 ), and e v aporation of gas giant planets (Nayakshin, Owen &
lbakyan 2023 ). 
During the FUOr event, unlike the steady magnetospheric accre-

ion seen on most disc-bearing YSOs, the disc material is directly
ccreted on to the star by the boundary layer accretion mode (Audard
t al. 2014 ). The mass accretion rate during a solar mass FUOr-
ype outburst can reach 10 −4 M � yr −1 , orders of magnitudes higher
han the steady accretion stage. Episodic accretion models predict
hat most of the stellar mass is accumulated during these outbursts
Hartmann & Kenyon 1996 ). The released gravitational energy
an efficiently heat the inner accretion disc, which becomes self-
uminous and outshines the photospheric emission (Zhu et al. 2009a ;
iu et al. 2022 ). The near-infrared (NIR) spectra of FUOrs resemble
 bright but cool object, with strong absorption bands mainly from
he molecules in the circumstellar disc/envelope. Most FUOrs are
onfirmed by a combination of eruptive photometric light curves
long with their unique spectral features (Connelley & Reipurth
018 ; Guo et al. 2021 ). 
The eruptive behaviours of FUOrs across different wavelength

anges can provide clues on the origin of the triggering instability
Vorobyov et al. 2021 ). For instance, Gaia17bpi had a pre-outburst in
he mid-infrared, 500 d before the optical outburst (Hillenbrand et al.
018 ), indicating an outside-in propagation of the MRI originated
t ∼1 AU (Cleaver, Hartmann & Bae 2023 ). In contrast, slow-rising
utbursts in both optical and infrared bands are explained by inside-
ut propagating instabilities (e.g. Lin, Papaloizou & Faulkner 1985 ).
heoretical models predict months-long delays in the mid-IR light
urves when the outburst is triggered by thermal instabilities initiated
t several stellar radii from the star (Nayakshin & Elbakyan 2023 ).
he fading stage of FUOrs contains information about the cooling
fficiency of the viscous heated accretion disc. The prototypes of
UOrs have remained bright for decades, though fading at quite
ifferent rates (Hartmann & Kenyon 1996 ), but some recently
isco v ered bona fide FUOrs have a rapid fading stage, which has
lurred the initial classification of FUOrs. Previous studies preferred
he enhancement of line-of-sight extinction as the explanation of
he post-outburst rapid decays (K opatskaya, K olotilov & Arkharov
013 ; Hackstein et al. 2015 ). Ho we ver, analytical disc models
uggest that the rapid cooling of the accretion disc can result
n such decay in the brightness (Szab ́o et al. 2021 ; Carvalho
t al. 2023 ). 

Lucas et al. 2024 (hereafter LSG24) disco v ered 222 high-
mplitude objects ( � K s > 4 mag) from the decade-long Vista
ariables in the Via Lactea surv e y (VVV; Minniti et al. 2010 ; Saito
t al. 2012 ; Minniti 2016 ). In this work, we present multiwavelength
ight curves and spectra of an ongoing outbursting YSO (L222 78,
A: 17:18:19.65 Dec: −32:22:53.11) from the catalogue provided
y LSG24. This target is associated with the young open cluster
dBH 221 (Cantat-Gaudin & Anders 2020 ). The outburst on

his object reached 6.3 mag in Gaia G -band, followed by a short
ading stage and a unique recent brightening across the wavelength
pectrum. 
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 OBSERVATI ON  A N D  DATA  R E D U C T I O N  

he eruptive behaviour of L222 78 was originally discovered in
SG24 using the K s time series from the VVV Infrared Astrometric
atalogue (VIRAC2 β; Smith et al. 2018 , and in preparation).
he VIRAC2 β catalogue provides PSF (point spread function)
hotometry of dozens of K s detections (from 2010 to 2019) and two
ulticolour ( Z , Y , J , H ) epochs. A few epochs at/after the photometric
aximum are saturated in the VVV images, which were corrected

y custom-designed aperture photometry in LSG24. 
In 2021 and 2022, we obtained single-epoch J , H , K s photometry

f this target using the Son OF ISAAC (Infrared Spectrometer And
rray Camera) infrared imager on the New Technology Telescope
f European Southern Observatory (SOFI, ESO NTT, Moorwood;
uby & Lidman 1998 ). We obtained optical to NIR photometry from

he SMARTS 1 m telescope in 2022 and the Rapid Eye Mount (REM)
elescope in 2023. Two epochs of r and i -band images are found in the
as Cumbres Observatory science archive (LCO, Brown et al. 2013 ).
lus, we retrieved g , r , and i -band images of the VPHAS + surv e y

aken by the VLT (Very Large Telescope) Surv e y Telescope (VST)
rom the ESO archive (Drew et al. 2014 ), and broad-band calibrated
mages from ATLAS forced photometry server (Tonry et al. 2018 ).
ustom-designed aperture photometry measurements were applied

o extract the brightness (see Guo et al. 2018 ). 
We retrieved optical light curves and astrometry data from Gaia

R3 (Gaia Collaboration 2016 , 2023 ). Since this object is not
ncluded in the Gaia Photometric Science Alert, the archived data
nly includes observations up until circa 2017. The Gaia parallax
easurement of L222 78 is 0.9209 ± 0.0218 mas, which is equi v a-

ent to a distance of 1.08 ± 0.02 kpc. 
We obtained mid-infrared photometric data from ALLWISE

Wright et al. 2010 ) and NEOWISE (Mainzer et al. 2014 ) surv e ys
ia the NASA/IPAC Infrared Science Archive. Due to the low
patial resolution, L222 78 is blended with a nearby companion
 d = 2.2 ′′ ). We performed custom-written PSF photometry on these
wo sources, using the epoch-binned unWISE images (Lang 2014 ;

eisner, Lang & Schlegel 2017 ), obtained from the online WISEVIEW

ool. 1 The PSF functions were generated in each image (2 ′ ×
 

′ ) by the D AOPHO T package, using the 30 brightest sources in
he field (Stetson 1987 ). Then, the PSF function is applied to the
arget and companion with fixed central locations obtained from
he VVV surv e y . Finally , we obtained the best-fitting heights of
he PSF functions for both sources using the least χ2 method. The
ypical uncertainty around the photometric maximum is 0.1 mag and
nhanced to 0.5 mag around the photometric minimum. There was
o detection from Spitzer . 
Two spectra of L222 78 were observed in 2021 and 2023. The

SHOOTER spectra (Vernet et al. 2011 ) were obtained on the Very
arge Telescope on April 16th 2021. We used optical and NIR arms
f the XSHOOTER with slit widths of 0.9 ′′ in the optical and 0.6 ′′ 

n the NIR, with exposure times of 210 s and 300 s, respectively. The
ata was reduced using the pipeline package built on the REFLEX

latform (Freudling et al. 2013 ). We applied the MOLECFIT software
o correct the telluric absorption and to generate wavelength solution
f 2nd-order polynomial (Kausch et al. 2015 ; Smette et al. 2015 ).
n May 9th 2023, we obtained NIR spectra from the Folded-port

nfra-Red Echellette spectrograph on the Magellan Baade Telescope
Simcoe et al. 2013 ). The spectra are composed of four 90 s exposures
n the ABBA mode using the 0.6 ′′ slit. An A0-type telluric standard
 http:// byw.tools/ wise vie w . 

http://byw.tools/wiseview
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s obtained afterwards. We applied the FIREHOSE V2.0 pipeline to 
educe the data (Gagne et al. 2015 ), using similar methods described
n Guo et al. ( 2020 ). 

 RESULTS  

.1 Photometric features 

he optical to infrared lightcurves of L222 78, from 2010 to 2023,
re presented in Fig. 1 . We divide the entire erupti ve e vent into
our stages based on the light-curve morphology: the pre-eruptive 
re-outbursting stage, the rising stage, the post-peak decaying stage, 
nd the re-brightening stage. The K s (VVV and SOFI) and WISE
hotometry are obtained throughout all stages, and the post-eruptive 
ecaying stage is well-co v ered by Gaia light curv es. Sev eral sparse
ulticolour photometry ( g , r , i , and VISTA filters) are obtained at

oth pre-outbursting and post-eruptive stages, which are applied to 
easure the spectral energy distribution (SED) of the target. 
The rising stage of the outburst started in Oct 2013 and reached

he peak brightness before Feb 2015, captured by the WISE and Gaia
ata. In the optical, the outburst has an e xceptionally fast eruptiv e
tage, as � G > 6.3 mag within 170 d, resembling the behaviour
f FU Ori. The first Gaia epoch was 338 d after the beginning of
he NIR outburst. Nevertheless, a lower limit of the pre-outbursting 
 magnitude ( G low ) is estimated by the photometric transformation 

quation as 20.17 mag 2 , and a higher value is found from the synthetic
hotometry of the best-fitting photospheric model (see 3.2 ). The 
uration of the eruptive stage across different bands will be further
ddressed by analytical functions in Section 3.3 . 

After reaching the photometric maximum, the Gaia light curves 
f L222 78 entered a decaying stage, whilst its infrared brightness
emained relatively constant. We present the G Bp and G Rp colour- 
agnitude diagram in Fig. 1 . The optical decay agrees with the
 xtinction la w assuming R V = 3.1 and A V = 1.0 mag (Wang &
hen 2019 ). Based on the Gaia light curves, we generated a time-
xtinction correlation to reconstruct the peak brightness in VVV 

lters. The variation of extinction is not unusual on FUOrs, which 
as been referred to as the dust grain condensation when the wind
ollides with the envelope (see Siwak et al. 2023 ) or the dust lifted
y the outflow during the ejection outburst. Such a dimming event is
bserved on V1057 Cyg, which faded 2 mag in 3 yr after reaching the
eak (Herbig 1977 ). The post-peak A V enhancement has also been 
onfirmed in several FUOrs, including V960 Mon and Gaia21bty 
Hackstein et al. 2015 ; Siwak et al. 2023 ). 

A low-amplitude colourless brightening trend is detected in the 
TLAS light curves (see Fig. 1 and the online supplementary file), 
hich is inconsistent with the extinction law mentioned above. The 

ame rising trend is detected in the mid-infrared, indicating a piling 
p of warm material in the circumstellar disc, which resembles the 
ehaviour of PGIR 20dci (Hillenbrand et al. 2021 ). Ho we ver, in the
atter case, there was a secondary outburst a decade after the primary
utburst, which has not happened yet on L222 78. Nevertheless, 
e observe a change in the slope of the NIR continuum spectra,
hich can be interpreted as variable extinction (see Section 3.4 ). 
herefore, we conclude that the recent rising trend on L222 78 is

ikely attributed to a mixture of increasing mass accretion rate and 
learing of line-of-sight extinction. The enhancement in the mid- 
nfrared brightness also suggests the existence of warm dust in the 
ircumstellar disc. 
 According to the Gaia EDR3 document, G − g < −( g − i ) + 1.0. 

t

w  

t

.2 SED and bolometric luminosity 

e present the pre-outburst and outbursting SEDs of L222 78 using
hotometric data obtained between 0.5–22 μm. The pre-outbursting 
ED comprises VVV photometry taken in 2010, the VPHAS + i -
and in 2013 and WISE bands from our PSF photometry. We
ssume no significant variability ( � m > 0.5 mag) during the pre-
utbursting stage. For the in-outburst (peak) brightness, we adopted 
aia and NEOWISE detection at/near the photometric maximum. 
he VVV magnitudes were measured ∼100 d after the photometric 
aximum, which was affected by the enhancement of the extinction. 
ence, the peak VVV magnitudes were estimated by correcting 

he extinction estimated from the Gaia light curves (see Section 
.1 ). We then performed a least- χ2 fitting of the pre-outbursting
ED to BT-Settl models (Barber et al. 2006 ; Allard, Homeier &
reytag 2011 ; Caffau et al. 2011 ) using the VOSA tool (Bayo et al.
008 ) with a fixed Gaia distance (1.08 kpc) and A V ranging between
–5 mag. 
The pre-outbursting SED fitting result suggests that the progenitor 

as an ef fecti ve temperature of 3100 K (1 σ confidence: 2769–
373 K) and a bolometric luminosity, L bol = 0.16 ± 0.02 L �. The
tellar luminosity is a lower limit as there was barely any photospheric
mission having been detected. The star could be heavily embedded 
nd therefore be intrinsically bluer and more massive. The infrared 
xcess can be fit by a single temperature blackbody (550 ± 25 K),
lthough the fitting around 3.6 μm is poor, suggesting a temperature
radient in the circumstellar disc. From the best-fitting photosphere 
o the pre-outbursting SED, we compute the synthetic magnitude in 
 and r during the pre-outbursting stage, as G syn = 19.5 mag and
 syn = 21.4 mag. Accurate measurements of the L bol at the outbursting
tage rely on the precise estimation of A V . The post-outbursting
pectra suggest very low extinction, with A V < 1 mag (see Section
.4 ). Therefore, the outbursting bolometric luminosity is between 
–16 L � when assuming A V ranging between 0–1 mag. Under the
ssumption that the accretion luminosity ( L acc ) is roughly equal to
he bolometric luminosity during the eruptive stage, we estimated the 
eak mass accretion rate ( Ṁ acc ) is 0.8 to 1.4 × 10 −5 M � yr −1 , by sim-
ly applying an approximated correlation, Ṁ acc = L acc R ∗/ ( GM ∗),
Gullbring et al. 1998 ). The peak absolute brightness of this source
 M G ∼ 3 mag) indicates is considerably fainter than an y observ ed
tellar merger ( M V < −3 mag; Karambelkar et al. 2023 ) but not
nconsistent with a star-planet merger, such as the candidate event 
TF SLRN-2020 (De et al. 2023 ). Ho we ver, such e vents only last for
 few hundred days. In contrast, L222 78 has been in the outbursting
hase for nearly a decade, suggesting a larger reservoir of the accreted
aterial (i.e. the young accretion disc). 

.3 Rising time-scale 

he rising stage of L222 78 was captured by a broad wavelength
ange, including an exceptional optical amplitude ( � G > 6.3 mag)
hich places it as one of the highest amplitude eruptive events on
SOs. We applied analytical functions to describe the exponential 

ising stage in G , K s , and W 2 using observed and synthetic mag-
itudes. We adopted the two-step formalism originally designed by 
SG24, 

 < t 1 / 2 : m ( t) = m q − m q −m p 

1 + e 
−( t−t 1 / 2 ) /τ

, (1) 

 ≥ t 1 / 2 : m ( t) = m q − ( m q − m p )(0 . 5 + 0 . 5( t − t 1 / 2 ) / 2 τ ) , (2) 

here t 1/2 is the time when the brightness is enhanced by half of
he amplitude and τ is a time-scale parameter. Additionally, m q 
MNRASL 529, L115–L122 (2024) 
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M

Figure 1. Left : multiwavelength light curves of L222 78, colour coded by photometric bands. Error bars less than 0.1 mag are not shown. Open symbols 
are synthetic magnitudes computed from the SED best-fitting atmospheric model and spectra. Vertical dashed lines mark the observation dates of two 
spectral epochs. The ending point of the rising stage is shown by the dotted line (around MJD 57080/2015-02-27). Upper Right : Gaia colour-magnitude 
diagram with an e xtinction v ector ( A V = 1.0 mag). The data points are colour-coded by the observation time. Lower Right : The pre-outbursting (grey), 
dereddened (black), and eruptive (red) SEDs. A BT-Settl model (blue) is fit to the pre-outbursting SED and a blackbody model (brown) is fit to the IR excess 
beyond 2 μm. 
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Figure 2. Rising light curves and analytical rising functions of L222 78. 
Synthetic brightness (open circles) and lower limit (triangle) in G are 
presented. The normalized curves are shown in the bottom right with t 1/2 

marked out. The ending of the raising stage is marked by the dashed vertical 
lines. 
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nd m p are the pre-outbursting and peak magnitudes obtained from
he time series which are treated as constants in our fitting. As
esigned, the photometric maximum ( m p ) is reached at t 1/2 + 2 τ ,
here the rising stage ends. This formalism reflects the classical

ising morphology of most YSO outbursts in LSG24, composed of a
low-rising stage at the beginning that gradually accelerates before
eaching a constant rate of brightening until reaching the photometric
aximum. 
Here, we used the photometric maximum captured by Gaia and

EOWISE near MJD 57083, and the synthetic peak magnitude in K s 

measured from the SED fitting abo v e) as m p . For m q , we took the
ean magnitude in K s and W 2 before MJD 56400, plus the G syn and
 lim 

estimated in previous sections. We applied the χ2 minimization
ethod on two free parameters ( t 1/2 and τ ) with grid sizes of 1 d. The

ight curves, best-fitting analytical curves, and fitting parameters are
resented in Fig. 2 . In most cases, the analytical functions fit the data
ell, except in K s where the brightness increased slightly faster than

he model in the first 200 d. 
To compare the rising stages across different wavelengths, we

resent the normalized rising curves on the bottom right panel of
ig. 2 . We found that the choice of pre-outbursting magnitude,
ither G syn or G lim 

, does not significantly affect the fitting results in
 . The infrared bands ( W 2 and K s ) started rising earlier and reached

he t 1/2 point 60–100 d quicker than the G -band. The curve in G is
uch steeper (smaller τ ) than the infrared, indicating a faster-rising

ature in optical, with 170 d in the rising stage. Ho we ver, this
ising time-scale is much longer than is typically the case in stellar
ergers, though there are exceptions (Karambelkar et al. 2023 , and

eferences therein), and they often fade quickly afterwards (Tylenda
t al. 2011 ). The delay between the optical and infrared rising light
urves agrees with the phenomenon predicted by the outside-in
NRASL 529, L115–L122 (2024) 
ropagation of the FUOr outburst (Cleaver et al. 2023 ). Ho we ver, the
ime delay observed on L222 78 is five times shorter than the delays
n Gaia17bpi and Gaia18dvy (about 500 d; Hillenbrand et al. 2018 ;
zegedi-Elek et al. 2020 ). Theoretically, the duration of the delay

s consistent with the viscous time-scale of the disc, proportional
o the square root of the disc mass, which should be similar among
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ow-mass YSOs. We will discuss the triggering mechanisms in 
ection 4 . 

.4 Spectr oscopic featur es 

uring a FUOr-type event, the viscously heated inner accretion disc 
ecomes more luminous than the stellar photosphere, hence a cool 
ut bright spectrum is observed in the infrared, and a hotter G/K-type
pectrum in the optical. The optical spectrum of L222 78, obtained 
fter the outburst, is presented in the upper panel of Fig. 3 . It contains
 forest of absorption features that are very similar to other FUOrs
e.g. Hillenbrand et al. 2023 ), rather than other erupti ve e vents, such
s stellar mergers. The blueshifted H α absorption feature and the P
ygni profiles on Ca II indicate a wind launched during the outburst,
 characteristic property of FUOrs (see Hillenbrand et al. 2019 ; 
zab ́o et al. 2021 ). We detected a broad Li λ6708 Å absorption line
EW = 0.57 ± 0.08 Å, integrated between 6707 to 6713 Å), as a
ommon indicator of a young age (e.g. Bayo et al. 2011 ; Campbell-

hite et al. 2023 ), and well matches the 1–2 Myr age estimation
Class II YSO). Additionally, the Na I lines exhibit broad spectral 
rofiles (full width at half-maximum = 86 km s −1 ), which indicates
 possible disc origination and is consistent with the Keplerian 
elocity at the 0.02 AU radius of a 0.2 M � star. Such a bright gas disc
as been predicted by theoretical models (Liu et al. 2022 ) and has
een observed on several young eruptive YSOs that were classified 
s bona fide FUOrs (Park et al. 2020 ; Szab ́o et al. 2022 ). More
etailed spectral features are presented in the online supplementary 
aterial. 
In the infrared, the unique spectral absorption features of FUOrs 

ften resemble cool stars, such as the water vapour absorption arising
rom a low-gravity disc atmosphere, H I lines, deep He I absorption
t 1.08 μm (typically associated with strong non-collimated winds), 
O bandheads at 2.3 μm, and many other molecular bands (e.g. VO,
iO; Connelley & Reipurth 2018 ). Notably, no jet/outflow feature 
e.g. [Fe II ], H 2 ) is detected. In the lower panel of Fig. 3 , we compared
he dereddened XSHOOTER spectrum of L222 78 with the spectrum 

f FU Ori published in Connelley & Reipurth ( 2018 ). Both spectra
xhibit similar features, although He I absorption is much deeper on 
222 78. Following the method applied in Connelley & Reipurth 
 2018 ), we estimated the line-of-sight extinction of L222 78 by
ligning the H -bandpass continuum with FU Ori, as A V = 1.0 mag.
y fitting the CO o v ertone models to the spectrum beyond 2.3 μm

see details in Contreras Pe ̃ na et al. 2017b ), we derived the radial
elocity of the CO absorption feature as −10 ± 5 km s −1 , with an
f fecti ve temperature of T eff = 3500 ± 500 K. 

Spectroscopic variability is detected between the two epochs and 
nterpreted as variable extinction, see a comparison between the 
wo NIR spectra of L222 78 in the online supplementary file. The
ifference in the spectral slope between the two epochs can be well
tted by slightly modifying the line-of-sight extinction by A V = 

.2 mag. We measured A H = 0.16 mag between the two spectra,
hich is smaller than the contemporary photometric variability 

 � H = 0.24 mag). The dereddened spectra of L222 78 show great
imilarity to the dereddened IRTF spectra of FU Ori, assuming 
 V = 2.1 mag (Liu et al. 2022 ). The low extinction estimated

rom our NIR spectra suggests that L222 78 should have recovered 
rom the post-peak extinction event. Compared with the estimated 
xtinction in the pre-outburst SED ( A V = 1.9 mag), it is quite
easonable to assume that the outburst has cleared out the imme- 
iate line-of-sight extinction, also contributing to the high optical 
mplitudes. 
.5 L222 78 as a young stellar object 

e provide the following evidence to support a pre-MS classification 
f L222 78. First, this target has been classified as a member
f a young open cluster VdBH 221 according to the Gaia data
ith a membership probability of unity (see the catalogue in Dias

t al. 2021 , and fig. C1). We also find a few cold gas clumps
ocated in the vicinity of this target, such as PGCC G354.05 + 02.95
10 ′ away, Planck Collaboration 2016 ), although L222 78 is not
irectly projected into this cold clump. Second, the pre-outburst 
ED models suggest T eff ∼ 3100 K and L bol ∼ 0.16 L �, placing

his target in the zone of pre-MS stars on the H–R diagram, with
n infrared excess. According to evolutionary models (Baraffe et al. 
015 ), this target is a ∼0.2 M � YSO with an age of 1–2 Myr and
adius of 1.1 R �. The 1–2 Myr of age is younger than the 10 Myr age
f the VdBH 211 cluster (Dias et al. 2021 ), although multigeneration
tar formation is common among young clusters. Additionally, the 
re-outburst NIR colour indices ( J − H = 0.71 and H − K s = 0.43)
re consistent with the intrinsic colours of Class II YSOs (Meyer,
alvet & Hillenbrand 1997 ). The infrared spectral index α (Lada 
987 , measured from 2 to 24 μm), suggests L222 78 is a Class II
SO ( α = −1.1). The optical spectrum of L222 78 is very similar

o previously detected FUOrs, such as the blue-shifted H α and P
ygni profiles on the Ca II absorption lines. Finally, we detected the
i absorption line, a well-established indicator of a young age (see
ection 3.4 ). 

 DI SCUSSI ON,  REMARKS,  A N D  SUMMARY  

his study presents an ongoing eruptive object located in the VdBH
21 open cluster, with a 6.3 mag outburst observed in the Gaia
ime series with an optical rising stage of 170 d. A short time
elay ( � t 1/2 = 100 d) is observed between the infrared and optical
ising stages, suggesting an outside-in propagated instability that 
riginated in the circumstellar disc at a radius less than 0.1 AU.
ome lower amplitude variations are detected after the photometric 
aximum, attributed to the gradual changing of line-of-sight extinc- 

ion and o v erall mass accretion rate. The pre v alence of absorption
eatures in the optical to NIR spectra agrees with the FUOr-type
utburst. We conclude that this source is a bona fide FUOr-type
bject based on the current evidence and the criteria proposed in
onnelley & Reipurth ( 2018 ). Long-term monitoring is required to
etermine the full time-scale of this event and to establish a definitive
lassification. 

In the scenario of magneto-rotational acti v ation at the dead
one (Armitage et al. 2001 ; Elbakyan et al. 2021 ; Nayakshin &
lbakyan 2023 ), the burst is thermally triggered when the mid-plane

emperature exceeds the critical temperature of ∼800 K. The disc at
his location becomes ionized, and the heatwave propagates inwards 
rom beyond 0.2 AU. Ho we ver, the predicted time delay is on the
cale of 10 3 d, much longer than the delay observed on L222 78.
evertheless, for a short time delay, the instability must originate 

loser to the star (i.e. 0.07 AU; Liu et al. 2022 ), which is a small
adius for MRI acti v ation. As a reference, such events were predicted
o happen in the magnetic field dead zone located around 1 AU for a
olar mass star (see Nayakshin & Elbakyan 2023 ). 

Alternatively, an outside-in burst could be introduced by an embed- 
ed massive proto-planet, which introduces the thermal instability 
ursts by opening a gap and piling up material behind its orbit
TIP + EE; Lodato & Clarke 2004 ; Nayakshin & Elbakyan 2023 ;
ayakshin et al. 2023 ). In this scenario, the outburst starts outside

he planetary orbit ( < 0.1 AU) and propagates inwards, creating a
MNRASL 529, L115–L122 (2024) 
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M

Figure 3. Upper: optical spectrum of L222 78, with line profiles of H α, Li I, and Ca II absorption lines. Lower : dereddened NIR spectra of FU Ori (InfraRed 
Telescope Facility; Connelley & Reipurth 2018 ) and L222 78 (XSHOOTER). Spectral features are marked individually on the plot. 
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onths-long time delay between the optical and infrared bands,
onsistent with the delay observed on L222 78. The predicted peak
ass accretion rate is on the order of 10 −5 M � yr −1 , similar to

ur measurements on L222 78. During the outbursting stage, the
emperature of the surrounding proto-planetary material will become
igher than the planet’s temperature. As a result, the proto-planet can
o through the ‘extreme e v aporation’ (EE) phase, during which it is
isrupted thermally (Nayakshin et al. 2023 ). 
After the initial outburst, a rise in the visual extinction ( A V ∼

 mag) has been detected by the Gaia time series. This change in
xtinction could be caused by temporary circumstellar dust structures
hat form subsequent to the outburst, lifted by the strong wind
aunched from the ejection burst, consequently affecting the optical
epth at shorter wavelengths. This extinction event has not changed
he o v erall eruptiv e phenomenon observ ed in the Gaia light curv es
 � G > 6.3 mag). This is unlike the rapid fading V1647 Ori-type
bjects, whose 5 mag outburst has completely faded in 1000 d.
ccording to the most recent NIR spectra, the extinction has been

leared out in the past years. 
We disco v er a continuous brightening trend in recent years, from

ptical (1 mag) to mid-infrared (0.8 mag), which is a no v el feature
ompared to the traditional FUOr-type. This brightening trend can be
xplained as an increased emission of the system, likely attributed to
he eruptive energy heating up the circumstellar disc. Theoretically,
 secondary rise is predicted by both the aforementioned TIP + EE
nd MRI models, attributed to the feeding from the e v aporated
lanetary atmosphere or the change in the mean molecular weight
f the gas as Hydrogen is ionized (see details in Nayakshin &
lbakyan 2023 ). 
Using VOSA, we fit a grid of BT-Settl models to the pre-

utbursting SED. The synthetic magnitudes derived from the best-
tting model are G syn = 19.5 and r syn = 21.4 mag. Compared with the
eak brightness, we find � G = 6.6 mag and � r = 8.6 mag, ranking
222 78 among the highest amplitude outbursts on YSOs. The
NRASL 529, L115–L122 (2024) 
learing of extinction during the outburst could partially contribute to
he optical amplitude. The SED fitting result shows that L222 78 is
 low-mass YSO (0.2 M �) with low extinction ( A V = 1.9 mag). The
eak mass accretion rate is estimated as up to 1.4 × 10 −5 M � yr −1 ,
ndicating ∼40 M ⊕ have been accreted since the beginning of the
utburst. Remarkably, only a few FUOrs were detected within a
omparable mass range in the literature, such as V2775 Ori and V346
or (Caratti o Garatti et al. 2011 ; K ́osp ́al et al. 2021 ). Both sources
av e relativ ely hea vy and gra vitational-unstable circumstellar discs
 M d > 0.25 M � ), making them good candidates for GI-triggered
utbursts. Future sub-mm observations are anticipated to measure
he disc mass of L222 78, to unveil the underlying triggering

echanism. Currently, with a low fore ground e xtinction, L222 78
despite its distance) is an excellent target for high-resolution follow-
p observation, to enable studies on the outb ursting beha viours of
UOrs. 
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Dunham M. M., 2022, in Inutsuka S., Aikawa Y., Muto T., Tomida K.,
Tamura M., eds, ASP Conf. Ser. Vol. 534, Protostars and Planets VII .
Astron. Soc. Pac., San Francisco, p. 355 

reudling W. , Romaniello M., Bramich D. M., Ballester P., Forchi V., Garc ́ıa-
Dabl ́o C. E., Moehler S., Neeser M. J., 2013, A&A , 559, A96 

agne J. , Lambrides E., Faherty J. K., Simcoe R., 2015, FireHose v2: Firehose
v2.0 

aia Collaboration , 2016, A&A , 595, A2 
aia Collaboration , 2023, A&A , 674, A1 
ullbring E. , Hartmann L., Brice ̃ no C., Calvet N., 1998, ApJ , 492, 323 
uo Z. et al., 2018, ApJ , 852, 56 
uo Z. et al., 2020, MNRAS , 492, 294 
uo Z. et al., 2021, MNRAS , 504, 830 
ackstein M. et al., 2015, A&A , 582, L12 
artmann L. , Kenyon S. J., 1996, ARA&A , 34, 207 
erbig G. H. , 1977, ApJ , 217, 693 
erbig G. H. , 2007, AJ , 133, 2679 
illenbrand L. A. et al., 2018, ApJ , 869, 146 
illenbrand L. A. et al., 2019, ApJ , 874, 82 
illenbrand L. A. et al., 2021, AJ , 161, 220 
illenbrand L. A. , Carvalho A., van Roestel J., De K., 2023, ApJ , 958, L27 
illenbrand L. A. , Findeisen K. P., 2015, ApJ , 808, 68 
arambelkar V. R. et al., 2023, ApJ , 948, 137 
ausch W. et al., 2015, A&A , 576, A78 
opatskaya E. N. , Kolotilov E. A., Arkharov A. A., 2013, MNRAS , 434, 38 
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