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A B S T R A C T 

Young stars show variability on different time-scales from hours to decades, with a range of amplitudes. We studied two young 

stars, which triggered the Gaia Science Alerts system due to brightenings on a time-scale of a year. Gaia20bwa brightened by 

about half a magnitude, whereas Gaia20fgx brightened by about two and half magnitudes. We analysed the Gaia light curves, 
additional photometry, and spectra taken with the Telescopio Nazionale Galileo and the Gran Telescopio Canarias. Several 
emission lines were detected towards Gaia20bwa, including hydrogen lines from H α to H δ, Pa β, Br γ , and lines of Ca II , O I , 
and Na I . The H α and Br γ lines were detected towards Gaia20fgx in emission in its bright state, with additional CO lines in 

absorption, and the Pa β line with an inverse P Cygni profile during its fading. Based on the Br γ lines, the accretion rate was 
(2 . 4 –3 . 1) × 10 

−8 M � yr −1 for Gaia20bwa and (4 . 5 –6 . 6) × 10 

−8 M � yr −1 for Gaia20fgx during their bright state. The accretion 

rate of Gaia20fgx dropped by almost a factor of 10 on a time-scale of half a year. The accretion parameters of both stars were found 

to be similar to those of classical T Tauri stars, lower than those of young eruptive stars. However, the amplitude and time-scale 
of these brightenings place these stars to a region of the parameter space, which is rarely populated by young stars. This suggests 
a new class of young stars, which produce outbursts on a time-scale similar to young eruptive stars, but with smaller amplitudes. 

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

bout half of young stellar objects (YSOs) show photometric
ariations on daily-weekly time-scales, with typical values of a few
imes 0.1 mag at optical and infrared wavelengths (e.g. Megeath
t al. 2012 ). Some young stars show brightness variations on even
onger time-scales: months, years, and centuries. These variations
re related to different physical processes (Hillenbrand & Findeisen
015 ). Some of the light variations are periodic and are related to
 E-mail: nagy.zsofia@csfk.org 

c  

o  

e  

Pub
hotospheric inhomogeneities, such as starspots. Periodic or quasi-
eriodic dips in the light curves can be related to circumstellar dust
assing through the line of sight towards the star. One example
f this phenomenon is the class of AA Tau-type stars, where the
ccultations are caused by an inner disc warp (e.g. Bouvier et al.
999 , 2003 ; Cox et al. 2013 ; Nagy et al. 2021 ). Aperiodic events can
lso occur due to the unsteady mass transfer from the inner disc to
he star (Blino va, Romano va & Lo v elace 2016 ), including ‘clumpy
ccretion’ (Gullbring et al. 1996 ; Siwak et al. 2018 ). The eruptive
lass of young stars shows brightness variations with an amplitude
f a few magnitudes and remain bright on longer time-scales. These
vents are typically called outbursts and are caused by a sudden
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. Vr 
′ 
i 
′ 

colour composite images of Gaia20bwa (left) and Gaia20fgx 
(right). The images show 3 × 3 arcmin 2 areas centred on the targets. North is 
up, east is to the left. 
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ncrease of the mass accretion rate from 10 −10 to 10 −8 in quiescence
p to 10 −6 −10 −4 M � yr −1 during outburst. Eruptive young stars are
ommonly divided into two main classes: EX Lupi-type stars (EXors) 
nd FU Orionis-type stars (FUors). The former show brightenings of 
–4 mag, last for less than a year and are recurrent (e.g. Herbig 2008 );
he latter brighten by up to 5 mag and last for several decades (e.g.
udard et al. 2014 ). So far the number of confirmed FUors is limited

o no more than a dozen while the number of known EXors is limited
o less than 25, including candidates (Audard et al. 2014 ). Recent
tudies have shown that not all the eruptive young stars belong to
hese two main classes (Hillenbrand et al. 2019 ; Hodapp et al. 2020 ).

ESA’s Gaia space telescope has been monitoring the whole sky, 
etermining the parallax and proper motion of 1.8 billion stars. 
he sources which show significant brightness changes are reported 
s Gaia Photometric Science Alerts (Hodgkin et al. 2021 ), which 
re well suited to identify brightening or fading events of young 
tars. Two Gaia Science alert sources have already been identified 
nd confirmed as FUors: Gaia17bpi (Hillenbrand et al. 2018 ) and 
aia18dvy (Szegedi-Elek et al. 2020 ), two other Gaia alert sources as
Xors: Gaia18dvz (Hodapp et al. 2019 ) and Gaia20eae (Cruz-S ́aenz 
e Miera et al. 2022 ), while two more sources were found to be young
ruptive stars other than FUors or EXors: Gaia19ajj (Hillenbrand 
t al. 2019 ) and Gaia19bey (Hodapp et al. 2020 ). Another young star,
555 Ori, was also reported as a Gaia alert due to a brightening event,
ut was later found to be a result of changing circumstellar extinction
ather than an accretion burst (Nagy et al. 2021 ). Gaia Science alerts
ere also published for the two targets analysed below as well. 
Gaia20bwa, or 05351885-0444100 in the Two Micron All Sky 

urv e y (2MASS) All-Sk y Catalog of Point Sources (Cutri et al. 2003 ;
J2000 = 05 h 35 m 18 . s 86, δJ2000 = −4 ◦ 44 

′ 
10 . ′′ 21), is located in the

rion A star-forming region at 410 + 12 
−11 pc (Bailer-Jones et al. 2021 ).

obin et al. ( 2009 ) found it to be a classical T Tauri star (CTTS), but
id not rule out the possibility of being a weak-line T Tauri star. Da
io et al. ( 2016 ) determined the ef fecti ve temperature of Gaia20bwa

o be 3142.5 ± 16.0 K and its mass to be 0.206 ± 0.008 M �. Its
rightening by 0.3 mag was reported as a Gaia alert on 2020 April
8. Gaia20bwa is part of the catalog of Marton et al. ( 2019 ) with an
5 per cent probability of being a YSO. Gaia20fgx ( αJ2000 = 22 h 

4 m 59 . s 09, δJ2000 = + 62 ◦ 34 
′ 
34 . ′′ 75) is located in the Cepheus OB3

ssociation, at about 1.01 + 1 . 88 
−0 . 32 kpc (Bailer-Jones et al. 2021 ). It had a

aia alert on 2020 No v ember 17 due to a 2.5 mag brightening o v er
 year. Gaia20fgx is also part of the catalog of Marton et al. ( 2019 )
ith a 96 per cent probability of being a YSO. Allen et al. ( 2012 )

dentified this target as a Class II source. 
In this paper, we analyse follow-up photometry and spectroscopy 

f the sources in order to investigate whether their brightening 
s related to eruptive events or scaled-up version of the normal 
agnetospheric accretion. In Section 2 , we describe the photometric 

nd spectroscopic observations of the sources; in Section 3 , we ex-
lain the results on the light curves, colour variations, spectroscopy, 
pectral energy distributions (SEDs), and accretion rates of the 
argets. We compare the results to those to wards erupti ve young
tars and CTTS in Section 4 . 

 OBSERVATIONS  

.1 Photometry 

e obtained ground-based optical photometric observations of 
aia20bwa and Gaia20fgx with the 80 cm Ritchey-Chr ́etien tele- 

cope (RC80) at the Piszk ́estet ̋o Mountain Station of Konkoly 
bservatory (Hungary) and with the 60 cm Carl-Zeiss telescope at 
ount Suhora Observatory of the Cracow Pedagogical University 

Poland). The RC80 telescope was equipped with an FLI PL230 
CD camera, 0 . ′′ 55 pixel scale, 18 . ′′ 8 × 18 . ′′ 8 field of view, Johnson BV
nd Sloan g 

′ 
r 

′ 
i 
′ 
filters. The telescope at Mount Suhora was equipped

ith an Apogee Aspen-47 camera, 1 . ′′ 116 pixel scale, 19 . ′′ 0 × 19 . ′′ 0
eld of view, Sloan g 

′ 
r 

′ 
i 
′ 
filters. Fig. 1 shows portions of the images

aken of our targets. We typically obtained 3–13 images in each
lter. We first applied CCD reduction, including bias, flatfield, and 
ark current corrections. Then we calculated aperture photometry 
or the science target and several comparison stars in the field of
iew using an aperture radius of 2 . ′′ 75. We selected those comparison
tars from the APASS9 catalog (Henden et al. 2015 ) that were within
 . ′′ 5 of the target and which were mostly constant, i.e. the rms of
heir V-band observations from the ASAS-SN Photometry Database 
Shappee et al. 2014 ; Jayasinghe et al. 2019 ) were below 0.1 mag. The
PASS9 catalog provided Bessell BV and Sloan g 

′ 
r 

′ 
i 
′ 

magnitudes
or the comparison stars. We used the comparison stars for the
hotometric calibration by fitting a linear colour term. Magnitudes 
aken with the same filter on the same night were averaged. The final
ncertainties are the quadratic sum of the formal uncertainties of the
perture photometry, the photometric calibration, and the scatter of 
he individual magnitudes that were averaged per night. The results 
an be found in Table A1 in the appendix. As seen in Fig. 1 , Gaia20fgx
s close to a very bright star, ho we ver, gi ven the used aperture, and that
he separation between Gaia20fgx and the bright star is ∼7 arcsec, the
esults from the photometry were not affected by this nearby source.

We obtained near-infrared (NIR) photometric observations in 
he J , H , and K s bands of Gaia20bwa on 2021 February 11 and
aia20fgx on 2021 January 27. We used the Near Infrared Camera
pectrometer (NICS, Baffa et al. 2001 ) instrument on the Telescopio
azionale Galileo (TNG) located in the Island of San Miguel de La
alma (Canary Islands, Spain), proposal ID: AOT42, PI: Eleonora 
iorellino. In each filter, a five-point dithering was performed, 
ith 3 s of exposure time at each position. The data reduction,
erformed with our own IDL routines, included the construction and 
ubtraction of a sky image, and flat-fielding. On 2021 September 
8, we obtained additional JHK s photometry of Gaia20fgx from the 
ran Telescopio Canaria (GTC) using the Espectr ́ografo Multiobjeto 

nfra-Rojo (EMIR) instrument (Balcells et al. 2000 ), proposal ID: 
TC01-21BDDT, PI: David Garc ́ıa. The images were obtained in 

our dither positions with 10 arcsec offsets with 5 s exposure per
ither point. These data were processed using the PYEMIR (Pascual 
t al. 2010 ) pipeline v ersion 0.163. F or photometric calibration of
he TNG and GTC photometry, the 2MASS catalog was adopted. 

e extracted the instrumental magnitudes for the target, as well as
MNRAS 515, 1774–1787 (2022) 
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Table 1. Log of spectroscopic observations. 

Target Date Telescope Instrument Wavelength ( μm) Resolution Total int. time (s) 

Gaia20fgx 2021-01-27 TNG DOLORES 0.59–1.00 585–714 1700 
Gaia20fgx 2021-01-27 TNG NICS 0.90–1.45 500 8000 
Gaia20fgx 2021-01-27 TNG NICS 1.40–2.50 500 1600 
Gaia20fgx 2021-01-27 TNG NICS 1.95–2.34 1250 5600 
Gaia20fgx 2021-09-19 GTC EMIR 1.17–1.33 4000–5000 7174 
Gaia20fgx 2021-09-19 GTC EMIR 1.53–1.78 4000–5000 2795 
Gaia20fgx 2021-09-19 GTC EMIR 2.03–2.38 4000–5000 3235 

Gaia20bwa 2021-02-17 LT SPRAT 0.40–0.80 350 200 
Gaia20bwa 2021-02-11 TNG DOLORES 0.59–1.00 585–714 630 
Gaia20bwa 2021-02-11 TNG NICS 1.12–1.40 1200 4000 
Gaia20bwa 2021-02-11 TNG NICS 1.40–2.50 500 480 
Gaia20bwa 2021-02-11 TNG NICS 1.95–2.34 1250 2080 
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or all good-quality 2MASS stars (i.e. with a 2MASS photometric
uality flag of AAA), in the field in an aperture with a radius of
1.5 arcsec. The final step was the determination of an average

onstant calibration factor between the instrumental and the 2MASS
agnitudes of typically 30 −50 stars, and this offset was applied

n the target observations. The formal photometric uncertainties are
.01 −0.02 mag for the TNG data and 0.07 −0.14 for the GTC data.
he results can be found in Table A1 in the appendix. 
We also used mid-infrared photometry from the Wide-field In-

rared Surv e y Explorer and NEOWISE surv e ys from the NASA/IPAC
nfrared Science Archiv e. NEOWISE observ es the full sky on average
wice per year with multiple exposure per epoch. For a comparison
ith the photometry from other instruments, we computed the

verage and standard deviation of multiple exposures of a single
poch. The error bars are a quadratic sum of the average magnitude
ncertainty per exposure. We downloaded G band photometry from
he Gaia Science Alerts Index website. We also used r and g band
hotometry from the Data Release 11 of the Zwicky Transient
acility (ZTF; Masci et al. 2019 ). 

.2 Optical spectroscopy 

e used the TNG equipped with the Device Optimized for the
Ow RESolution (Dolores) to obtain low-resolution optical spectra
f Gaia20bwa on 2021 February 11/12, and Gaia20fgx on 2021
anuary 27/28. The ultraviolet-NIR co v erage was achiev ed using
he LR–B and LR–R gratings, which operate in ∼3500–7980 and

4980–10 370 Å spectral ranges, respectively. The spectra were
educed in a standard way on bias, flatfield, and then wavelength-
alibrated within IRAF . The strong fringing pattern (apparent abo v e
800 Å) was successfully remo v ed by normalized flatfield division.
his w ork ed only for the Gaia20bw a spectrum, the same procedure

ailed for the second star. This appears to have been caused by
he low elevation at which the telescope was pointing during the
bservation of Gaia20fgx, at an airmass range 2.5–2.7, resulting
n increased instrumental flexures distorting the nominal optical
ath. We averaged the overlapping part of LR–B and LR–R ranges
ssuming weights appropriate to the obtained signal. In addition, we
bserved Gaia20bwa on 2021 February 17/18 using the 2-m Liver-
ool Telescope (LT) equipped with the SPectrograph for the Rapid
cquisition of Transients (SPRAT; Piascik et al. 2014 ). 1 SPRAT
NRAS 515, 1774–1787 (2022) 

 ProgID: XOL20B01, PI: P a wel Zielinski 

d  

s  

t  

c

rovides low-resolution (R = 350) spectra in the range of 4020–
994 Å. The spectrum was reduced and approximately calibrated to
bsolute flux units by means of the dedicated SPRAT pipeline. The
pectral resolutions and total integration times corresponding to the
ptical spectra are listed in Table 1 . 

.3 NIR spectroscopy 

ow-resolution (R = 500-1250) NIR spectra were obtained with the
ICS installed on the TNG on 2021 February 11 for Gaia20bwa and
n 2021 January 27 for Gaia20fgx. For Gaia20bwa the J , HK , and
 b bands were used with exposure times of 1000, 120, and 520 s,

espectiv ely. F or Gaia20fgx, the IJ , HK , and K b bands were used
ith exposure times of 2000, 400, and 1400 s, respectively. The

ources were observed through the 1 arcsec wide slit. The data were
educed using IRAF . For each image, sky subtraction, flat-fielding,
ad pix el remo val, aperture tracing, and wav elength calibration
using argon lamp) were performed. Then, the telluric correction
as performed: the hydrogen absorption lines in the telluric stellar

pectrum were remo v ed by Gaussian fitting, and the telluric spectrum
as normalized. Subsequently, we divided the target spectrum by

he normalized telluric spectrum. The barycentric velocity was
alculated by BARYCORRPY (Kanodia & Wright 2018 ) as –23.22
nd –15.14 km s −1 for Gaia20bwa and Gaia20fgx, respectively, and
hen subtracted from the target spectra. Finally, after normalizing
he telluric corrected target spectrum, flux calibration was performed
y using our photometry from Mt. Suhora and the TNG during the
right state, and the WISE W1 and W2 photometry close to the bright
tate for Gaia20bwa. For Gaia20fgx, faint states of WISE data are
sed in addition to bright states of optical to NIR. 
We obtained medium-resolution (R = 4000–5000) spectra for

aia20fgx in JHK s -bands on 2021 September 19, using the GTC
quipped with EMIR configured in the long-slit mode (PI: D. Garc ́ıa).
he star was observed through the 0 . ′′ 8 wide slit. The total exposure

imes were 7174 s in the J , 2795 s in the H , and 3235 s in the Ks
and. HgAr lamp provided wavelength calibration. The spectra were
btained in ABBA nodding pattern, along the slit, and were processed
y means of the dedicated PYEMIR package. The final spectrum
xtraction was performed under IRAF . The telluric correction was
one using the telluric standard HD 212495. We calibrated these
pectra to absolute flux using the JHK s band photometry obtained on
he same night. The spectral resolutions and total integration times
orresponding to the NIR spectra are listed in Table 1 . 
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Figure 2. Histogram of Gaia EDR3 distances of the members of the Cep 
OB3 region in 10 pc bins. The fitted Gaussian peaks at a value of ∼816 pc. 
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 RESULTS  

.1 The distance of Gaia20fgx 

hile the distance of Gaia20bwa is accurately known, the distance 
f Gaia20fgx (1.01 + 1 . 88 

−0 . 32 kpc, Bailer-Jones et al. 2021 ) has a large
ncertainty. Based on its position, proper motion, and distance, 
aia20fgx belongs to the Cep OB3 association. To derive its more 

ccurate distance, we collected the list of sources, which also belong 
o the Cep OB3 association (Jordi, Trullols & Galadi-Enriquez 1996 , 
etman et al. 2009 ), and downloaded their Gaia EDR3 distances 

rom Bailer-Jones et al. ( 2021 ). We considered only those sources
hat had a Renormalized Unit Weight Error below 1.4. We remo v ed
he sources with a ne gativ e parallax from our sample, and those,
here the parallax was less than five times its error. After applying

hese selection criteria, the number of sources used for the analysis 
s 235. The number or sources per photogeometric distance in 10 pc
ins is shown in Fig. 2 . Based on a Gaussian fit, the distribution
f distances peaks at ∼816 pc. The full width at half-maximum 

FWHM) of the Gaussian fit is ∼124 pc. We use the Gaussian sigma
f σ = FWHM /2.355 = 52.7 pc as the error of the distance. Based
n this analysis, the distance of Cep OB3 is ∼816 ± 53 pc. We will
se this value when calculating physical parameters for Gaia20fgx 
n the next sections. 

.2 Light cur v es 

aia and WISE light curves of Gaia20bwa and Gaia20fgx are shown 
n Fig. 3 . For Gaia20fgx, we also show data from the ZTF archive. 2 

or Gaia20bwa, we did not consider the ZTF data due to the quality
f the photometry in the ZTF Data Release 11: most of the data
oints are defined as bad quality. 
Gaia20bwa had a Gaia alert on 2020 April 17, when its brightness

ncreased by about 0.3 mag in the Gaia G -band. It continued
rightening by about 0.2 mag to reach its maximum brightness in 
020 October. The last WISE data point also follows the brightening 
een in the Gaia light curve. Based on the Gaia light curve as well
s our follow-up photometry with the RC80, Gaia20bwa faded back 
o its long-term brightness by the end of 2021 August, therefore, the
rightening episode lasted for approximately 17 months. 
 ht tps://irsa.ipac.calt ech.edu/Missions/ztf.html 

m  

f  

O  
Gaia20fgx had a Gaia alert on 2020 No v ember 11 due to its
rightening by ∼2.5 mag o v er about 10 months. It reached its
aximum brightness by 2021 February, and returned to quiescence 

y 2022 May, based on the G -band data. The Gaia light curve
lso shows an earlier brightening from early 2018 until early 2019,
ith a lower amplitude compared to the second brightening that 

orresponds to the Gaia alert. In addition to the two long-term
rightening events, shorter brightenings with an amplitude of ∼1 
ag are apparent on the Gaia light curve between 2015 and 2018. 

.3 Colour variations 

ig. 4 shows the ( J − H ) versus ( H − K S ) colour–colour diagram of
he sources. Gaia20bwa is close to the locus of unreddened CTTS
ased on each three data points, and in both the bright and faint
tates. This suggests that the visual extinction for Gaia20bwa is 
o w, ho we ver, we will use the SEDs in Section 3.5 to constrain the
 V for Gaia20bwa. For Gaia20fgx, there is evidence for a change

n the visual extinction between the faint state represented by the
MASS data point and the bright state represented by the TNG data
oint, while the GTC photometry corresponds to the fading of the
ource, between the bright and faint states. Gaia20fgx was redder 
t the 2MASS epoch than at the later epochs observed with the
NG and the GTC. For Gaia20fgx, we used the expression from
ardelli, Clayton & Mathis ( 1989 ) to measure the visual extinction
f the source at each epoch by projecting its location in Fig. 4 to the
ine representing the locus of unreddened CTTS (Me yer, Calv et &
illenbrand 1997 ) along the extinction path. This method results in

n A V = 3.6 ± 0.2 mag for the bright state and 5.7 ± 0.6 mag for the
aint state, when assuming an R V of 3.1. An A V = 4.1 ± 0.2 mag was
ound for the GTC data point. 

Colour–magnitude diagrams based on the WISE data are shown in 
ig. 5 . There is no significant colour change in the case of Gaia20fgx.
or Gaia20bwa, the W2 versus W1–W2 colour–magnitude diagram 

uggests reddening during the brightening, which is likely due to the
isc component. 
Fig. 5 also shows a g versus [ g − r ] colour–magnitude diagram

or Gaia20fgx based on archi v al data from the ZTF surv e y and our
ollo w-up observ ations with the RC80 and Mt. Suhora telescopes.
ome of the data points indicate colour-variations related to changing 
xtinction. Both brightening events seen in Fig. 5 based on the
 versus [ g − r ] colour–magnitude diagram show a linear colour
ariation o v er time: the red-orange data points correspond to the
rst brightening event, while the blue data points to the brightening
elated to the Gaia alert. The data points corresponding to the second
rightening event seem to follow the extinction path. The r versus
 r − i ] colour–magnitude diagram shown in Fig. 5 for Gaia20bwa
ased on data points during the bright state and the fading shows a
inear trend, ho we ver, it is not consistent with the extinction path.
t suggests that the fading was caused by a mechanism other than
ariable extinction. 

.4 Results from spectroscopy 

ue to the low spectral resolution of the TNG and LT spectra, the
elocities of the lines cannot be accurately determined. Ho we ver, the
qui v alent widths and fluxes of the lines can be measured and used
s tracers of characteristics of the sources, such as the accretion rate.

Several lines were detected in the optical spectrum of Gaia20bwa 
easured with the TNG, including lines from the H I Balmer series

rom H α to H δ, the Na I D line, the O I triplet at 7771/4/5 Å, the
 I line at 8446 Å, and three lines of Ca II (Fig. 6 ). The H I Balmer
MNRAS 515, 1774–1787 (2022) 
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Figure 3. Light curves of Gaia20bwa and Gaia20fgx. The Gaia G data are shown with black dots, the ZTF g , r , and i data with light blue, orange, and red 
asterisks, the WISE W1 and W2 band data with blue and grey dots. The red, orange, and green dots are i , r , and V data measured with the RC80 or the Mt. 
Suhora telescope, as shown in Appendix A . The vertical lines show the epochs of the TNG and GTC spectra. The arrows show the epochs of the Gaia alerts. 
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eries from H α to H γ were also detected in the spectrum taken with
he LT. The Br γ and Pa β lines were detected in the NIR spectrum
btained with the TNG. 
Due to the lower S/N of the fainter Gaia20fgx, only the H α line

f the H I Balmer series was detected in the optical spectra measured
ith both the TNG and LT. The Br γ line was detected in the NIR

pectrum observed with the TNG. A few additional lines were also
etected in the medium resolution spectrum obtained with the GTC
uring the fading of the source: the CO 2-0 and 3-1 bandhead features
n absorption, and the Pa β line detected as an inverse P Cygni profile
Fig. 7 ). The line parameters obtained from Gaussian fitting are
hown in Table 2 . 

Detecting several lines of the Balmer series for Gaia20bwa allows
s to determine the excitation temperature of the gas that emits
NRAS 515, 1774–1787 (2022) 
hese lines. In Fig. 8 , we plotted the line fluxes divided by the
tatistical weights of the energy levels in logarithmic scale as a
unction of the energy of the levels and applied a linear fit to
he data points. The inverse of the slope of the lines gave an
xcitation temperature of ∼7600 K for both the TNG and LT
ata. This value is higher than the photospheric temperature of
TTS, as well as the 3142.5 ± 16.0 K ef fecti ve temperature
erived for Gaia20bwa (Da Rio et al. 2016 ), indicating that the
etected hydrogen lines originate from gas participating in the
ccretion process, located close to the magnetospheric hotspot,
r residing in the accretion column. Ho we ver, the ∼7600 K
emperature deriv ed abo v e is an upper limit, giv en that Balmer
ines emitted in the accretion columns are likely to be optically
hick. 
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Figure 4. ( J − H ) versus ( H − K S ) colour–colour diagram. The filled circles 
correspond to Gaia20fgx, the squares to Gaia20bwa. The blue symbols show 

2MASS data, the red points TNG data, and the green symbol is from the 
UKIRT Infrared Deep Sky Survey (UKIDSS). The solid curve shows the 
colours of the zero-age main-sequence, and the dotted line represents the 
giant branch (Bessell & Brett 1988 ). The long-dashed lines delimit the area 
occupied by the reddened normal stars (Cardelli et al. 1989 ). The dash–dotted 
line is the locus of unreddened CTTS (Meyer et al. 1997 ) and the grey shaded 
band borders the area of the reddened K S -excess stars. 
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We can use the ∼7600 K temperature derived above to interpret the
rend seen in the r versus [r–i] colour–magnitude diagram (Fig. 5 ).
arge amplitude optical brightness variations in CTTS in the optical 

egime can be produced by variations of photospheric hot spots, 
esulting from variable accretion rates (Carpenter, Hillenbrand & 

krutskie 2001 ; Scholz et al. 2009 ). We applied the method described
y Scholz et al. ( 2009 ) to model the brightness and colour variations
f Gaia20bwa during the fading. We found that the amplitude and 
lope of the colour–magnitude diagram can be reproduced by cooling 
f a hotspot co v ering some 1.5 per cent of the stellar surface from a
emperature of ∼7600 K to the photospheric temperature. 

.5 SEDs and stellar parameters 

he SEDs of Gaia20bwa and Gaia20fgx are shown in Fig. 9 . The data
oints for the bright state (red symbols) are based on our follow-up
bservations with the TNG and Mt. Suhora telescopes, the Gaia G -
and data measured close to the TNG and Mt. Suhora observations, 
nd on the last published WISE W1 and W2 fluxes. The data points
or the faint state are based on archi v al data from Pan-STARRS, Gaia ,
ISE , 2MASS, and Spitzer . We computed blackbody functions for

 range of temperatures and visual extinctions and compared them 

o the SEDs by visual inspection. We used the temperature and A V 

alues estimated from the SEDs to derive stellar parameters for the 
ources. We explain the results for each source below. 

.5.1 Gaia20fgx 

he SED of Gaia20fgx in the faint state is consistent with a
emperature of 3700 ± 300 K and a visual extinction of A V =
.0 ± 0.7 mag, which is slightly abo v e the value that was derived for
he faint state based on the J − H versus H − K s plot, and is consistent
ith the ∼7.3 mag value derived by Chen et al. ( 2020 ). Similarly, the
ED in the bright state is more consistent with a higher A V compared
o the v alue deri ved from the J − H versus H − K s plot, with an
 V of 5 ± 0.5 mag. The 3700 K temperature is between the M0
nd M1 spectral types (Pecaut & Mamajek 2013 ). The luminosity of
aia20fgx can be derived from the observed magnitudes corrected 

or extinction and assuming a bolometric correction (BC). We used 
he BC value corresponding to the average of the values for the M0
nd M1 spectral types in the J band (BC J ) of 5–30 Myr stars from
able 6 of Pecaut & Mamajek ( 2013 ). The luminosity of Gaia20fgx
s then 

og 

(
L � 

L �

)
= 0 . 4( M bol , � − M bol ) , (1) 

here M bol, � is the bolometric magnitude of the Sun (Mamajek et al.
015 ), and the bolometric magnitude of the source is M bol = m J −
log( d /10[ pc ]) + BC J , where m J is the extinction corrected J magni-
ude of 12.57 ± 0.03 mag (assuming an A V = 7 mag). This results in
 � = 1 . 02 ± 0 . 20 L � for Gaia20fgx. Based on the L � and T eff derived
bo v e and the evolutionary tracks by Siess, Dufour & Forestini
 2000 ), we determined a stellar mass of M � = 0 . 53 ± 0 . 10 M �.
ssuming that the central object emits as a blackbody, the stellar

adius can be derived as 

 � = 

1 

2 T 2 eff 

√ 

L � 

πσ
(2) 

here σ is the Stefan-Boltzmann constant. The R � for Gaia20fgx is 
.46 ± 0.52 R � using this method. The stellar parameters derived 
or Gaia20fgx in the faint and bright states are summarized in 
able 3 . 

.5.2 Gaia20bwa 

he SED of Gaia20bwa in the faint state is consistent with a temper-
ture of 3300 ± 200 K and a visual extinction of A V = 3.0 ± 0.5 mag.
his temperature is consistent with the 3142.5 ± 16.04 K derived by
a Rio et al. ( 2016 ), but the deri ved A V v alue is abo v e the 0.9 ± 0.35
ag suggested by Da Rio et al. ( 2016 ). These parameters (3300 K

emperature and 3.0 mag visual extinction) are also consistent with 
ED in the bright state. A temperature of 3300 K is close to the
3 spectral type (Pecaut & Mamajek 2013 ). We used the BC

alue corresponding to the M3 spectral type in the J band (BC J )
f 5–30 Myr stars from table 6 of Pecaut & Mamajek ( 2013 ). The
xtinction corrected J magnitude is 12.03 ± 0.03 mag (assuming 
n A V = 3.0 mag). Using equation ( 1 ), we derived a luminosity
f 0 . 38 ± 0 . 06 L �. Based on the L � and T eff deriv ed abo v e and the
volutionary tracks by Siess et al. ( 2000 ), we determined a stellar
ass of M � = 0 . 28 ± 0 . 06 M �. Using equation ( 2 ), we derived
 radius of 1.89 ± 0.32 R �. The stellar parameters derived for
aia20bwa are summarized in Table 3 . The temperature, A V , L � , and
 � derived for Gaia20bwa by Da Rio et al. ( 2016 ) are also listed in

able 3 . The R � corresponding to these parameters was derived using
quation ( 2 ) based on the temperature and luminosity from Da Rio
t al. ( 2016 ). Although the temperature derived here for Gaia20bwa
s consistent with the v alue deri ved by Da Rio et al. ( 2016 ) within the
ncertainties, the stellar luminosity, mass, and radius derived here are 
bout factors of 2, 1.4, and 1.3 larger, respectively. The difference
etween the stellar parameters derived here and by Da Rio et al.
 2016 ) is mostly due to the higher visual extinction we found from
he SED fit. 
MNRAS 515, 1774–1787 (2022) 

art/stac1915_f4.eps


1780 Z. Nagy et al. 

M

Figure 5. Left-hand panels : colour–magnitude diagrams of Gaia20bwa based on data from WISE and from the RC80 telescope. Right-hand panels : colour–
magnitude diagrams of Gaia20fgx based on data from WISE and follow-up photometry in g and r bands. The g versus [ g − r ] colour–magnitude diagrams are 
based on data from the ZTF surv e y, as well as from the RC80 and Mt. Suhora telescopes, as shown in T able A1 . W e only used those ZTF data points, when both 
g and r magnitudes were measured during the same night. 

Figure 6. Lines detected toward Gaia20bwa in optical (using TNG/DOLORES) and NIR (using TNG/NICS). 
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.6 Accretion rates 

he line fluxes shown in Table 2 can be converted to line luminosities
s L line = 4 πd 2 f line , where d is the distance of the sources, and f line is
he extinction-corrected flux of the lines. For the accretion parameters
erived in this section, we use the visual extinctions estimated from
he SEDs when available, rather than the values derived from the J −
 versus H − K s plot. The SEDs allow to better constrain the visual

xtinctions than three data points (the J , H , and K s magnitudes). The
ccretion parameters derived from the different lines also confirm
his, as they are more consistent when derived using the visual
xtinctions estimated from the SED, rather than from the J − H
ersus H − K s plot. The visual extinctions derived from the SEDs in
he bright state are 3 mag for Gaia20bwa and 5 mag for Gaia20fgx,
hile in the faint state they are 3 and 7 mag, respectively. Based
n the Br γ line observed with the GTC, we derived an extinction
f ∼4.1 mag from the J − H versus H − K s plot. Ho we ver, we
ound that the SEDs suggest 20–30 per cent higher visual extinctions
NRAS 515, 1774–1787 (2022) 
ompared to the J − H versus H − K s plot. Therefore, to be consistent
ith the A V values derived from the SEDs, we used a value of
.5 mag for the GTC data, a 25 per cent higher value than derived
rom the J − H versus H − K s plot. For the extinction correction,
e assumed an R V of 5.5 for Gaia20bwa, as suggested by Da Rio

t al. ( 2016 ) as an average value for the Orion A cloud, while we
ssumed an R V of 3.1 for Gaia20fgx. Ho we ver, this does not make a
ignificant difference in the derived accretion parameters, and affects
he accretion parameters by ∼10 per cent or less. For the distance
f Gaia20bwa, we adopted 410 + 12 

−11 pc (Bailer-Jones et al. 2021 ),
hile for the distance of Gaia20fgx we assumed the ∼816 ± 53 pc
erived in Section 3.1 for the distance of Cep OB3. We derived
he accretion luminosities from the line luminosities based on the
elations provided by Alcal ́a et al. ( 2017 ). The accretion luminosities
an then be converted to accretion rates using the formula 

˙
 acc = 1 . 25 

L acc R � 

GM 
� 
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Figure 7. Lines detected toward Gaia20fgx (using TNG/DOLORES and NICS and GTC/EMIR). 

Table 2. Parameters of the lines detected towards Gaia20bwa and Gaia20fgx. 

Line Telescope Centre EW FWHM f line 

( Å) ( Å) ( Å) (W m 

−2 ) 

Gaia20bwa 
H α TNG 6567.3 ± 0.3 − 153.6 ± 10 12.3 ± 0.4 (8.8 ± 1.3) × 10 −17 

H α LT 6567.8 ± 0.1 − 152 ± 6 13.8 ± 0.1 (9.4 ± 1.4) × 10 −17 

H β TNG 4863.3 ± 1.5 − 58 ± 5 12.6 ± 1.0 (2.4 ± 0.6) × 10 −17 

H β LT 4866.1 ± 0.1 − 108 ± 7 14.5 ± 0.1 (1.9 ± 0.4) × 10 −17 

H γ TNG 4342.4 ± 2.4 − 46.4 ± 9.5 16.0 ± 2.0 (1.3 ± 0.7) × 10 −17 

H γ LT 4341.1 ± 0.3 − 31.8 ± 2 15.2 ± 0.1 (8.4 ± 2.5) × 10 −18 

H δ TNG 4103.1 ± 0.8 − 19.2 ± 5 6.5 ± 1.9 (5.0 ± 2.5) × 10 −18 

Ca II TNG 8502.3 ± 0.1 − 31.3 ± 2.9 10.9 ± 1.3 (4.4 ± 0.9) × 10 −17 

Ca II TNG 8546.6 ± 0.3 − 30.8 ± 2 11.4 ± 1.0 (4.3 ± 0.9) × 10 −17 

Ca II TNG 8666.2 ± 0.6 − 29.2 ± 1.3 11.7 ± 0.8 (4.4 ± 0.9) × 10 −17 

O I TNG 7775.3 ± 0.3 − 0.9 ± 0.1 6.2 ± 0.5 (1.0 ± 0.5) × 10 −18 

O I TNG 8449.0 ± 0.7 − 2.7 ± 0.8 7.6 ± 1.6 (3.5 ± 1.4) × 10 −18 

Na I D TNG 5893.3 ± 0.4 − 5.7 ± 0.6 6.2 ± 0.5 (3.8 ± 1.9) × 10 −18 

Na I D TNG 5900.5 ± 0.1 − 4.9 ± 0.3 4.3 ± 0.1 (4.1 ± 2.1) × 10 −18 

Pa β TNG 12 812 ± 1 − 8.5 ± 0.5 13.5 ± 0.5 (1.4 ± 0.5) × 10 −17 

Br γ TNG 21647 ± 2 − 13.7 ± 0.3 23 ± 1 (8.8 ± 3.1) × 10 −18 

Gaia20fgx 
H α TNG 6564.8 ± 2 − 12.3 ± 1 10 ± 2 (4.0 ± 0.8) × 10 −18 

Br γ TNG 21 683 ± 4 − 10 ± 1 48 ± 6 (4.0 ± 2.0) × 10 −18 

Br γ GTC 21 652 ± 1 − 1.4 ± 0.2 20 ± 3 (7.0 ± 2.1) × 10 −19 
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or which an inner-disc radius of 5 R � was assumed (Hartmann 
t al. 1998 ). For Gaia20bwa, we used the radius of 1.89 ± 0.32 R �
nd stellar mass of 0 . 28 ± 0 . 06 M � deriv ed abo v e to pro vide one
stimate of the accretion rates, and the radius of 1.51 ± 0.15 R �
nd stellar mass of 0.206 ±0 . 008 M � for another estimate (Da Rio
t al. 2016 ). For Gaia20fgx, we adopt the R � = 2.46 ± 0.52 R � and
 � = 0.53 ± 0.1 M � values derived above for the faint state, and
 � = 1.90 ± 0.40 R � and M � = 0.47 ± 0.1 M � v alues deri v ed abo v e

or the bright state. 
The accretion luminosities and rates are shown in Table 2 for

oth sets of stellar parameters from Table 3 for both sources. For
he stellar parameters deriv ed abo v e for Gaia20bwa, the accretion
uminosities are in the range between (6 . 1 ± 2 . 4) × 10 −2 L � and
5 . 78 ± 3 . 11) × 10 −1 L �, and the accretion rates are in the range be-
ween (1 . 65 ± 0 . 79) × 10 −8 M � yr −1 and (1 . 60 ± 0 . 9) × 10 −7 M �
r −1 . Based on the stellar parameters from Da Rio et al. ( 2016 ),
he accretion luminosities are in the range between (1 . 64 ± 0 . 85) ×
0 −2 L � and (1 . 67 ± 4 . 35) × 10 −1 L �, and the accretion rates are
n the range between (4 . 82 ± 2 . 55) × 10 −9 M � yr −1 and (4 . 89 ±
3 . 78) × 10 −8 M � yr −1 . 
The accretion luminosities for Gaia20fgx during its bright state 

ased on the TNG data are (0 . 95 –5 . 21) × 10 −1 L � and (2 . 77 –3 . 58) ×
0 −1 L � based on the H α and the Br γ lines, respectively, taking
nto account both sets of stellar parameters (Table 4 ). The accretion
ates during the bright state are (1 . 54 –9 . 68) × 10 −8 M � yr −1 and
4 . 48 –6 . 64) × 10 −8 M � yr −1 based on the H α and the Br γ lines,
MNRAS 515, 1774–1787 (2022) 
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Figure 8. Excitation diagram for the hydrogen Balmer lines of Gaia20bwa 
based on data from the TNG (red dots) and the LT (blue dots). Some of the 
error bars are smaller than the symbol sizes. The solid line is the linear fit to 
the TNG data, while the dashed line is the fit to the LT data. Both lines result 
in a temperature of ∼7600 K. 

Figure 9. SEDs of Gaia20bwa and Gaia20fgx in the bright (red symbols) 
and faint (blue and green symbols) states. The o v erplotted blackbody curves 
correspond to a temperature of 3300 K and an A V of 3 mag for Gaia20bwa, 
and a temperature of 3700 K and an A V of 7 mag for Gaia20fgx. 

r  

b  

t  

f  

w  

d

4

4

B  

o  

b  

E  

t  

o  

s  

2  

e  

e  

c  

s
 

a  

S  

L  

s  

F  

i  

i  

t  

m  

a  

t  

m  

v  

i  

E  

t  

n  

(  

r  

E
(  

L  

c  

V  

m  

f  

e  

t  

B  

n  

E
 

t  

r  

d  

G  

s  

i  

s  

fi  

f
y  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/2/1774/6640425 by U
niversity of St Andrew

s Library user on 11 August 2022
espectively. The accretion luminosity and rate derived for Gaia20fgx
ased on the Br γ line measured with the GTC about half a year after
he TNG measurements are almost a factor of 10 below those derived
rom the TNG data during the bright state. Since the Pa β line detected
NRAS 515, 1774–1787 (2022) 
ith the GTC also has an absorption component, we did not use it to
erive the accretion luminosity and rate. 

 DI SCUSSI ON  

.1 The origin of the brightening events 

oth targets show a brightening on a time-scale, which is typical
f EXors (Herbig 1989 , 2008 ). Ho we ver, the amplitude of the
rightening for Gaia20bwa ( ∼0.5 mag) is lower than expected for
Xors, while the 2.5 mag brightening for Gaia20fgx is closer to

hat expected for EXors. In addition to the time-scale and amplitude
f the brightening event reported as a Gaia alert for Gaia20fgx, it
howed a brightening event earlier, between early 2018 and early
019 (Fig. 3 ). Based on the currently available data, there is no
vidence that the brightening of Gaia20bwa is also a recurring
vent. To understand the brightening events of the two targets, we
ompare their accretion parameters to those derived for other young
tars. 

The accretion luminosities versus the stellar luminosities, as well
s the accretion rates versus the stellar masses, are plotted in Fig. 10 .
amples of CTTS are also plotted for comparison towards the
upus (black symbols, Alcal ́a et al. 2019 ), the Chamaeleon I (grey
ymbols, Manara et al. 2019 ), and the NGC 1333 (light blue symbols,
iorellino et al. 2021 ) regions. The stellar luminosity of Gaia20bwa

s close to the median value of the three samples, while its stellar mass
s slightly below the median value of CTTS. Gaia20fgx is close to
he most luminous end of the plotted CTTS, and its mass is abo v e the
edian value of the plotted CTTS. While the accretion luminosities

nd rates for both Gaia20bwa and Gaia20fgx in their bright state are
owards the upper end among CTTS with similar luminosities and

asses, they still follow the trend seen in the accretion luminosity
ersus stellar luminosity and the accretion rate versus stellar mass
n the CTTS samples. This is not the case for the few examples of
Xors (triangles in Fig. 10 ), which are clearly abo v e the general

rends seen in the CTTS samples. One of the EXors plotted is the
ewly confirmed EXor corresponding to the Gaia alerted Gaia20eae
Cruz-S ́aenz de Miera et al. 2022 ). The accretion luminosities and
ates of the other EXors are from Lorenzetti et al. ( 2009 ). For UZ Tau
, we used a stellar luminosity of ∼0.6 L � and a mass of ∼1.0 M �

Prato et al. 2002 ). For DR Tau we adopted a stellar luminosity of 0.87
 � (Muzerolle et al. 2003 ), which, together with its K7 spectral type,
orresponds to a stellar mass of ∼0.67 M � (Siess et al. 2000 ). For
1118 Ori, we adopted a stellar luminosity of 0.18 L � and a stellar
ass of 0.29 M � (Giannini et al. 2017 ). For a better comparison,

or Gaia20bwa, Gaia20fgx, and Gaia20eae (Cruz-S ́aenz de Miera
t al. 2022 ), and the EXors from Lorenzetti et al. ( 2009 ) we used
he accretion luminosities and rates calculated from the Br γ line.
ased on this comparison of the accretion versus stellar parameters,
ot only Gaia20bwa, but also Gaia20fgx is closer to CTTS than to
Xors. 
Brightness variations for young stars also occur due to a change of

he circumstellar extinction, not only due to a change of the accretion
ate. As seen in Fig. 5 in the g versus [ g − r ] colour–magnitude
iagram of Gaia20fgx, the brightening event corresponding to the
aia alert suggests a change in the visual extinction, such as

uggested by the J − H versus H − K s plot and the SEDs. To
nvestigate how the accretion rate changes, we observed the NIR
pectra of Gaia20fgx in its fading phase, about half a year after the
rst spectrum was taken in the bright state. The accretion rate derived
rom the Br γ line during the fading phase ((6 . 01 –7 . 0) × 10 −9 M �
r −1 ) is about a factor of 10 lower than during the bright state
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Table 3. Summary of the stellar parameters of Gaia20bwa and Gaia20fgx. 

T (K) A V (mag) L � ( L �) M � ( M �) R � ( R �) 

Gaia20bw a f aint & bright states 3300 ± 200 3.0 ± 0.5 0.38 ± 0.06 0.28 ± 0.06 1.89 ± 0.32 
Gaia20bwa based on Da Rio et al. ( 2016 ) 3142.5 ± 16.04 0.9 ± 0.35 0.20 ± 0.02 0.206 ± 0.008 1.51 ± 0.15 

Gaia20fgx faint state 3700 ± 300 7.0 ± 0.7 1.02 ± 0.20 0.53 ± 0.10 2.46 ± 0.52 
Gaia20fgx bright state 3700 ± 300 5.0 ± 0.5 0.61 ± 0.12 0.47 ± 0.10 1.90 ± 0.40 

Table 4. Accretion luminosities and rates for Gaia20bwa and Gaia20fgx. The accretion luminosities 
calculated from the fluxes based on Alcal ́a et al. ( 2017 ). For Gaia20bwa, L acc, 1 and Ṁ acc , 1 correspond 
to the M � and R � values derived for the faint and bright states, while L acc, 2 and Ṁ acc , 2 correspond to 
the M � and R � v alues deri v ed by Da Rio et al. ( 2016 ). F or Gaia20fgx, L acc, 1 and Ṁ acc , 1 correspond 
to the M � and R � values derived for the faint state, and L acc, 2 and Ṁ acc , 2 correspond to the M � and 
R � v alues deri ved for the bright state. 

Line Telescope L acc, 1 Ṁ acc , 1 L acc, 2 Ṁ acc , 2 

(10 −1 L �) (10 −8 M � yr −1 ) (10 −2 L �) (10 −9 M � yr −1 ) 

Gaia20bwa 
H α TNG 1.36 ± 0.30 3.68 ± 1.29 2.09 ± 0.46 6.14 ± 1.50 
H α LT 1.47 ± 0.32 3.97 ± 1.39 2.25 ± 0.49 6.61 ± 1.60 
H β TNG 4.46 ± 1.26 12.04 ± 4.73 3.95 ± 1.11 11.58 ± 3.48 
H β LT 3.41 ± 0.84 9.23 ± 3.40 3.02 ± 0.75 8.87 ± 2.40 
H γ TNG 4.54 ± 2.51 12.26 ± 7.56 3.50 ± 1.94 10.26 ± 5.79 
H γ LT 2.79 ± 0.90 7.55 ± 3.19 2.15 ± 0.70 6.32 ± 2.17 
H δ TNG 2.13 ± 1.10 5.74 ± 3.35 1.64 ± 0.85 4.82 ± 2.55 
Ca II TNG 5.46 ± 1.43 14.76 ± 5.59 16.66 ± 4.35 48.87 ± 13.78 
Ca II TNG 4.07 ± 1.10 11.00 ± 4.23 12.84 ± 3.48 37.66 ± 10.97 
Ca II TNG 3.90 ± 1.07 10.53 ± 4.08 13.19 ± 3.62 38.71 ± 11.40 
O I TNG 1.07 ± 0.57 2.90 ± 1.74 1.90 ± 1.00 5.56 ± 2.99 
O I TNG 1.44 ± 0.67 3.88 ± 2.09 3.89 ± 1.81 11.40 ± 5.44 
Na I D TNG 3.46 ± 1.83 9.35 ± 5.57 5.46 ± 2.88 16.02 ± 8.62 
Na I D TNG 5.78 ± 3.11 15.60 ± 9.41 9.13 ± 4.92 26.78 ± 14.71 
Pa β TNG 0.61 ± 0.24 1.65 ± 0.79 3.17 ± 1.26 9.31 ± 3.83 
Br γ TNG 1.14 ± 0.46 3.09 ± 1.51 8.33 ± 3.32 24.44 ± 10.08 

Gaia20fgx 
H α TNG 5.21 ± 1.40 9.68 ± 3.78 9.50 ± 2.55 15.37 ± 6.18 
Br γ TNG 3.58 ± 1.93 6.64 ± 4.04 27.70 ± 14.96 44.83 ± 27.68 
Br γ GTC 0.37 ± 0.13 0.70 ± 0.32 3.71 ± 1.35 6.01 ± 2.83 
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(4 . 48 –6 . 64) × 10 −8 M � yr −1 ). This suggests that while the visual
xtinction changed between the two epochs, the brightening event 
f Gaia20fgx corresponding to the Gaia alert was indeed due to 
n increase of the accretion rate, even if the increased accretion 
ate remained below the values expected for eruptive young stars. 
or Gaia20bwa, while there is only one estimate of its accretion 
ate, the colour–colour diagram in Fig. 4 indicates that the visual 
xtinction did not change significantly during the faint and the bright 
tate. In addition to this, the brightening event was also seen in
he WISE W1 and W2 bands. Therefore, the brightening event for
aia20bwa is likely also related to an increase of the accretion 

ate. 
It was observed for several young eruptive stars, including 

aia17bpi (Hillenbrand et al. 2018 ) and Gaia18dvy (Szegedi-Elek 
t al. 2020 ), that their brightening occurs earlier at IR than at optical
avelengths. This phenomenon was found to be consistent with disc 
odels that predict instabilities in the inner 0.5–1 au of accretion 

iscs (Hillenbrand et al. 2018 ). Based on the Gaia and WISE light
urves, there is no evidence of such behaviour for either Gaia20bwa 
r Gaia20fgx, which supports the finding that their brightenings 
re not related to instabilities like in the case of young eruptive

tars. o  
.2 The time-scale and amplitude of the brightening events 

s discussed abo v e from the comparison of the accretion rates, the
ources studied here are most likely CTTS, rather than EXors. How-
ver, the brightness variations of CTTS typically occur on shorter 
ime-scales than the brightenings of Gaia20bwa and Gaia20fgx, and 
ith lower amplitudes (Hillenbrand & Findeisen 2015 ). Though the 
rightening events with 0.5–2.5 mag amplitudes on a time-scale of 
 year or abo v e are not typical of non-eruptive YSOs, a number of
ources with variability on a similar time-scale were identified at NIR
avelengths (Contreras Pe ̃ na et al. 2017 ). The sample of Contreras
e ̃ na et al. ( 2017 ) includes targets with 	 K S > 1 mag, out of which,
e veral sources sho w long-term brightening on a similar time-scale
o Gaia20bwa and Gaia20fgx. Ho we ver, gi ven that the survey of
ontreras Pe ̃ na et al. ( 2017 ) was in the NIR, it cannot be directly
ompared to the Gaia light curves of Gaia20bwa and Gaia20fgx. 
he long-term variability of a sample of 72 CTTS based on optical
hotometry was analysed by Grankin et al. ( 2007 ), and though most
f the sources in the sample showed a variability with an amplitude
f 	 V ≤ 0.4 mag, there are a few sources with variability amplitudes
p to 	 V ∼ 2 mag. Based on the long-term optical light curves of
18 CTTS, Brice ̃ no et al. ( 2019 ) found mean variability amplitudes
f ∼0.7 mag in the V-band and ∼0.6 mag in the R-band, which are
MNRAS 515, 1774–1787 (2022) 
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M

Figure 10. Accretion luminosities versus stellar luminosities (top panel), 
as well as accretion rates versus stellar masses (bottom panel) and their 
comparison to confirmed EXors (triangles) and samples of CTTS in the 
Lupus (black symbols, Alcal ́a et al. 2019 ), Chamaeleon I (grey symbols, 
Manara et al. 2019 ), and NGC 1333 (light blue symbols, Fiorellino et al. 
2021 ) regions. The upper limits are marked with downward arrows. 
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Figure 11. Comparison of the optical and NIR TNG spectra of Gaia20bwa 
and Gaia20fgx to those of EX Lupi, the proto-typical EXor during its latest 
outburst ( ́Abrah ́am et al., in preparation). The spectra of EX Lupi were 
smoothed to match their spectral resolution similar to that of the TNG spectra. 
For a better comparison, the optical fluxes of Gaia20bwa were multiplied by 
0.6, the optical spectra of EX Lupi were multiplied by 0.4, and the NIR 

spectra of EX Lupi were multiplied by 2. 
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lose to the ∼1 mag variability, which is seen for Gaia20fgx between
015 and 2018. The information on long-term brightness variations
f YSOs is limited. Databases from photometric surv e ys, such as the
aia Science Alerts, are expected to provide more information on
rightenings of young stars on a time-scale of months-years. 

.3 Spectral properties of the sources 

he lines identified in the spectra of both sources are also typical
f EXors (Cruz-S ́aenz de Miera et al. 2022 and references therein).
o we ver, the number of lines detected in the spectra is below what

s typical of EXors, even when observed at low-spectral resolution
Lorenzetti et al. 2009 ). For Gaia20fgx, the low number of detected
ines in the spectra, in addition to the low spectral resolution, may
lso be related to its low brightness even during its bright state,
hen the TNG spectra were observed, and during its fading, when

he GTC spectra were observed. As a comparison with a known
Xor, the prototype EX Lupi, we plotted in Fig. 11 the TNG spectra
f Gaia20bwa and Gaia20fgx together with those of EX Lupi. We
sed the spectra obtained during its latest, 2022 outburst (K ́osp ́al
t al. 2022 ), as its amplitude was � 2 mag in the g band ( ́Abrah ́am
NRAS 515, 1774–1787 (2022) 
t al., in preparation), and as a less luminous outburst compared to
he extreme eruption of EX Lupi in 2008 ( ́Abrah ́am et al. 2009 ),
t provides a good comparison with our targets. Since these spectra
ere taken using VLT/XSHOOTER ( ́Abrah ́am et al., in preparation),
e smoothed them to match their resolution to our low-resolution

pectra. Several spectral lines are detected in the spectra of both
aia20bwa and EX Lupi, e.g. the Balmer lines, Pa β, Br γ . Ho we ver,

everal lines, which were detected in the spectrum of EX Lupi,
uch as lines of He I , Pa γ , and Pa δ, are not seen in the spectra
f Gaia20bwa and Gaia20fgx. The visual extinctions and spectral
ypes of the sources derived from the SEDs are similar to those
f CTTS (e.g. Fiorellino et al. 2021 ), including EXors (Lorenzetti
t al. 2009 ). We conclude that the spectral properties of Gaia20bwa
nd Gaia20fgx, together with their accretion parameters, are more
onsistent with active CTTS, than with typical EXors. 

 SUMMARY  

e have analysed the light curves and optical and NIR spectra of
wo young stars that had Gaia alerts due to brightening episodes on
 time-scale, which is typical of the EXor class of young eruptive
tars. The main results can be summarized as follows. 

(i) The brightening episode of Gaia20bwa occurred on a time-
cale of a year and few months with an amplitude of ∼0.5 mag.
aia20fgx showed two brightening episodes on a similar time-scale.

ts second brightening episode that triggered the Gaia alerts system
ad an amplitude of ∼2.5 mag. 

art/stac1915_f10.eps
art/stac1915_f11.eps


Brightening of two Gaia-alerted young stars 1785 

 

t
u  

H  

i  

w
a
t

 

(
y  

G
y

s  

l
s
e  

i  

Y
e
i

A

W  

p
C
a
(
c

2
1

s
P  

2

R

R
1

G  

t
R

P
E
‘
i

h
 

L
R  

w
C

(

M  

o
 

E
t  

f
A

D

T  

t

R

A
A
A  

A
A  

 

B
B  

B  

B
B  

B
B
B
C
C
C  

C
C  

C
C  

D
F
G  

G
G  

G  

H
H  

H  

H
H
H
H  

H
H

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/2/1774/6640425 by U
niversity of St Andrew

s Library user on 11 August 2022
(ii) We have taken optical and NIR spectra of the sources using
he TNG during their bright state, and NIR spectra for Gaia20fgx 
sing the GTC during its fading. The hydrogen Balmer lines from
 α to H δ, Pa β, Br γ , and lines of Ca II , O I , and Na I were detected

n emission in the spectra of Gaia20bwa. The H α and Br γ lines
ere detected towards Gaia20fgx in emission in its bright state, with 

dditional 2-0 and 3-1 bandhead features of CO in absorption and 
he Pa β line showing an inverse P Cygni profile during its fading. 

(iii) Based on the Br γ lines the accretion rate was found to be
2 . 4 –3 . 1) × 10 −8 M � yr −1 for Gaia20bwa and (4 . 5 –6 . 6) × 10 −8 M �
r −1 for Gaia20fgx during their bright state. The accretion rate of
aia20fgx dropped by about a factor of 10, to (6 . 01 –7 . 0) × 10 –9 M �
r −1 , on a time-scale of half a year. 
(iv) The accretion luminosities and rates measured for both 

ources are closer to those found for CTTS for similar stellar
uminosities and masses than to those measured for young eruptive 
tars. Ho we ver, the amplitude and time-scale of these brightening 
vents place these two stars to a region of the parameter space, which
s rarely populated by accreting YSOs. This suggests a new class of
SOs, which produce outbursts on a time-scale similar to young 

ruptive stars, but with smaller amplitudes, possibly representing an 
ntermediate case between variable CTTS and young eruptive stars. 
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PPENDI X  A :  PHOTOMETRY  
ncertainties are typically 0.1 mag in the B filter, 0.05 mag in the gVri filters, 

r i J H K s Telescope 

a 
.701 15.507 ... ... ... Mt. Suhora 
.646 15.451 ... ... ... Mt. Suhora 
... ... 12.930 12.164 11.741 TNG 

.712 15.580 ... ... ... RC80 

.596 15.456 ... ... ... RC80 

.458 15.454 ... ... ... RC80 

... 15.869 ... ... ... RC80 

.496 15.805 ... ... ... RC80 

.414 15.694 ... ... ... RC80 

.521 15.823 ... ... ... RC80 

.376 15.741 ... ... ... RC80 

.824 15.914 ... ... ... RC80 

.406 15.774 ... ... ... RC80 

.718 15.872 ... ... ... RC80 

.540 15.861 ... ... ... RC80 

.471 15.713 ... ... ... RC80 

.564 15.815 ... ... ... RC80 

.403 15.749 ... ... ... RC80 

.495 15.811 ... ... ... RC80 

.504 15.806 ... ... ... RC80 

.499 15.821 ... ... ... RC80 

.557 15.843 ... ... ... RC80 

... 15.809 ... ... ... RC80 

.517 15.834 ... ... ... RC80 

x 
.523 16.306 ... ... ... Mt. Suhora 
... ... 13.777 12.661 12.039 TNG 

.905 16.877 ... ... ... RC80 

.871 16.748 ... ... ... RC80 

.418 17.307 ... ... ... RC80 

.245 17.144 ... ... ... RC80 

.752 17.553 ... ... ... RC80 

.536 17.370 ... ... ... RC80 

.496 17.538 ... ... ... RC80 

.697 17.588 ... ... ... RC80 

.536 17.211 ... ... ... Mt. Suhora 

.585 17.688 ... ... ... RC80 

.736 17.676 ... ... ... RC80 
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Table A1 – continued 

Date JD − 2 450 000 B g V r i J H K s Telescope 

2021-07-31 9427.45 ... ... 19.641 18.671 17.634 ... ... ... RC80 
2021-08-10 9437.45 ... ... 19.089 18.119 17.049 ... ... ... RC80 
2021-08-11 9438.49 ... ... 19.212 18.169 16.986 ... ... ... RC80 
2021-08-13 9439.50 ... ... 19.257 18.272 17.062 ... ... ... RC80 
2021-08-14 9440.54 ... ... 19.462 18.523 17.329 ... ... ... RC80 
2021-08-14 9441.45 ... ... 19.128 18.226 17.197 ... ... ... RC80 
2021-08-15 9441.52 ... 20.421 ... 18.526 17.248 ... ... ... Mt. Suhora 
2021-08-18 9445.48 ... 20.163 ... 18.706 17.468 ... ... ... Mt. Suhora 
2021-08-21 9447.53 ... ... 19.535 18.444 17.238 ... ... ... RC80 
2021-08-28 9454.60 ... ... 19.457 18.538 17.329 ... ... ... RC80 
2021-08-31 9457.61 ... ... 20.143 18.682 17.382 ... ... ... RC80 
2021-09-05 9463.42 ... ... ... 18.098 17.164 ... ... ... RC80 
2021-09-06 9464.41 ... ... 19.142 18.227 17.083 ... ... ... RC80 
2021-09-07 9465.37 ... ... 19.039 18.152 16.981 ... ... ... RC80 
2021-09-09 9466.51 ... ... 18.876 18.058 16.975 ... ... ... RC80 
2021-09-09 9467.47 ... ... 19.595 18.555 17.318 ... ... ... RC80 
2021-09-10 9468.38 ... ... 19.055 18.279 17.228 ... ... ... RC80 
2021-09-11 9469.36 ... ... 19.664 18.613 17.505 ... ... ... RC80 
2021-09-12 9470.44 ... ... 19.463 18.579 17.403 ... ... ... RC80 
2021-09-13 9471.34 ... ... 19.514 18.555 17.354 ... ... ... RC80 
2021-09-18 9476.43 ... ... ... ... ... 14.060 12.856 12.229 GTC 

2021-09-26 9483.50 ... ... 19.326 18.280 17.012 ... ... ... RC80 
2021-09-27 9484.59 ... ... 19.252 18.151 16.867 ... ... ... RC80 
2021-10-24 9511.58 ... ... 19.560 18.514 17.481 ... ... ... RC80 
2021-10-26 9513.58 ... ... ... 18.303 17.643 ... ... ... RC80 
2021-10-28 9515.57 ... ... 19.926 18.914 17.812 ... ... ... RC80 
2021-10-30 9517.56 ... ... ... 18.893 17.920 ... ... ... RC80 
2021-11-01 9519.58 ... ... ... 18.376 17.564 ... ... ... RC80 
2021-11-09 9527.56 ... ... 19.579 18.900 17.752 ... ... ... RC80 
2021-11-12 9530.52 ... ... 19.744 19.177 18.137 ... ... ... RC80 
2021-11-15 9533.55 ... ... ... 19.092 18.390 ... ... ... RC80 
2021-11-17 9535.52 ... ... 20.236 19.281 18.249 ... ... ... RC80 
2021-11-24 9542.54 ... ... ... 19.031 18.034 ... ... ... RC80 
2021-11-30 9548.52 ... ... ... 18.954 18.139 ... ... ... RC80 
2021-12-04 9552.51 ... ... ... 19.016 18.424 ... ... ... RC80 
2021-12-08 9556.51 ... ... ... 18.972 18.126 ... ... ... RC80 
2021-12-13 9562.40 ... ... 19.748 18.940 17.930 ... ... ... RC80 
2021-12-17 9566.45 ... ... ... 18.882 18.055 ... ... ... RC80 
2022-01-01 9581.44 ... ... 19.262 18.355 17.175 ... ... ... RC80 
2022-02-02 9613.69 ... ... 19.019 18.382 17.433 ... ... ... RC80 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/2/1774/6640425 by U
niversity of St Andrew

s Library user on 11 August 2022


	1 INTRODUCTION
	2 OBSERVATIONS
	3 RESULTS
	4 DISCUSSION
	5 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: PHOTOMETRY

