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A B S T R A C T 

This paper is one in a series reporting results from small telescope observations of variable young stars. Here, we study the 
repeating outbursts of three likely Be stars based on long-term optical, near-infrared, and mid-infrared photometry for all three 
objects, along with follow-up spectra for two of the three. The sources are characterized as rare, truly regularly outbursting Be 
stars. We interpret the photometric data within a framework for modelling light-curve morphology, and find that the models 
correctly predict the burst shapes, including their larger amplitudes and later peaks towards longer wavelengths. We are thus able 
to infer the start and end times of mass loading into the circumstellar discs of these stars. The disc sizes are typically 3 – 6 times 
the areas of the central star. The disc temperatures are ∼40 per cent, and the disc luminosities are ∼10 per cent of those of the 
central Be star, respecti vely. The av ailable spectroscopy is consistent with inside-out evolution of the disc. Higher excitation 

lines have larger velocity widths in their double-horned shaped emission profiles. Our observations and analysis support the 
decretion disc model for outbursting Be stars. 

Key words: techniques: photometric – stars: early-type – stars: emission-line, Be – stars: mass-loss. 
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 I N T RO D U C T I O N  

lassical Be stars have long been recognized as objects in the later
ain sequence or early post-main sequence stage of evolution that are 

apidly rotating (Slettebak 1982 ). By definition they are early-type 
tars exhibiting emission lines, typically H α that is double-peaked 
hough a wide range of line profiles is presented, as well as some
igher Balmer series lines and occasionally also He I and/or Fe II
Slettebak, Collins & Truax 1992 ). Be stars generally have weak near- 
nfrared excesses consistent with free–free emission (Finkenzeller & 

undt 1984 ) and can be detected in the radio. The ‘classical Be’
omenclature distinguishes them from Be phenomena arising due to 
inary interactions among evolved massive stars. 
 E-mail: df@kent.ac.uk 
 HOYS Observer 
 Observer Beacon Observatory 

h
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2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
Classical Be star spin rates are close enough to the breakup
elocity ( > 70 per cent; Porter 1996 ) that their observed properties
re interpreted as being due to equatorial mass-loss that produces 
 decretion disc 1 (as opposed to an accretion disc). The discs
re thought to be dust-free, and the gas emission is constrained
rom observed line widths to arise in the inner few stellar radii.
ivinius, Carciofi & Martayan ( 2013 ) provides a general re vie w of

he Be phenomenon, and describes ‘an outwardly diffusing gaseous 
eplerian disc [...] fed by mass ejected from the central star [...] and
o v erned by viscosity’. 
A fraction of the classical Be population undergoes outburst 

ehaviour. Although several mechanisms for putting material into 
he surrounding disc have been suggested, the currently favoured 
ypothesis is a non-radial pulsation-driven means (e.g. Ressler 2021 , 
 Older literature, including the original proposal by Lee, Osaki & Saio ( 1991 ) 
ses the term ‘excretion disc’. 

is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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nd references therein). The combination of rapid stellar rotation,
resumably inherited from the main sequence, the radius inflation
hat occurs during post-main sequence evolution, and the existence
f an outburst mechanism, leads to the star exceeding its breakup
elocity, and hence to equatorial mass-loss that replenishes the disc
rom the inside. In the assumed viscous disc scenario, the addition
f material at the inner disc edge implies transport of both mass and
ngular momentum outwards. According to Rivinius et al. ( 2013 ),
hen the mass addition at the inner edge ceases, the sense of the
ass flow reverses and the star can re-accrete any remaining disc
aterial that has not otherwise escaped the system. 
A well-known Be star data base is described by Neiner et al. ( 2011 ).

ver the decades, various H α surveys, including IPHAS (Drew et al.
005 ), have continued to identify candidate Be stars. Recently, large-
cale spectroscopic surv e ys such as APOGEE (Chojnowski et al.
015 ) and LAMOST (e.g. Wang et al. 2022 ) have contributed as
ell. The observational properties of Be stars, and indeed the ratio
f Be to non-Be is roughly dependent on spectral-type, with typical
ivisions into early (B0 – B3), mid (B4 – B7), and late (B8 – B9) type
e stars. 
The Be stars are also ubiquitous photometric variables. They have

een studied as such from the ground e.g. using OGLE (Mennickent
t al. 2002 ), KELT (Labadie-Bartz et al. 2017a ), and ASAS (Bernhard
t al. 2018 ). Studies at high precision and cadence have used CoRoT
Semaan et al. 2018 ), Kepler (Rivinius, Baade & Carciofi 2016 ;
abadie-Bartz et al. 2017 ), and TESS (Labadie-Bartz et al. 2022 ).
ariability types include stellar pulsation (both low-order g modes
nd higher frequency p modes), other clustered periodic modes,
tochastic photometric behaviour that is attributed to discs, discrete
utbursts, and finally, long-term trends. Labadie-Bartz et al. ( 2018 )
gain working with KELT data, conducted a Be variability study
ocused on the outbursting category. 

Mennickent et al. ( 2002 ) had earlier identified two families of
utburst light curves: sharp and hump-like, and had found 13 per cent
f the Be star sample to exhibit outbursts. Labadie-Bartz et al.
 2017 ) found a higher 36 per cent of Be stars to exhibit outbursts,
hile Labadie-Bartz et al. ( 2018 ) from the same data set state 28
er cent. Labadie-Bartz et al. ( 2022 ), using space-based TESS , find
 similar 31 per cent of their Be star sample to show ‘bursts’, with
ensitivity that allows identification of shorter duration and much
ower amplitude bursts than would be detected as ‘outbursts’ in
round-based photometry. Bernhard et al. ( 2018 ), ho we ver, find a
uch more sizable 3/4 of their Be star sample to show ‘bursts’. Both
abadie-Bartz and Bernhard demonstrate a spectral type dependence,
ith earlier type Be stars having a higher burst frequency. The burst

mplitude and duration are again correlated with the spectral class,
n the sense of being larger and longer for the earlier type Be stars.
urther, both authors quantify the burst rise times and decay times,
ith the latter being typically 2–3 times the former. Concerning the
urst frequency, as these authors use different definitions of burst
ehaviour (including ne gativ e departures from baseline brightness
hich are interpreted as outbursts seen through an edge-on disc and

herefore dimming rather than brightening events), and may co v er
ifferent parts of the B spectral type range differently, it is unclear
hat to make of the factors of several differences in the reported
ercentages (13 per cent versus about 30 per cent versus 73 per cent).
Our main interest is in the long duration, discrete outburst events.

uch outb ursting beha viour is recurrent, and reported as somewhere
etween irregular (Rivinius et al. 2013 ) and semiregular (Labadie-
artz et al. 2017 ; Bernhard et al. 2018 ), with reported rates of 0.5–5
er year per outbursting Be star. Recent examples of in-depth studies
f individual outbursting Be sources are those of Richardson et al.
NRAS 520, 5413–5432 (2023) 
 2021 ) focusing on spectroscopy (see also the spectral time-series of
everal objects shown in Labadie-Bartz et al. 2018 ), and Ghoreyshi
t al. ( 2018 ) focusing on photometry. Detailed light-curve modelling
s also reported by R ́ımulo et al. ( 2018 ). 

In this paper, we identify three newly recognized early-spectral
lass Be stars, as having repeating photometric and spectroscopic
utb ursts. The b ursts are hump-like, occur on time-scales of less than
 year, and have visual amplitudes of up to 0.5 mag. We discuss the
hree stars in Section 2 , report the long-term photometric monitoring
n Section 3 , as well as spectroscopy in Section 4 of two of the
hree, that confirms the Be status and co v ers low and high states.
n Section 5 we discuss our fit of the photometric outbursts with a
imple model to determine the temperature and surface area of the
mitting material. Finally, we discuss our findings in Section 6 . 

 T H E  STARS  

he three sources under study here are NSW 284, Gaia 19eyy, and
ES 263, each of which is described below. Table 1 provides other

dentifiers, Gaia DR3 astrometry, photometry, and estimated stellar
arameters including distance, extinction, spectral type, etc. (Gaia
ollaboration 2016 , 2022 ). Each of these three sources has a spectral
nergy distribution consistent with an early spectral type stellar
hotosphere, with no or only minor infrared excess. 

.1 NSW 284 

his source is in Cepheus, projected into the south of the IC 1396
 II region, but a far background object according to the GaiaDR3
istance of about 5.3 kpc. It was identified as an H α emission-
ine star by Nakano et al. ( 2012 ) and first presented as a variable
tar by Froebrich et al. ( 2018 ) who assumed it was a YSO. Here,
e recognize the source as a Be star rather than a YSO. Table 1
rovides its parameters. Reddening of E ( B − V ) = 1.16 ± 0.56 mag
Carvalho & Hillenbrand 2022 ) combined with the Gaia G -band
agnitude suggests an early B spectral type, consistent with our

pectroscopic determination below that it is a B3 type star. Ho we ver,
he measured B–V colour outside of the photometric bursts is about
.70–0.75 mag, while APASS reports B − V = (15.043 ± 0.003) −
14.206 ± 0.007) = 0.8 mag; in either case a ne gativ e intrinsic colour
esults, ( B − V ) 0 < −0.3 mag, suggesting an early O-type star. An
lternate to this scenario is that strong Balmer continuum emission
riginating in hot circumstellar gas causes a blue-ing, even in the
ut-of-burst light curve. 

.2 Gaia 19eyy 

ocated in Puppis, this source has no previous literature despite being
haracterized on the Gaia Alerts page 2 as a YSO. Here, we analyse
he source as a Be star outburster rather than a YSO based on the light-
urve similarity to NSW 284 and VES 263. The GaiaDR3 distance
s about 6 kpc and the extinction is unknown. As can be seen in
able 1 , the apparent optical colours of Gaia 19eyy during quiescence
re almost identical to NSW 284. Together with the similar distance,
bsolute Gaia magnitude and light-curve behaviour, we infer that the
ource closely resembles a Be type source, despite the absence of
pectroscopic confirmation. 

http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia19eyy/
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Table 1. Adopted and determined properties of the three sources. We list 
the GaiaDR3 astrometry and stellar parameters, other literature values for the 
stellar parameters, average baseline magnitudes, and colours from HOYS, and 
the typical burst properties. The references for the literature stellar parameters 
are as follows: (1) Carvalho & Hillenbrand ( 2022 ); (2) Munari et al. ( 2019 ); 
(3) This work; (4) Comer ́on & Pasquali ( 2012 ). 

Name NSW 284 Gaia 19eyy VES 263 

Aliases [NSW2012] 284 SS 447 
PTFS 1821n Gaia18azl 

GaiaDR3 astrometry 
RA (J2000) 21 38 39.81 08 30 42.50 20 31 48.85 
Dec (J2000) + 57 08 47.1 −41 33 42.6 + 40 38 00.1 
p (mas) 0.1880 [0.0153] 0.1626[0.0122] 0.5733 [0.0105] 
d (kpc) 5.32 6.15 1.74 
RUWE 1.155 0.956 1.113 
μα (mas yr −1 ) −2.549 [0.019] −2.773 [0.013] −2.951 [0.011] 
μδ (mas yr −1 ) −2.093 [0.018] 3.411[0.013] −5.336 [0.012] 

GaiaDR3 stellar parameters 
T (K) 22 666 [1,000] 15 415 [200] –
log g (cm s −2 ) 4.24 [0.12] 3.70 [0.03] –
A V (mag) 2.9 2.6 –
M G (mag) −1.66 −1.62 –

Literature stellar parameters 
A V (mag) 3.6 [1.7] (1) 4.1 [1.9]/5.6 [0.15] (1, 2) 

SpT ∼B3e (3) B1 II (4) 

T (K) 17,500 (3) 17,500 (3) 20,666 (4) 

L [L �] 13 000 [1000] (2) 

M [M �] 9.1/12 (2, 4) 

Average baseline magnitudes from this work 
B (mag) 15.50 14.29 14.92 
V (mag) 14.76 13.53 13.10 
R (mag) 14.57 13.31 12.07 
I (mag) 14.29 13.05 11.06 

Average baseline colours from this work 
B–V (mag) 0.74 0.76 1.82 
V–R (mag) 0.19 0.22 1.03 
R–I (mag) 0.28 0.26 1.01 

Typical burst characteristics from this work 
cadence (d) 280–390 390–490 140–190 
duration (d) 200 150 120 
R amp (mag) < 0.6 < 0.6 < 0.5 
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.3 VES 263 

his source is in Cygnus and is a strong emission-line object 
hat has appeared in many H α catalogues over the decades (e.g. 
ohoutek & Wehmeyer 1997 , but see Munari et al. 2019 for older

eferences). The star was determined by Berlanas et al. ( 2019 ) to be
 kinematic member of Cyg OB2, at mean distance 1760 pc, a result
ndependently confirmed by Munari et al. ( 2019 ). It was previously
uggested as such by Comer ́on & Pasquali ( 2012 ) who assigned a
pectral type of B1 II and derived A V = 4.4 mag, as well as the other
tellar parameters reported in Table 1 . Munari et al. ( 2019 ) find E ( B

V ) = 1.80 ± 0.05 mag from spectral energy distribution (SED)
tting. From DIBs analysis, Carvalho & Hillenbrand ( 2022 ) found 
n extinction value of E ( B − V ) = 1.33 ± 0.61 mag, consistent with
he Comer ́on & Pasquali ( 2012 ) value of A V for an R V = 3.1 as well
s the DIBs measurements in Munari et al. ( 2019 ) but marginally
ower than the SED fitting value in Munari et al. ( 2019 ). The only
aper discussing VES 263 in any depth is Munari et al. ( 2019 ), who
resent the source based on a Gaia Alert 3 as an eruptive Herbig
e/Be star. These authors assembled the historical record, which 

ncludes an approximately 10-yr high state from ∼1955 to 1965 and
heir follow-up photometry and spectroscopy of the 2018 brightening 
f the photometric baseline that was reported by Gaia . Rather than a
re-main sequence star, here we suggest that VES 263 is instead an
volved Be star undergoing outbursts. 

 PHOTOMETRY  A N D  L O N G - T E R M  L I G H T  

U RV E S  

e have assembled a comprehensive set of photometric data for 
ach of the three sources, with Fig. 1 displaying the composite
ultiwav elength light curv es. In this section, we discuss the data

ets and describe the long-term light curves. 

.1 HOYS photometry 

he vast majority of the optical photometry data of NSW 284
nd Gaia 19eyy, used in our analysis, has been obtained as part
f the Hunting Outbursting Young Stars (HOYS) citizen science 
roject (Froebrich et al. 2018 ). This project observes a number of
oung, nearby clusters and star forming regions in optical filters 
ith amateur telescopes. The HOYS observations for NSW 284 are 

aken by a wide variety of observatories due to the nature of the
roject (Froebrich et al. 2018 ; Evitts et al. 2020 ). The southern
osition of the Gaia 19eyy source means that all data are taken by the
ame observatory, the Remote Observatory Atacama Desert (ROAD; 
ambsch 2012 ). 
All HOYS target fields have deep images in all optical filters taken

nder photometric conditions as reference for relative photometry. 
he off-sets of the instrumental magnitudes in the reference images 

o the B , V , R c , I c system (the filters used for the reference images)
ave been obtained with the Cambridge Photometric Calibration 
erv er. 4 F or simplicity we refer to the Cousins filters as R and I ,

hroughout the paper. For each HOYS target field we identify non-
ariable stars in our vast data set. Their colours and magnitudes are
sed to determine the colour terms in each image and correct them.
he full details of this procedure can be found in Evitts et al. ( 2020 ).

t is those corrected magnitudes we use throughout for the analysis
f the light curves. 
In Fig. 1 we show the long-term light curves for our sources. They

ombine the B , V , R , I data from HOYS with optical and infrared
hotometry from auxiliary data sets discussed in Section 3.2 . 

.2 Auxiliary photometry 

n addition to the HOYS monitoring photometry, our sources of 
nterest have been included in a number of different time domain
urv e ys. Here, we reference and discuss the additional data that
nable us to have a longer term and broader wavelength look at
he bursts. All of those are included in the long-term light curves
isplayed in Fig. 1 . 

(i) The object VES 263 is not situated in one of the HOYS target
elds. Thus, as baseline photometry, we use the B , V , R , and I data
rom Munari et al. ( 2019 ) taken in 2018/19. 
MNRAS 520, 5413–5432 (2023) 

http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia18azl/
http://gsaweb.ast.cam.ac.uk/followup
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M

Figure 1. Long-term light curves of NSW 284 (top), Gaia 19eyy (middle), and VES 263 (bottom). Filters from bottom to top are colour coded: B – blue, V –
green, R – red, Gmag – turquoise, I – black, J – purple, W 1 – orange, W 2 – brown. The identified bursts are labelled and the ‘?’ indicates a potentially failed 
burst. The red shaded bursts are discussed as examples in detail in Section 5 . The light blue shaded times indicate the TESS sectors with data available. The 
dashed vertical lines indicate January 1st each year. The green vertical lines indicate Keck spectra (solid – HIRES; dashed – NIRSPEC). The blue vertical lines 
indicate the Palomar 200" spectra (solid – DoubleSpec; dashed – TripleSpec). The optical ( BVRI ) photometry combines data from HOYS, ASAS-SN, ATLAS, 
PTF , ZTF , and from Munari et al. ( 2019 ) for VES 263. If taken in different filters they are manually shifted into the nearest appropriate filter, e.g. g into V (see 
Section 3.2 ) for details. 
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(ii) All three sources have data in the All-Sky Automated Surv e y
or Supernovae (ASAS-SN; Shappee et al. 2014 ; Kochanek et al. 
017 ). Photometry is available in the V and g filters. We manually
hifted the data in Fig. 1 to match our HOYS V -band photometry.
he magnitude off-sets are slightly different for the three sources 
ue to their different colours – notably VES 263 (see Table 1 ). 
(iii) Photometry from the Asteroid Terrestrial-impact Last Alert 

ystem (ATLAS; Tonry et al. 2018 ) is also available for all three
ources. Data taken in the c (cyan) and o (orange) filters have
een adopted and manually shifted to match the baseline V and 
 photometry , respectively . The data for VES 263 are very noisy

0.5 mag) after MJD = 58500. These are hence not included in Fig. 1 .
(iv) The Gaia Alerts (Hodgkin et al. 2021 ) contain light curves for

ES 263 (Gaia18azl) and Gaia 19eyy, but not NSW 284 since it did
ot trigger an alert. We note that the Gaia Gmag filter approximates
 for red sources, which is evident in Fig. 1 . 
(v) The Palomar-Gattini-InfraRed survey (PGIR; Moore & Kasli- 

al 2019 ; De et al. 2020 ) observes the sk y ev ery two nights in the
ear-infrared J -band to a median depth of J = 15.7 mag (AB). The J -
and light curves are available for NSW 284 and VES 263 beginning
n JD = 2458410, but not Gaia 19eyy due to its southerly declination.
(vi) The WISE mission (Wright et al. 2010 ; Cutri & et al. 2012 )

nd the repurposed NEOWISE time domain surv e y (Mainzer et al.
011 ; Cutri et al. 2021 ) pro vides all-sk y mid-infrared surv e y data
nd has light curves in the W 1 and W 2 bands for all three of our
ources. Although the NEOWISE ∼6-month cadence provides data 
hat are undersampled relative to the variability time-scales, there 
s detectable brightening in the W 1 and W 2 bands that corresponds
o the optical bursts. NEOWISE also shows evidence that the burst
ehaviour occurred before the start of HOYS. 
(vii) P alomar Transient F actory (PTF; La w et al. 2009 ) r -band

ata are available for NSW 284. We include these data, shifted into
ur R -band, in the long-term light curve. There are a handful of data
oints for VES 263, but due to the small number, we have not added
hem to Fig. 1 . 

(viii) The Zwicky Transient Factory survey (ZTF; Bellm et al. 
019 ) has recorded data for NSW 284 in g and r (internal ID
 ZTF18abksgkt). For VES 263 only g data are available. They 
ere retrieved from IPAC (Masci et al. 2019 ) and cover 2018 April

hrough to the present. As for the other surv e ys, we manually shifted
he g and r data into our V and R photometry. 

(ix) The Transiting Exoplanet Survey Satellite ( TESS ; Ricker et al. 
015 ) conducted short time-scale monitoring at 30 min cadence of
ll three sources. At present, each source has two sequential sectors
f data available, with a sector spanning 24 – 28 d, and two of the
hree sources have a third sector that is separated by nearly 2 yr. The
hotometry has not been added into our long-term light curves in 
ig. 1 , but the individual sectors are indicated as light blue shaded
reas. 

.3 Summary of light-cur v e behaviour 

he light curves shown in Fig. 1 have some common features, but
he three sources are also somewhat distinct in their photometric 
ehaviour. All sources show repeated bursts since the start of our data
n 2014, with approximately 1 – 2 bursts per year. We have visually
dentified all bursts (see labels ‘B’ in Fig. 1 ). We define as a burst
imes where the average brightness deviates in a sustained manner 
y more than the typical photometric scatter from the flat baseline in
t least one of the filters. The most salient feature of the light curves
s that the burst amplitudes are larger towards redder wavelengths. 
urthermore, they tend to peak later at longer wavelengths. Table 1 
rovides the median burst amplitudes, which are typically several 
enths of a mag, and burst durations, which are typically several

onths. Below we give a brief description of the long-term light
urve for each source. 

.3.1 NSW284 

he object shows a flat light curve with superimposed bursts (see
op panel of Fig. 1 ). There are in total eight bursts during the 8.5 yr
f data. There is a clear gap between B3 and B4 in 2017/18. Based
n the behaviour prior and after that, one could have expected a
urst to appear at that time. The WISE magnitudes in late 2017
re marginally higher (by 0.1 mag, or one sigma) than in the
ubsequent mid-2018 data point, hinting at a weak burst, which 
as not detectable in the optical data. We have indicated that gap

s ‘?’. Including the questionable burst, the average gap between 
ursts is about 345 d, but they range from 280 to 390 d. One can
ee that prior to the questionable burst the gaps are slightly larger
han 1 yr, while afterwards they are shorter and of the order of
30 d. 
While B1 is detected only in R and the WISE data, the other bursts

re consistently co v ered in the optical data. Starting from 2019 (B5),
e have also regular B and J -band photometry. Throughout, the

mplitudes in all bursts are higher at longer wavelengths. Similarly, 
he brightness increase is faster than the decrease and the peak
rightness occurs slightly later at longer wavelengths. The burst 
mplitudes and duration vary from burst to burst. For the stronger
ursts the amplitudes range from 0.2 mag in B to almost 2 mag in
he WISE filters. Lower amplitude bursts appear shorter, probably in 
art because the declining part of the burst merges into the noise of
he data sooner. There is no discernible pattern (within the limited
umber of bursts detected) that indicates whether a burst is stronger
r weaker. The TESS data available for this source coincides with
ne of the declines in brightness (burst B5). Other than a general
rop in flux, there are no other discernible features visible in this
igh cadence data. 

.3.2 Gaia 19eyy 

he long-term light curve of Gaia 19eyy, shown in the middle panel of
ig. 1 , is similar to NSW 284. There are distinct bursts on top of a low-
tate brightness. Co v erage of the objects at time-scales significantly
elow the burst duration starts in early 2015. Ho we v er, we only hav e
ood multifilter data since the end of 2019, when the object got
agged up as variable star in the Gaia alerts (Hodgkin et al. 2021 ).
imilar to NSW 284 the bursts are semiregular, with six detected
ursts o v er 7.5 yr. Thus, the av erage cadence is approximately 450 d,
ith gaps ranging from 390 to 490 d. Again, there is a slight trend

hat the gaps between bursts decrease o v er time. 
All bursts but B1 and B3 show very strong WISE amplitudes. This

eems to be caused by timing of the data rather than real differences,
s B1 and B3 peak in the optical between two of the WISE data
oints. In contrast to NSW 284, the optical bursts seem to be slightly
ore symmetric. Hence, the increase and decrease in brightness are 

f about the same length. The latest three bursts (B4–B6) are clearly
tronger than the first three (B1–B3), but we do not think this is a
ignificant trend. Thus, in all aspects the burst and long-term light
urves of Gaia 19eyy and NSW 284 are very similar. This includes the
ESS data available, which does not show any short-term variability. 
MNRAS 520, 5413–5432 (2023) 
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Figure 2. Near-infrared ( JHK ) spectrum of NSW 284 (magenta) taken during 
the rise of burst B5, compared to a NextGen model spectrum that has been 
reddened by the extinction value in Table 1 , and scaled (black). The spectrum 

temperature of 9800 K was chosen to highlight the expected locations of 
the near-infrared hydrogen lines. NSW 284 exhibits a relatively featureless 
continuum, with only weak H and He emission lines. Paschen signatures at 
P a δ, P a γ , and P a β are apparent, as is Brackett line emission, notably in the 
H -band lines as well as Br γ in the K -band. There is also clear He I emission 
at 10 830 and 20581 Å. 
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.3.3 VES 283 

he long-term light curve of VES 263 (shown in the bottom panel of
ig. 1 ) has aspects similar to the two other objects. Ho we ver, it also
iffers significantly. The optical 2018/19 data has been discussed in
unari et al. ( 2019 ). We only have long-term co v erage in V and
mag for the entire duration of the data. The R data only co v ers
re-2018/19 and J -band co v erage is available from late 2018. 
Since 2014, our long-term data indicates a total of 16 bursts.

nitially (up to 2018) the bursts appear on top of a flat baseline
rightness. Their cadence is approximately 180 d (slightly decreas-
ng) and the amplitudes do appear to increase from burst to burst in V
nd R . After 2019 the bursts increase in amplitude and their cadence
ecreases to about 145 d. Furthermore, the brightness does not return
o the pre-2018 baseline magnitudes in-between bursts. 

The WISE light curve suggests a general, almost 2 mag brightening
n the MIR from 2018. Judging by the general increase of the faint
tate at optical wavelengths discussed above, this might in part be the
ase. Ho we ver, it is also evident that the WISE observing cadence
lmost matches the outbursts of this source. Most WISE data are
aken just after the optical peaks. Given that in the other objects the
eak at longer wavelengths occurs later, it is likely that VES 263 still
aries in the WISE bands, and the steady increase seen in the data is
nly in part real, and in part caused by the observing cadence. 
The TESS data for this object show some short-term variations.

or about half of the TESS coverage, regular variations with a period
f about 17 h can by found. The peak-to-peak amplitudes vary from
t most 0.7 per cent to zero, i.e. they disappear into the noise. These
ariations cannot be attributed to surface features or orbiting disc
aterial, as the periods would be much larger. Thus, the most likely

ource for the variability are pulsations. If these are part of the trigger
echanism for the bursts, or the termination of the mass loading is

ot clear, as they are not observed in any of the other sources. 

 SPECTROSCOPIC  OBSERVATIONS  A N D  

I N D I N G S  

e have obtained a number of spectra for two of our sources,
SW 284 and VES 263, during different parts of the light curve.
elow we describe the data and discuss the spectra in detail. 

.1 NSW284 

.1.1 Palomar 200"/DoubleSpec 

n optical spectrum was taken on 2019 July 27 with the Palomar 200"
elescope and facility optical spectrograph DoubleSpec (Oke & Gunn
982 , in original form). At that time the source was approximately
alf way through the brightness increase of burst B5. We used the D68
ichroic to separate the spectrograph arms. The source was observed
sing the 600 l mm 

−1 and 4000 Å blaze (blue), and the 1200 l mm 

−1 

nd 7100 Å blaze (red) gratings, respectively. Data were processed
sing standard tasks in IRAF to produce a 1D wavelength and flux-
alibrated spectrum between ≈4000 and 9000 Å. 

The blue-side spectrum shows strong absorption in the Na I
 doublet as well as in the 5780 and 6614 Å (weaker) diffuse

nterstellar band (DIB) features. There is weak H α emission having
n equi v alent width W λ < 2 Å, but the other Balmer lines are in very
eak absorption. The red-side spectrum is essentially featureless,

side from telluric contributions, with no evidence of Paschen line
bsorption. Although we believe the source to be an early-type star
NRAS 520, 5413–5432 (2023) 
see below), this is not unexpected given the weakness of the Balmer
ines. 

.1.2 Palomar 200"/TripleSpec 

n infrared spectrum was taken on 2019 July 19 with the Palomar
00" telescope and facility infrared spectrograph TripleSpec (Herter
t al. 2008 ). Similar to the DoubleSpec data, it w as tak en during the
rightness increase of burst B5, specifically eight days earlier. The
ata were processed using a customized version of the spextool
ackage (Cushing, Vacca & Rayner 2004 ), with telluric correction
aking use of the xtellcorr code (Vacca, Cushing & Rayner

003 ). Fig. 2 shows the final extracted and combined spectrum,
hich has R ≈ 2700. 
The spectrum has a blue continuum and is relatively feature-

ess aside from hydrogen and helium signatures. H I Brackett line
mission, notably in Br γ in the K -band and in the higher lines
bo v e Br13 in the H -band, as well as Paschen line emission at
 a β, P a γ , and P a δ in the J -band is apparent. The Paschen lines
ppear to have some structure, perhaps a mix of absorption and
mission. The Brackett pattern has the peak emission strength at
r13 and Br14, with weaker lines abo v e and below, indicating high
ptical depth. Several He I emission lines are present throughout
he spectral range, but there is no He II . No metal lines can be
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Figure 3. H α, H β, and He I 5876 Å profiles for NSW 284 from 2018 (left-hand panelss, quiescence just after weak burst B4) and 2019 (right-hand panels, 
during brightness decline of strong burst B5). The red dashed line shows the profile normalization level while the green dotted line indicates the 10 per cent 
intensity. The vertical dashed line indicates zero stellocentric velocity, adopting a heliocentric radial velocity of −57.8 kms −1 . Vertical lines at ±212 kms −1 in 
2018 and ±129 kms −1 in 2019 correspond to the peaks of the double-horned profile in H α. Note that the brighter photometric state corresponds to stronger 
lines but lower velocities. Note also that the peaks in H β seem to be at larger velocities than the peaks in H α, and those in He I 5876 Å larger still. 
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dentified, such as those exhibited by some Be stars (Cochetti et al.
022 ). 

.1.3 Keck/HIRES 

wo high dispersion optical spectra were obtained using the W.M. 
 eck Observ atory and HIRES (Vogt et al. 1994 ) with wavelength

o v erage ∼4800 – 9200 Å at resolution R = 25 000. The observations
ere obtained on 2018 No v ember 3, and 2019 No v ember 29 ( UT ) and
ere processed using the MAKEE reduction pipeline 5 written by T. 
arlow . Unfortunately , neither of the high-dispersion observations 
ccurred during the peak of a photometric burst of NSW 284. The
rst spectrum was obtained in a clearly quiescent period of the light
urve, just after the weak burst B4. The second spectrum has been
aken during the tail end of the 2019 burst B5, where the brightness
n all filters is still clearly increased compared to the base level. 

The spectra are fairly featureless, with hydrogen and helium the 
nly stellar lines. The few absorption lines that are present are broad,
nd indicate rapid rotation. Between the two epochs, there is a change
 https:// astro.caltech.edu/ ∼tb/ makee/ 

h
o  

(  
n the presentation of these features. Velocity profiles of the H α and
 β Balmer lines are illustrated in Fig. 3 . 
In 2018 there was weak, doubled emission apparent at H α and
 β, and similarly weak and broad Paschen lines apparent starting at
865 Å. In absorption, there are notable strong DIB features at 5488,
491, 5508, 5780, 5797, and 6614 Å. The only stellar absorption lines
re from He I (4921 Å with W λ = 0.93 Å; 5015 Å with W λ = 0.32 Å;
876 Å with W λ = 0.57 Å; and 6678 Å with W λ = 0.55 Å). There is
o He II apparent. Using the equi v alent width correlations to spectral
ype in Leone & Lanzafame ( 1998 ), a B3 – B4 spectral type is
nferred. Rele v ant to our analysis below, this implies a temperature
or the star of T eff ≈ 17 500 K. We note that the disc emission
otentially could ‘fill in’ the lines, and that the He I to H β line ratio
s indicative of temperatures in excess of 20 000 K. This is in line
ith the hotter temperature of 22 666 K reported in Gaia DR3 (see
able 1 ), which would correspond to a spectral type ∼B1. In the table
e can also see that Gaia estimates a temperature of 15 415 K for
aia 19eyy, which ho we ver, has almost the same absolute magnitude, 

xtinction, and optical colours as NSW 284. It is thus not clear either
ow accurate the Gaia effective temperature estimates for these type 
f objects are. We thus use the estimated 17 500 K for NSW 284
and in turn Gaia 19eyy) in our modelling later on. But we note
MNRAS 520, 5413–5432 (2023) 
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Figure 4. NIRSPEC He I 10830 Å profile of NSW 284, taken during the 
brightness decrease of burst B5. The three different components of the triplet 
line are marked at 0, −2.5, and −34.7 km s −1 (dashed vertical lines). The 
double-horn morphology in the 10830 Å line is similar to that exhibited 
by the H I Balmer α and β lines, and the He I 5876 Å line (Fig. 3 ); the same 
reference velocity as for the 2019 HIRES spectrum is marked at ±129 km s −1 

(solid vertical lines). 
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hat all model results are expressed in units of the assumed stellar
emperature and can be easily scaled to other ef fecti ve temperatures.
ection 5.2 discusses in detail how the assumption of a different
f fecti ve temperature influences the quantitative results. 

In 2019 the hydrogen Balmer and Paschen lines are all stronger,
ith clear double-horn emission peaks. Several of the helium lines
ow also exhibit emission, with a similar double-peak structure. Only
he 4921 Å line remains in absorption, though it is weaker now at just
 λ = 0.67 Å. An estimate for the stellar rotation can be estimated

rom the full-width half-maximum of this line, with v sini ≈ 280
ms −1 . 
From analysis of the hydrogen emission lines (Fig. 3 ), a heliocen-

ric radial velocity of −57.8 kms −1 is derived with an estimated error
f at least 5 kms −1 . For the 2019 spectrum, the velocity separation of
he H α peaks is ±129 kms −1 , based on Gaussian fitting, while the
ull-width at 10 per cent intensity of the line is 719 kms −1 . For H β

he peaks are at ±170 kms −1 , 32 per cent higher velocity than the
 α peaks. In the 2018 spectrum, the velocity separation of the H α

eaks is ±212 kms −1 ; the H β is hard to measure, though the peak
eparation again appears larger than for H α, closer to 231 kms −1 .
etween the two spectral epochs, the separation of the two velocity
eaks clearly changes. 

.1.4 Keck/NIRSPEC 

inally, a high dispersion near-infrared spectrum was obtained using
he W.M. Keck Observatory and NIRSPEC (McLean et al. 1998 )
pectrograph co v ering the 1 μm Y-band at resolution R = 19 000.
he observations were obtained on 2019 No v ember 17 (during the
rightness decrease of burst B5) in an ABBA nodding fashion, and
ere processed along with a telluric standard using the REDSPEC 

6 

ackage for e x ecuting the trace, e xtraction, wav elength calibration,
nd spectral combining. 

Our main interest with these observations was in the region
ontaining the He I 10830 Å triplet line. Similar to the H I and He I
ines in the optical HIRES spectrum, the He I 10830 Å is seen in
ouble-peaked emission, with a separation between the peaks that is
onsistent with that in the HIRES spectrum taken at about the same
ime. The order also co v ers P a γ . Fig. 4 shows the He I line. 

.2 VES 263 

n 2019 No v ember 29 (UT) a Keck/HIRES spectrum of VES 263
as obtained. This epoch in the light curve is a transition between
ursts B10 and B11 of the source, and the first occasion where
he source brightness did not fully return to the earlier baseline

agnitudes. Our spectra show the Balmer lines of H α and H β

ith a double-horned emission profile, with the Paschen series lines
xhibiting similar morphology. He I 5876 Å has a similar profile.
e I 4922 Å, a hotter line, is seen in absorption with W λ = 0.21 Å.
therwise, the spectrum shows only a number of strong DIBS lines,

pecifically those at 5488, 5491 (weak), 5508 (weak), 5780, 5797,
849, 6269, 6379, 6284, 6614 Å, plus narrow interstellar absorption
n Na I D and K I . 

From fitting of the hydrogen profiles (see Fig. 5 ) a heliocentric
adial velocity of −15.7 kms −1 is derived with an estimated error of at
east 5 kms −1 . Ho we ver, the v alue of −4.1 kms −1 reported by Munari
t al. ( 2019 ) provides better centring of the double-peaked profiles,
nd we thus adopt that. The velocity separation of the H α peaks is
NRAS 520, 5413–5432 (2023) 
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f  

c

104 kms −1 , based on Gaussian fitting, which can be compared to
he ±130–140 kms −1 found by Munari et al. ( 2019 ). The full-width
t 10 per cent intensity of the H α line is 713 kms −1 . For H β the
eaks are at ±129 kms −1 , a 24 per cent higher velocity than the
 α peaks. Munari et al. ( 2019 ) have also demonstrated that the He I
876 Å double-peaked profiles are more separated than the H α peaks
t their observing epochs. They also find, similar to what we found
or NSW 284, that the peak velocities change over time such that the
igher velocities correspond to minimum brightness (although our
nterpretation of these findings differs; see our discussion below). 

We do not have an infrared spectrum of VES 263, but refer the
eader to fig. 4 of Munari et al. ( 2019 ). Similar to NSW 284, there is
 I Paschen and Brackett line emission indicating high optical depth,

s well as He I emission. The spectrum was taken during a low state,
nd the emission appears stronger than that in our NSW 284 high-
tate infrared spectrum. Additionally, there are a few metal lines that
re present in emission in the infrared in VES 263. 

 I NVESTI GATI NG  T H E  BURST  PROPERTIES  

he long-term light curves in Fig. 1 and our discussion in Section 3
how that the sources have semiperiodic outbursts in brightness, with
verage properties reported in Table 1 . The bursts repeat roughly
etween once or twice per year. The amplitudes and detailed shapes
f each burst differ. Some bursts are very weak or absent, i.e.
specially NSW 284 seems to have a quiescent period between mid-
017 and mid-2019. One feature in common among all three of our
ources is that – in all bursts – the amplitudes at longer wavelengths
re higher than at shorter wavelengths, and the peak brightness occurs
ater at longer wavelengths. 

All bursts show a relatively fast increase in brightness which levels
f f to wards the maximum brightness. The decline back to wards the
uiescent state is al w ays slower than the increase. During the bursts,
ll colours do increase towards the peak and then return to their
ormal values. This clearly indicates that the additional emission
rom the sources during the bursts originates from material that is
ooler than the surface temperature of the stars. 
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Figure 5. H α, H β, and He I 5876 Å profiles for VES 263 taken during the 
transition from burst B10 to B11. The horizontal red dashed line shows 
the profile normalization level while the green dotted line indicates the 10 
per cent intensity. The vertical dashed line indicates zero stellocentric velocity, 
adopting a heliocentric radial velocity of −4.1 km s −1 . The vertical solid lines 
at ±104 km s −1 correspond to the peaks of the double-horned profile in H α; 
the H β peaks have larger separation, ±129 km/s and the He I 5876 Å larger 
still. 
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.1 Analysis of the burst shape 

ll evidence is consistent with the interpretation that the objects 
nvestigated here are repeatedly outbursting Be stars. Numerical 
imulations and theoretical analysis of such objects by R ́ımulo et al.
 2018 , R18 hereafter) have provided an analytical description of the
 xpected light-curv e shape. The model is based on the assumption
hat disc loading starts at a time t 1 and continues until time t 2 , when
he disc material is dispersed again. According to R18 the brightness
ncrease � m in the light curve as a function of time t should follow
he equations: 

m = �m 

∞ 

(
1 − 1 

1 + [ C 1 ( t − t 1 ) ] 
η1 

)
(1) 

m = �m 

∞ 

(
1 − 1 

1 + [ C 1 ( t 2 − t 1 ) ] 
η1 

)(
1 

1 + [ C 2 ( t − t 2 ) ] 
η2 

)
, 

(2) 

here equation ( 1 ) is valid for times t 1 ≤ t ≤ t 2 , and equation ( 2 )
or times t > t 2 . The value � m 

∞ denotes the asymptotic magnitude
ncrease (in the filter used) that would be achieved if t 2 − t 1 would be
ery large. The parameters C and η are free parameters which depend
n the filter, the source properties, and assumptions made about the
isc (R18), e.g. its temperature relative to the star. The parameters
iffer for the brightness increase (index 1) and decrease (index 2).
n particular, the C parameters depend on the viscosity α of the disc
s: 

 1 = α1 
ζ1 

ατ
and C 2 = α2 

ζ2 

ατ
. (3) 

Following R18, the ζ and η values are determinable from numer- 
cal simulations and ατ can be inferred from the intrinsic source 
roperties as well as the orbital velocity and sound speed of the disc
aterial according to equation ( 4 ). 

τ = 

√ 

R 

3 
eq 

GM 

v 2 orb 

c 2 s 
. (4) 

Here R eq is the equatorial radius of the star and M the stellar
ass. The orbital velocity of the constant temperature disc is v orb =

 GM / R eq ) 1/2 , and the sound speed is determined as c s = 

√ 

γ k B T disc 
μm H 

.

he adiabatic index γ would be equal to 1.67 for atomic gas and the
ean mass per particle μ = 1.3 for typical abundances. 
We have followed the description in R18 and fit the shape of

ll bursts for all objects using a least-squares optimization for 
quations ( 1 ) and ( 2 ) in all filters leaving all parameters to vary
reely. We also included a part of the light-curve prior to the burst,
nd allowed the fitting to also determine the baseline brightness m 0 

f the star, so that the observed magnitudes m in the light curve are
 = � m + m 0 . 
When this completely unrestricted fit was applied to the data of the

ame burst in different filters, it returned slightly different values for
he start t 1 of the burst and the end of the disc loading t 2 . It is obvious
hat these times should be the same for the data of the same burst
n all filters. Thus, we manually chose the values for t 1 and t 2 that
orresponded best to the shape of the light curve. These are typically
ery close to the values returned for fitting the I -band data, as this has
he highest amplitude in the optical filters. These manually selected 
alues are then fixed for all filters and other parameters are e v aluated
gain. 

The resulting fits resemble the shape of the bursts very well. We
how the fit and residuals for one example burst for each source in
ig. 6 . Typically the residual root mean square (RMS) of the data
nd fit are of the order of 0.3 – 0.4 times the photometric uncertainty
or NSW 284 and Gaia 19eyy, and 0.5 – 0.6 σ for VES 263. There are
ome cases with small systematic deviations of the data from the fit,
s e.g. during the first 30 d of the brightness increase in the burst B5
f Gaia 19eyy (see middle panel of Fig. 6 ). We note that the exact
hoice of the t 1 and t 2 values can change the best-fitting parameters
 η1 , η2 , C 1 , C 2 ). Similarly, adding or removing individual data points
an cause changes in the best-fitting parameters. Ho we ver, in all
ases the shape of the fit and the RMS are only marginally changed.
urthermore, one can fix some of the parameters in a wide range from

he best values. This causes other parameters to change without any
izeable increase in the fit RMS. For example, forcing an increase
n η leads to a decrease in the corresponding C value. Thus, for the
bjects and bursts investigated here, fitting all free parameters in 
quations ( 1 ) and ( 2 ) without any constraints on η from numerical
imulations, as in R18, does not allow us to investigate disc viscosity.
t is beyond the scope of this paper to perform these simulations. We
ist our notional best-fitting parameters for all objects, bursts, and 
lters investigated in detail in Table A1 in the Appendix. 
MNRAS 520, 5413–5432 (2023) 
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Figure 6. Detailed optical photometry and model fit for one of the bursts in each object (left-hand panel: NSW 284, Burst B5; middle: Gaia 19eyy, Burst B5; 
right-hand panel: VES 263, Burst B8). The symbols in the top panel show the HOYS photometry used in the light-curve fit for the different filters (from bottom 

to top: B – blue; V – green; R – red; I – black). The solid lines are the best fits according to equations ( 1 ) and ( 2 ). In the bottom panels we show the residuals of 
the data and fit with the same colour coding as in the top panel. Note that we have shifted the magnitudes of VES 263 for better visibility as follows: I : + 0.8 mag, 
V : −0.8 mag, B : −2.1 mag. 
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.2 Analysis of the burst temperature 

he fits of the observed light curves in all available filters discussed
n the previous section provide a smooth description of the shape
f each burst. We utilize those to investigate the properties of the
dditional emission from the disc. This can in principle also be done
ith the original light-curve data, but the results would be more noisy.
ne obtains very similar qualitative and quantitative results for both

ases. The fits hence allow us to determine the amplitudes � m in
ach filter at all times after t 1 . We use the PHOENIX (Husser et al.
013 ) and ATLAS9 (Castelli & Kurucz 2003 ) stellar atmosphere
odels and blackbody radiation to simulate these amplitudes in our

ptical filters. We use the solar metallicity and log ( g ) = 4 atmosphere
odels for these calculations. Note that these choices are reasonable

nd changing the surface gravity or metallicity only has a minimal
ffect on the results. 

We assume that the central star has a temperature of T S and a visible
rojected surface area A S of unity. The emission responsible for the
urst comes from material with a temperature T b and a projected
urface area A b , in units of A S . The model spectra are convolved
ith the filter transmission curves accessed through the astropy
ySynphot distribution (Lim, Diaz & Laidler 2015 ). For each

ime t along the burst (in 1 d intervals), we find the burst temperature
nd area that result in the best-fitting (lowest RMS) amplitudes.
e use a Monte Carlo approach that varies the amplitudes to

t by a standard deviation of 0.01mag – in accordance with the
ight-curv e fit accurac y – to determine the statistical uncertainty of
he best-fitting parameters. We note that our model only considers
ptically thick emission. The continuum emission from Be-discs is
sually modelled as a combination of a pseudo-photosphere and a
enuous disc (e.g. Vieira, Carciofi & Bjorkman 2015 ; Vieira et al.
017 ). The tenuous disc contributes typically 30 per cent of the flux
ia optically thin emission. Thus, we expect our model to work
ess well at longer wavelengths, as the optical emission will be
ominated by optically thick emission based on the temperatures
nvolved. 

From the best-fitting temperature and area of the emission causing
he burst, we further determine the additional luminosity of the burst
ased on L b = A b · T 4 b in units of the luminosity of the central star,
etermined the same way. Note that the choice of stellar temperature,
NRAS 520, 5413–5432 (2023) 
tmospheric model spectra, and number and wavelengths of filters
sed only changes the resulting temperature and size evolution in
 small systematic way. The qualitative behaviour does not change.
ere we briefly discuss the extent to which these choices influence

he quantitative results, by using burst B5 of NSW 284 as an example.
he same applies to all other bursts. 
We first test the influence of the choice of the stellar atmosphere
odel. The detailed results are shown in Fig. A1 in the Appendix.
ll models show the same goodness of fit (RMS). The blackbody
odels typically result in a luminosity that is up to 50 per cent higher

ompared to the PHOENIX or ATLAS models. The latter two are
ypically within 10 per cent of each other, with the ATLAS models
redicting slightly higher luminosities. Similarly, the temperature
nd ef fecti ve surface area of the additional emission is highest when
sing the blackbody models, while the two sets of model atmospheres
re in agreement within the uncertainties. 

As a further test, we investigate how the choice of stellar tempera-
ure in the fits influences the results. This is summarized in Fig. A3 in
he Appendix. We varied the stellar temperature in steps of 1000 K
etween 15 500 K and 20 500 K. The first thing to note is that the
uality of the fit (RMS) is completely independent of the choice of
tellar temperature. Furthermore, the general qualitative behaviour
f all fit parameters is not changed at all, as for all the other tests.
he inferred luminosity increases by approximately 10 per cent with
ach 1000 K stellar temperature decrease. Similarly, the temperature
f the emission decreases by the same amount. The ef fecti ve size of
he emitting region changes by even smaller amounts and is largest for
he higher stellar temperatures. This shows that having the spectral
ype wrong by one sub-type (about 1000 K, more for very early
0/B1 stars), does not change the qualitative behaviour and only
arginally influences the quantitative behaviour. This is especially

mportant for Gaia 19eyy, where we have no spectra available. We
ote that our tested temperature range does not extend all the way to
he potential value for NSW 284 from Gaia DR3 (see the discussion in
ection 4.1.3 ). Ho we ver, the qualitati ve results for the disc properties
re unaffected and the quantitative values can be scaled to any stellar
emperature chosen as discussed. 

As can be seen in Fig. 1 , for most bursts we have optical V , R ,
nd I -band data. The additional B and J -band data is available only
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Figure 7. Example plots for the burst modelling from fitted data with template spectra (left-hand panels: NSW 284, Burst B5; middle: Gaia 19eyy, Burst B5; 
right-hand panels: VES 263, Burst B8). We show the temperature (1st row), size (2nd row), resulting luminosity ( L = A · T 4 ; 3rd row) of the additional emitting 
area in units of the central star and the RMS (4th row) of the fit to the light curve. The central star has been assumed to have an ef fecti ve temperature of 17 500 K 

for NSW 284 and Gaia 19eyy and 20 500 K for VES 263. We show the fit results using the VRI filters for NSW 284 and Gaia 19eyy and BVRI for the hotter object 
VES 263, and using the PHOENIX models. The dashed line indicates t 2 . The values for all fit parameters for each burst in all sources are listed in Table A1 in 
the Appendix. 
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or the later bursts, and also not for all sources. Naturally the mid-IR
ISE data are available for very few dates. We have hence tested how
ell the models that are fit to the optical data, predict the infrared
ata. We show one example of this in Fig. 8 . The figure shows the
bservational data for burst B5 in NSW 284 in the same colour code
s in Fig. 1 . We use the V , R , and I -band data to model the temperature
nd area of the additional emission. These values are then used to
redict the amplitudes and light curve in all bands from B to the
ISE filters. These predicted light curves are over plotted in Fig. 8

s solid lines. 
As one would expect, all optical magnitudes, including the B -
and which was not used in the fit, are in very good agreement
ith the data. The shape of the J -band light curve is qualitatively in
ood agreement with the data. Ho we ver, the measured brightness
alues are systematically 10 – 20 per cent lower than the model
redictions. We used the 2MASS J -band filter curve for the model,
hich is very close to the Gattini-IR filter. 7 Thus, at most only a
MNRAS 520, 5413–5432 (2023) 
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Figure 8. Data for the burst B5 of NSW 284 for the optical B , V , R , I , J , 
and W 1/ W 2 filters (bottom to top) using the same colour codes as in Fig. 1 . 
We o v er plot as solid lines the predicted amplitudes in all filters based on 
the fit discussed in Section 5.2 which was derived using only the observed 
V , R , and I -band data (green, red, black). Nevertheless, the B -band and J - 
band photometry are well-matched. The 3.6 and 4.5 μm WISE observations 
are underpredicted, ho we ver, suggesting additional emission perhaps from a 
free–free component of the warm gas. 
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ery small fraction of the difference can be attributed to a difference
n filter transmission curve. Furthermore, the WISE data points are
uch brighter than the predictions from the model, by up to half
 magnitude. These differences, in particular the underprediction
f the WISE data points, indicate that our simple assumption of
hermal, optically thick emission from the disc to explain the bursts
s not entirely correct. At the longer wavelength, additional flux from
ther mechanisms is significantly contributing to the bursts. This is
ost likely caused by free–free or synchrotron emission from the
arm disc material. A set of spectra co v ering the optical to mid-

R wavelength range over the entire burst duration will be able to
erify the nature of the emission, in combination with the abo v e
iscussed models including optically thin emission from a tenuous
isc (Haubois et al. 2012 ; Vieira et al. 2015 , 2016 ). Our sources are
deal for such an investigation, as they show bursts at predictable
ntervals. 

 DISCUSSION  

.1 Summary of bursting behaviour 

he three repeating Be star bursters investigated here share a number
f commonalities. They all show semiregular bursts that recur once
r twice per year and last for months. The typical time gaps between
onsecutive bursts vary for the same source by about one quarter to
ne-third of the average gap but vary from source to source. There are
ndications that the gaps between bursts slightly decrease o v er time,
ut only in VES 263 do we find a significant change in behaviour.
n this object also the amplitudes of the bursts change. This suggests
 change from a (photometrically) disc-less interburst phase to a
ong-term brightness increase, indicating a slo wly gro wing disc in
ize and density. The absence of any clear periodicity excludes any
urst trigger mechanism caused by binary companions. Furthermore,
ith the exception of VES 263, there is no discernible pattern to the

mplitudes and duration of the b ursts, b ut in all cases the rise time t 2 
t 1 is faster than the brightness decline back to the quiescence level
NRAS 520, 5413–5432 (2023) 
fter t 2 . Most consistently the bursts have amplitudes that increase
ith wavelength. The spectra of our sources show double-peaked

ymmetric emission that increases in strength during the photometric
ursts. 

.2 Evolution of individual bursts 

hen fitting the burst photometry with our simplified model, all
ndividual bursts follow a similar pattern (if the photometric signal-
o-noise is large enough). We refer the reader to Fig. 7 in what
ollows. The size of the emitting region in the disc increases from
 1 to t 2 while the temperatures remain roughly constant. There are
ome cases where the temperatures start high, but typically the SNR
s too low for this to be significant. Temperatures of the disc are
f the order of 0.4 times the stellar temperature, when using the
dopted values for T S in Table 2 . This of course changes slightly
f one uses a different stellar temperature, atmosphere model, or
ncludes amplitudes measured at different wav elengths. Howev er,
or the most likely correct stellar temperatures, our value for the disc
emperature during the burst is consistently below the 0.6 times the
tellar temperature used in R18. 

After the end of the mass loading at t 2 , the disc temperature starts
ropping in all cases. Similarly, the luminosity also peaks at this
oint. The disc temperature drop can be followed until the photometry
NR gets too low. The indications are that towards the end of the
rightness decline, the disc temperature levels off at about a quarter
o one-third of the stellar temperature. In all cases the emitting area
ncreases from zero at t 1 to larger values at t 2 . The values reached
epend on the burst amplitude. After the time t 2 the best model
olutions in all cases show a further increase of the emitting area.
he peak is then reached at roughly the point where the decreasing
isc temperature starts to level off. Following that, the emitting area
hrinks until the end of the burst to ef fecti vely zero in all cases.
f our model is correct, this would indicate that after mass loading
tops, the main emitting area of the disc gets pushed away from the
tar. This expands the emitting area and cools the material, before
he radial thickness of the emitting area in the disc shrinks. There
re some simulations of the radial disc density profile during bursts
oughly similar to our scenario (e.g. top panel of fig. 7 in Haubois
t al. 2012 ). Ho we v er, the y do not show the evolution after the mass
oading stops and we are thus not able to compare them directly to
ur observations. 
The rate of increase of the burst luminosity at the point t 2 shows that

he end of the mass loading occurs at different parts of the burst. In
he majority of the cases the luminosity increase just prior to t 2 is still
ery steep or has just started to le vel of f. In some cases, most notable
or burst B5 in Gaia 19eyy, the luminosity has plateaued before t 2 is
eached. This shows that whatever mechanism stops the mass loading
rocess can occur at any time after t 1 . Since only very few of the
ursts reach a stable, steady-state luminosity and the gap between
ursts is much longer than the rise time, the trigger mechanism to
top the mass loading must occur much more frequently than the
rigger to start the mass loading process. This is further emphasized
y the occasional very weak burst, e.g. in NSW 284, where the mass
oading most likely stops immediately after it has been triggered. 

The fit to the amplitudes using equations ( 1 ) and ( 2 ) results in
ll cases in an RMS that is smaller than the typical photometric
ncertainties of the individual brightness measurements. 8 This is



Outbursting Be stars 5425 

s
p  

t
F
d  

a
w

t  

a  

T
e
a  

d
s  

r

6

D
o  

s
 

e  

v
a

t  

s  

a
a  

t
t

 

t  

o
t  

t  

T
e
e  

s
f

6

V  

d  

d  

t
d

 

q  

a  

b
d  

f  

b  

l  

i  

m
fi  

t  

l
 

i  

f  

M  

I  

f  

c
t  

f

6

T
o
o  

(  

t  

b  

a  

t  

b
s
d  

t
o

 

s  

c  

s  

t  

a  

A
m
o  

b  

p  

o
 

a  

p
o  

G
p
r

t  

S  

t  

g
t
l
a  

o
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trong evidence that the theoretical framework in R18 correctly 
redicts the shape of the bursts. The accuracy by which the model fits
he optical and even the unconstrained near infrared amplitudes (see 
ig. 8 ), further justifies this approach. Furthermore, the high optical 
epth inferred from our NIR spectrum of NSW 284 (Section 4.1.2 )
lso supports our attempt at modelling the burst continuum emission 
ith stellar atmosphere or blackbody models. 
The comparison of the spectra taken in quiescence and burst show 

hat emission does not just increase in brightness. The peak emission
lso mo v es to lower v elocities, i.e. happens further out in the disc.
his fits well with the decretion disc model. Our photometry mod- 
lling further supports this picture, indicating cooling, expansion, 
nd probably radial outward drift of the main emitting part of the
isc after t 2 . Using the measured velocities and modelled emitting 
urface area, one finds that the main emission is confined to a narrow
ing with a radial thickness of the order of 0.5 to one solar radius. 

.3 Uncertain physical parameters 

espite the apparent successes in matching a heuristic model to 
ptical light-curve data, it is clear that there are limitations to our
implified model. 

First, it is not possible to fit accurately all the parameters in these
quations at the same time. Thus, it is not possible to investigate the
iscosity of the discs without additional assumptions or simulations 
s in R18, Haubois et al. ( 2012 ) or Carciofi et al. ( 2012 ). 

Secondly, the model considers only a single temperature disc rather 
han a small Keplerian disc. We have seen from the high resolution
pectra (Section 4 ) that the peaks of the double-horned line profiles
re at higher velocities for higher excitation transitions. Thus, there 
re clear indications of a radial temperature gradient in the disc during
he burst, and presumably as well in quiescence. This could explain 
he 10 – 20 per cent o v erprediction of the J -band magnitudes. 

Our model furthermore does not use any real radiative transfer. It
hus will not be able to handle any outbursting Be stars where we
bserve the disc edge-on, which usually results in brightness dips at 
he shorter wav elengths. F or the MIR data the model underpredicts
he observed amplitudes in the WISE filters by up to half a magnitude.
his strong MIR excess emission compared to our optically thick 
mission model indicates significant contribution from free–free 
mission in these Be discs. This is in line with previous works
howing that typical Be stars have infrared access go v erned by free–
ree emission (Finkenzeller & Mundt 1984 ). 

.4 VES 263 in context 

ES 263 is the only one of our sources that has been studied in any
etail previously. Munari et al. ( 2019 , in section 8) interpret their
ata for this object in terms of Herbig Ae/Be star accretion, but we
ake the photometric and spectroscopic evidence as indicative of a 
ecretion disc, with gas flowing outwards rather than inwards. 
Munari et al. ( 2019 ) also model the SED of VES 263 during

uiescence and burst. They fit quiescence to a 20 000 K template,
nd add blackbody emission at 4500 and 7500 K for the two different
righter phases. This can be compared to the approximately 9000 K 

isc temperature inferred from our light-curve fit here. As one can see
rom Fig. 7 , we find that during the burst the luminosity increases
y up to 8 per cent. This equates to roughly 1000 L �, which is in
ine with the sum of the two additional luminosities (120 + 860 L �)
nferred by Munari et al. ( 2019 ). Note that the Munari et al. ( 2019 )
odel also includes, in the quiescent state, a dust continuum excess 
t to two AKARI data points, that is a blackbody disc with maximum
emperature of 400 K and luminosity of 12 L �. This emission is most
ik ely al w ays present, b ut becomes insignificant during the b ursts. 

The presence of cold dust does not necessarily rule out our
nterpretation of the nature of this source. Dust has been shown to
orm in many other hot environments, such as e.g. novae (Derdzinski,

etzger & Lazzati 2017 ) or Wolf–Rayet binaries (Usov 1991 ).
n those cases dust formation episodes can occur in dense shocks
ormed due to the interaction of outflowing material or winds with
ircumstellar material. While outflow velocities and densities need 
o be high for this, this mechanism remains a possible source for dust
ormation in VES 263. 

.5 The broader context 

he objects investigated here provide textbook examples of regularly 
utbursting Be stars. Indeed there are very few really regularly 
utbursting Be stars known. A short list is presented in Baade et al.
 2017 ) and a handful are listed in Labadie-Bartz et al. ( 2022 ). But
hese objects vary on shorter time-scales (up to tens of days) between
ursts and at most a few per cent amplitudes. Semiregular variations
re much more common (e.g. Labadie-Bartz et al. 2017 ). Ho we ver,
ypically these objects show a much larger variation of the times
etween bursts, large burst to burst amplitude variations, slightly 
maller amplitudes than the objects discussed here, and the bursts 
o not follow the general shape from equations ( 1 ) and ( 2 ). Thus,
he sources discussed here, represent rare cases of truly regularly 
utbursting Be stars. 
While we have been able to piece together light curves from

e veral dif ferent long-term photometric surv e ys, the spectroscopic
o v erage is less than desirable. For example, we do not have time-
eries high resolution spectra available at multiple stages of any of
he bursts. This would enable us to study in detail the temperature
nd radial evolution of the emitting disc material during the burst.
dditionally valuable observations would be JHK spectroscopic 
onitoring throughout a burst. This would enable the modelling 

f the thermal and non-thermal contributions to the spectrum as the
 urst ev olv es. Howev er, because the timing of the bursts can be
redicted in advance – in most cases within a few weeks – future
bservations can be planned. 
We also note that there are other likely outbursting Be objects that

re being revealed through ongoing time domain surv e ys, but remain
oorly studied. We have identified the following potentially similar 
bjects to those we have studied, based on their public light curves:
aia22bre 9 , Gaia22axt 10 , ASASSN-V J210822.32 + 584613.4 11 , and 
otentially AP565575. 12 Again, spectroscopic follow-up is war- 
anted. 

Considering the larger population of early-type stars, we note 
hat the vast majority of OB-type stars are binaries (Moe & Di
tefano 2017 ). There are no clear indications in any of our spectra

hat the sources we have investigated are binaries. There are no
eneral radial velocity shifts between spectra taken at different 
imes. The disc emission profiles furthermore, rule out any close, 
ow mass companion, which would disturb the disc. As discussed 
bo v e, the non-periodic nature of the bursts excludes the presence
f highly elliptical companions with small perihelion distances. We 
MNRAS 520, 5413–5432 (2023) 
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http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia22axt/
https://asas-sn.osu.edu/variables/587872
https://asas-sn.osu.edu/photometry/f5962fee-2400-55ba-b692-4946613cf59a


5426 D. Froebrich et al. 

M

c  

a  

a  

s  

m
 

i  

p  

r  

i

7

W  

s  

b  

c  

B
 

b  

T  

h  

t  

t
 

s  

fi  

o  

d  

a  

e  

n  

b
 

a  

r  

e
8  

(  

a  

l  

b  

b  

a  

N
 

a  

o  

h  

d  

m  

o  

t  

v  

e  

o  

I  

e  

i  

(  

t  

c

 

a  

i  

e  

p  

m  

i  

t
 

s  

y  

t  

t  

s

D

S  

t  

o  

A

A

O  

t  

e  

t  

o  

a  

t  

f  

E  

T  

(  

b  

/  

D  

i  

a  

b  

o  

P  

5

D

S  

t  

o  

A

R

B  

 

 

B
B  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/5413/7036781 by The Tem
plem

an Library user on 08 February 2024
annot rule out any wide, lower mass companions with the data
vailable. The spectral energy distributions give no indication of
 second component. The abo v e suggested high resolution time-
eries spectroscopy could provide more stringent constraints on the
ultiplicity of the sources. 
Returning to the viscous decretion disc model described in the

ntroduction, our observations and modelling support a general
icture in which Be star outbursts correspond to a rapid temperature
ise in the discs o v er an initially small area, and a gradual increase
n the total area participating in the higher temperatures. 

 C O N C L U S I O N S  

e collected long-term optical photometric data for the three variable
ources NSW 284, Gaia19eyy, and VES 263. These are supplemented
y NIR and NEO-WISE photometry, and high resolution spectra. We
haracterize these sources as rare cases of truly regularly outbursting
e stars. 
The bursts in these sources occur semiregularly with a cadence

etween half to one year and a duration from about 120 to 200 d.
he burst amplitudes are variable and reach a maximum of about
alf a magnitude in the R -band. In all cases the amplitudes increase
ow ards longer w avelengths, and the peak of the bursts shifts to later
imes at longer wavelengths. 

We fit the individual burst light curves with the theoretical burst
hape model from R ́ımulo et al. ( 2018 ). This provides an excellent
t to the data in all cases. The typical RMS of the fit is of the order
r better than half the photometric uncertainty in the data. Ho we ver,
espite this excellent fit, the fit parameters cannot be constrained
ccurately as they depend on each other. Thus, in order to study
.g. the disc viscosity during and after mass loading, the photometry
eeds to be supplemented by numerical simulations, as performed
y R ́ımulo et al. ( 2018 ). 
The burst shapes in all cases show a steep increase in brightness

nd a longer lasting fall back. The duration of the brightness increase
epresents the typical duration between a (mass loading) burst trigger
vent and the trigger that stops the mass loading. This duration (50 –
0 d) is al w ays much shorter than separation of consecutive bursts
120 – 200 d). Thus, the trigger that stops the mass loading occurs on
verage 3 – 5 times more frequent than the trigger that starts the mass
oading. Thus, any physical explanation for the occurrence of these
ursts and their end will have to account for this. In some cases, the
ursts stop almost immediately after their start, leading to very low
mplitudes or even undetected bursts, e.g. the ‘?’ and B4 bursts in
SW 284. 
We model the smoothed burst light curves with a simple model that

ttempts to reproduce the amplitude increase in the different filters
 v er time with a simple single temperature emitter surrounding the
ost star. The host star and additional emitter are modelled with
ifferent template atmospheric spectra or blackbody emission. The
odels predict the size (relative to the host star) and temperature

f the additional emitter during the burst. The resulting values for
hose are only marginally (quantitatively) influenced by the exact
alue of the stellar surface temperature chosen – which is not known
 xactly. The qualitativ e behaviour of size and temperature evolution
f the additional emitter during the burst is al w ays well constrained.
n particular, we find that the surface temperature of the additional
mitter is of the order of 40 per cent of the stellar temperature. This
s lower than the 60 per cent assumed in the work by R ́ımulo et al.
 2018 ). Our simple model underpredicts the observed amplitudes in
he WISE filters by up to half a magnitude, indicating a significant
ontribution from free–free emission in these Be discs. 
NRAS 520, 5413–5432 (2023) 
All three sources investigated in this work show very regular
nd predictable burst behaviour, albeit with unpredictable variations
n amplitude, o v er the better part of a decade. They thus present
xcellent candidates for follow up high cadence spectroscopy and
hotometry of their future bursts. This would allow more detailed
odels of the outbursting Be phenomenon to be developed to

dentify, in particular, the triggering mechanism for the start and
he stop of the disc mass loading process in these sources. 

A notable aspect of our sample is that two of the three objects
tudied here have been previously discussed in the literature as
oung Herbig Ae/Be stars, rather than as evolved Be stars. It is
hus worth emphasizing the value of long-term light curves, such as
hose produced by the HOYS surv e y and other long-term photometric
urv e ys such as ASAS-SN and PTF/ZTF. 
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PPENDI X  A :  BEST  BU R ST  FIT  PA R A M E T E R S  

hen one includes the B -band amplitudes (which are not generally
vailable for all bursts), there are some small systematic differences 
n the determined burst properties. This is shown in Fig. A2 in the
ppendix. The burst temperature is slightly higher when including 

he B -amplitudes. This is of the same order as the increase seen
hen using the blackbody models instead of the other two, i.e. about
0 per cent. The size and luminosity also vary by this amount. The
ost important difference when including the B -amplitudes into the 
t is that the RMS typically increases. In our example burst it is by
lmost a factor of three, from 0.007 mag to about 0.02 mag – which
s still of the order of the photometry uncertainty of the data. This is

ost likely caused by the simplicity of our model, i.e. the assumption
f a single temperature disc and all emission being thermal. The disc
emperature will certainly change with distance from the star. And at
he typical disc temperatures we derive, the B -filter covers roughly
he peak of the SED. This is also notable in the individual fits shown
n Fig. 7 . There, one can see that the RMS can be higher at the start
f the burst, during the mass loading phase compared to the decline
n brightness at the end. 
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Table A1. Table listing the fit results from equations ( 1 ) and ( 2 ) for the bursts with sufficient HOYS data available. For each 
burst we list the filter, the baseline magnitude, the asymptotic magnitude increase, the manually determined start t 1 and end t 2 
time of mass loading, its duration, as well as the η and C parameters. 

Filter m 0 � m 

∞ t 1 t 2 t 2 − t 1 η1 η2 C 1 C 2 

(mag) (mag) (MJD) (MJD) (d) ( d −1 ) ( d −1 ) 

NSW 284, burst B3 
I 14.305 −0.639 57666 57750 84 2.361 1.604 0.038 0.022 
R 14.572 −0.803 57666 57750 84 1.621 1.325 0.021 0.043 
V 14.772 −0.431 57666 57750 84 2.280 1.292 0.037 0.037 

NSW 284, burst B5 
I 14.294 −0.740 58640 58722 82 2.191 2.047 0.037 0.017 
R 14.571 −0.625 58640 58722 82 2.241 1.815 0.034 0.022 
V 14.757 −0.498 58640 58722 82 2.526 1.649 0.035 0.029 
B 15.506 −0.413 58640 58722 82 2.282 1.254 0.034 0.035 

NSW 284, burst B6 
I 14.274 −0.723 58983 59035 52 1.378 2.061 0.034 0.029 
R 14.561 −0.466 58983 59035 52 2.317 1.712 0.044 0.035 
V 14.755 −0.505 58983 59035 52 1.400 1.745 0.029 0.040 
B 15.481 −0.376 58983 59035 52 1.154 1.307 0.031 0.045 

NSW 284, burst B8 
I 14.269 −0.666 59550 59650 100 0.984 2.577 0.023 0.020 
R 14.562 −0.569 59550 59650 100 1.184 2.418 0.023 0.018 
V 14.762 −0.458 59550 59650 100 0.544 1.928 0.023 0.017 

Gaia 19eyy, burst B5 
I 13.057 −0.686 59095 59180 85 4.046 3.202 0.029 0.019 
R 13.322 −0.563 59095 59180 85 4.590 3.398 0.029 0.022 
V 13.533 −0.450 59095 59180 85 5.035 3.414 0.031 0.025 
B 14.295 −0.383 59095 59180 85 4.424 2.848 0.032 0.027 

Gaia 19eyy, burst B6 
I 13.020 −1.115 59507 59570 63 0.712 3.062 0.032 0.015 
R 13.297 −2.576 59507 59570 63 0.615 3.432 0.003 0.014 
V 13.538 −2.260 59507 59570 63 0.723 3.668 0.004 0.016 
B 14.278 −0.633 59507 59570 63 1.160 2.641 0.043 0.020 

VES 263, burst B8 
I 11.061 −0.519 58365 58394 29 2.471 4.193 0.095 0.021 
R 12.067 −3.605 58365 58394 29 0.753 3.082 0.003 0.023 
V 13.098 −0.400 58365 58394 29 2.257 3.163 0.092 0.027 
B 14.917 −0.291 58365 58394 29 2.468 3.684 0.089 0.037 
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Figure A1. Example of a burst fit using different model stellar atmospheres. We show the fit to burst B5 of NSW 284, using a stellar temperature of 17 500 K 

and the VRI photometry. If applicable we use log ( g ) = 4.0 and [M/H] = 0.0. The colours indicate the use of the PHOENIX (blue), ATLAS (red), and blackbody 
(green) stellar atmosphere models and the lightly shaded areas the uncertainties. 
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Figure A2. Example of a burst fit using different sets of filters. We show the fit to burst B5 of NSW 284, using a stellar temperature of 17 500 K and the 
PHOENIX stellar atmosphere models. We use log ( g ) = 4.0 and [M/H] = 0.0. The colours indicate the use of the VRI amplitudes (blue) and the BVRI amplitudes 
(green) and the lightly shaded areas the uncertainties. 
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Figure A3. Example of a burst fit using different stellar temperatures. We show the fit to burst B5 of NSW 284, using the PHOENIX stellar atmosphere models 
and the VRI filters. We use log ( g ) = 4.0 and [M/H] = 0.0. The colours indicate the adopted stellar temperature ranging from 15 500 K (green) to 20 500 K (blue) 
in steps of 1000 K and the lightly shaded areas the uncertainties. 
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