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ABSTRACT
We have performed a comprehensive search of a VISTA Variables in the Via Lactea
(VVV) database of 9.5 yr light curves for variable sources with ∆Ks ≥ 4 mag, aiming
to provide a large sample of high amplitude eruptive young stellar objects (YSOs)
and detect unusual or new types of infrared variable source. We find 222 variable or
transient sources in the Galactic bulge and disc, most of which are new discoveries.
The sample mainly comprises novae, YSOs, microlensing events, Long Period Vari-
able stars (LPVs) and a few rare or unclassified sources. Additionally, we report the
discovery of a significant population of aperiodic late-type giant stars suffering deep
extinction events, strongly clustered in the Nuclear Disc of the Milky Way. We suggest
that these are metal-rich stars in which radiatively driven mass loss has been enhanced
by super-solar metallicity. Among the YSOs, 32/40 appear to be undergoing episodic
accretion. Long-lasting YSO eruptions have a typical rise time of ∼2 yr, somewhat
slower than the 6–12 month timescale seen in the few historical events observed on the
rise. The outburst durations are typically at least 5 yr, somewhat longer than many
lower amplitude VVV events detected previously. The light curves are diverse in na-
ture, suggesting that multiple types of disc instability may occur. Eight long-duration
extinction events are seen wherein the YSO dims for a year or more, attributable to
inner disc structure. One binary YSO in NGC 6530 displays periodic extinction events
(P=59 days) similar to KH 15D.
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1 INTRODUCTION

Time domain astrophysics has led to the discovery of sev-
eral new types of variable star in recent years. Transients
known as “eSPecially Red Intermediate Luminosity Tran-
sient Events (SPRITES)” have been found in nearby galax-
ies, having luminosities betwixt classical novae and su-
pernovae (Kasliwal et al. 2017). Amongst variable stars,
the abundant OGLE Small Amplitude Red Giants (OS-
ARGs, Soszynski et al. 2004; Soszyński et al. 2013) and the
rarer Blue Large Amplitude Pulsators (BLAPs, Pietrukow-
icz et al. 2017) have been found by the Optical Gravitational
Lensing Experiment (Udalski 2003). Circumstellar matter is
the cause of other new types of variable star. For example,
ASAS J140748−3945.7 (J1407) hosts a transiting giant ring
system bound to the substellar companion of a pre-main se-
quence star (Mamajek et al. 2012). Unpredictable dips and
slow variations in brightness are also seen in main sequence
stars and giant stars (e.g. Boyajian et al. 2016, 2018; Schmidt
2019; Rodriguez et al. 2016; Smith et al. 2021), attributed to
occultation by irregular distributions of circumstellar mat-
ter in the main sequence stars or a circumsecondary disc in
the case of the giants.

The VISTA Variable in the Via Lactea (VVV) survey
(Minniti et al. 2010) is the first major near infrared variabil-
ity survey of the Milky Way. In view of the above list of dis-
coveries, we might reasonably hope that it will discover new
types of infrared variable source. Due to the Wien displace-
ment law, it is perhaps likely that the physical mechanisms
behind any such infrared discoveries would involve circum-
stellar matter. The most numerous high amplitude variable
stars discovered by VVV thus far are YSOs with circumstel-
lar accretion discs, see Contreras Peña et al. (2017a,b), here-
after CP17a and CP17b and Medina et al. (2018); Teixeira
et al. (2018); Guo et al. (2020, 2021, 2022). These generally
have amplitudes ∆Ks ≤ 4 mag in these previous works (mea-
sured as Ks,max − Ks,min) and a diverse range of light curve
types. Short term variability on timescales of a few days is
common at 1 < ∆Ks < 1.5. At higher amplitudes, longer
timescale variability predominates: mostly cases of eruptive
variability but also cases of variable extinction, sometimes
in the same star (see e.g. Kóspál et al. 2011). CP17a found
that eruptive variability is dominated by class I and flat
spectrum YSOs, with very few examples of class II YSOs
being observed.

Most past studies of YSO outbursts have focussed
on the most dramatic events, either long duration events
(FUors) with optical amplitudes up to 6 mag or more (e.g.
FU Ori, V1057 Cyg, V1515 Cyg, V346 Nor and PTF14jg
Herbig 1977; Graham & Frogel 1985; Kóspál et al. 2020;
Hillenbrand et al. 2019) or shorter duration events (EXors)
with amplitudes up to 5 mag such as EX Lup and V1118 Ori
(Herbig 2008). The VVV survey and its extension, VVVX
(Minniti 2016) offer the chance to establish a large sam-
ple of events that characterises the outburst onset better
than in most previous (typically accidental) discoveries and
lacks any significant bias against lower amplitude events.
The great majority of outbursts have lower amplitude, es-
pecially in the near infrared. The VVV sample of CP17a
listed 106 eruptive variable candidates with 1 < ∆Ks < 4,
with mean ∆Ks = 1.72. Outburst durations do not always
fit neatly into the original FUor (multi-decade) and EXor

(8-16 month) categories (Herbig 1977, 2008). Spectroscopi-
cally confirmed VVV outbursts (CP17b) appeared to have
typical durations of 1-5 yr (though sometimes longer) and
the spectroscopic characteristics of the two traditional out-
burst classes were sometimes mixed or swapped. This led to
the tentative suggestion that a new “MNor” outburst cate-
gory might be needed to describe mixed outbursts (CP17b),
though it was unclear what this meant in terms of the
physics of accretion disc instabilities. More recently Guo
et al. (2021) showed that within the broad category of mixed
outbursts there is a distinct class of long duration eruptions
with EXor-like spectra, apparently with the accretion lu-
minosity of FUors. In fact these long lasting but EXor-like
outbursts were more numerous than FUors amongst the long
duration events in that work.

In this work, we perform a thorough search of the
560 deg2 VVV area for very high amplitude (∆Ks ≥ 4) vari-
able stars and transients. This threshold was chosen because
previously VVV-based searches had found very few eruptive
YSOs with such high amplitudes. While our main motiva-
tion was the topic of eruptive YSOs, somewhat unexpect-
edly we also discovered a population of aperiodic dipping
giants in the Nuclear Disc of the Milky Way. Consequently,
this paper focuses on these two topics. Supporting spectra
of YSOs and giants are found in a companion paper (Guo
et al. submitted, hereafter GLK23). Separately, in Contr-
eras Peña et al.(subm.) we present results of a VVV-based
search for eruptive YSOs of all amplitudes within published
catalogues of YSO candidates.

VVV observed much of the Galactic bulge and the ad-
jacent Galactic disc from 2010–2015 and this study bene-
fits from the ongoing VVVX extension in the same area,
though we have not included the new areas of the Galac-
tic plane area monitored by VVVX since 2016. This new
search benefits not only from longer duration light curves
and larger area than the 119 deg2 search of CP17a but also
from the new VVV Infrared Astrometric Catalogue version 2
(VIRAC2) profile-fitting photometry database (Smith et al.
2018, Smith et al., in prep.) which is deeper and more re-
liable than the standard VISTA data pipeline in crowded
fields. VIRAC2 light curves have reduced noise due to a
carefully optimised relative photometric calibration and the
absolute photometric calibration is also improved, particu-
larly in crowded inner-bulge fields (Smith et al., in prep.).

In §2 and Appendix A we describe the data and the vari-
able star searches. §3 summarises our initial classifications
of the variable sources and their distribution on the sky. In
§4 we examine the YSOs, with emphasis on the timescale of
the rise to maximum light and the form of the light curve in
FUor-like events, and in section §5 we discuss the aperiodic
dipping giants. The dipping YSOs are presented fully in Ap-
pendix E. Similarly, a few noteworthy findings among other
types of variable star (LPVs, novae and unusual sources) are
summarised in §6 and discussed more fully in appendices F,
G and I. Microlensing events are discussed only briefly in
Appendix H. Our conclusions are given in §7.
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2 VVV(X) OBSERVATIONS AND DATABASES

2.1 Observations

The VVV and VVVX surveys employed the VISTA tele-
scope (Sutherland et al. 2015) at Cerro Paranal observatory
and the VIRCAM camera (Dalton et al. 2006), which houses
16 HgCdTe 20482 Raytheon infrared array detectors. From
2010–2015, VVV surveyed a region of the Galactic bulge
of at Galactic coordinates |` | < 10◦, −10◦ < b < 5◦ and
the adjacent southern Galactic disc at 295◦ < |` | < 350◦,
|b| < 2◦. The region is divided into filled 1.5×1.1 deg2 tiles,
each of which comprises six unfilled pawprint stack images.
The tiling pattern is such that most parts of the tile are ob-
served by at least two pawprint stack images within a few
minutes, with the two or more images of each star falling on
different arrays or widely separated parts of the same array.
VVV typically has between 50 and 80 epochs of observation
for each tile in Ks, with additional observations in the Z, Y ,
J and H filters at the beginning and the end of the survey.
The Ks observing blocks in the VISTA observing queue each
contained a group of four adjacent, slightly overlapping tiles
that could be observed in about an hour. From 2016-2022,
VVVX extended the survey to a larger area, whilst contin-
uing to take a few more epochs of Ks data in the original
VVV area, supplemented by some deeper J and H observa-
tions in the inner bulge. Ultimately, typical sources in the
VVV area have light curves comprising ∼200 Ks pawprint
stack-based measurements over the 2010-2019 interval.

The VISTA Ks pawprint stack images have a typical
spatial resolution of 0.75′′ but data from images with much
poorer seeing are retained in the VIRAC2 light curves. The
typical sensitivity limit is Ks ≈ 17.5 (Vega system) in rela-
tively uncrowded fields and the saturation limit is typically
in the range Ks = 11–12, with some variation depending on
the seeing, the array detector, the brightness of the back-
ground and the transparency. Brighter sources are often in-
cluded in the database, albeit with relatively few epochs of
data, taken in poor seeing conditions.

2.2 VIRAC2

Our searches for highly variable stars and transients mainly
used two preliminary versions of the VIRAC2 database,
VIRAC2-α and VIRAC2-β. The VIRAC2-α and VIRAC2-
β databases contain time series profile fitting photometry
taken in the 2010–2018 and 2010–2019 time periods, re-
spectively. The light curves presented herein are almost all
from VIRAC2-β, supplemented by additional saturation-
corrected photometry and photometry on stacked images in
cases where this was needed for bright or very faint sources
lying outside the single-epoch dynamic range of the survey.
VIRAC2-α light curves are presented only for a few poorly
sampled transients that were were not included in VIRAC2-
β because they were detected in fewer than ten pawprint
stack images. The DoPhot software (Schechter et al. 1993;
Alonso-Garćıa et al. 2012) was employed for the photometry
on each pawprint stack image. Photometric and astromet-
ric calibration were performed as part of the production of
VIRAC2 (Smith et al., in prep.). The absolute photometric
calibration of VIRAC2-β is anchored to the 2MASS Cat-
alogue of Point Sources (PSC) (Skrutskie et al. 2006) in a

region of the lower bulge having low extinction and negligible
source confusion, thereby circumventing absolute calibration
issues in crowded star fields of the inner bulge (Hajdu et al.
2020). This calibration was propagated across the VVV sur-
vey area via the field overlaps. VIRAC2-α was calibrated
using the VVV DoPhot-based catalogue of Alonso-Garćıa
et al. (2018), which provides ZYJHKs photometry averaged
over two epochs, ultimately calibrated to 2MASS PSC on a
per-field basis. The astrometric calibration of both versions
of VIRAC2 is anchored to the absolute reference frame of
the Gaia second data release (DR2).

VIRAC2-β benefits from a more sophisticated
detection-matching scheme for each source than VIRAC2-α,
allowing for proper motion and parallactic motion (Smith et
al., in prep). This led to a modest but useful increase in the
number of matched detections for a substantial minority
of sources, within the 2010–2018 time interval. However,
VIRAC2-β contains a small fraction of cases where two
adjacent stars were incorrectly matched as a single detec-
tion with high proper motion and/or large parallax. These
occasional mismatches required some additional effort to
remove false positive detections whilst making the searches
as complete as possible, (see Appendix A).

2.3 VVV 4th Data Release

An earlier search employed the SQL database of VVV tile-
based aperture photometry available in the 4th VVV Data
Release (VVV DR4), hosted at the VISTA Science Archive
(Cross et al. 2012, vsa.roe.ac.uk), supplemented by fur-
ther analysis using the VVV pawprint stack-based aper-
ture photometry for each candidate variable source (see Ap-
pendix A). VVV DR4 comprises aperture photometry taken
in the 2010–2013 time period, processed with version 1.3 of
the casutools VISTA data reduction pipeline (González-
Fernández et al. 2018). The 20 sources having ∆Ks > 4 mag
in the VVV DR4 light curves were all recovered by the later
VIRAC2-based searches. However, the VVV DR4 search was
extended to lower amplitudes (∆Ks > 3 mag), yielding a
somewhat larger number of discoveries (see §3.1).

2.4 Search methods

Details of how the above databases were searched for bona
fide large amplitude variable stars and transients are given
in Appendix A.

3 OVERVIEW OF RESULTS

In Table 1a we present the list of 222 bona fide variable
stars and transients with ∆Ks > 4 mag discovered by our
VIRAC2-based searches. Light curves for all these sources
are provided in catalogue and PDF forms in the Supple-
mentary Online Information. Of these, 162 (73 per cent) are
VVV discoveries, ∼14 per cent of which were previously re-
ported in VVV-based searches for novae (Saito et al. 2015,
2016a; Montenegro et al. 2015; Gutierrez et al. 2016), highly
variable stars of all types (CP17a, Medina et al. 2018)

MNRAS 000, 1–37 (2020)
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Table 1a. Table of 222 variable sources with ∆Ks ≥ 4 mag

No. VVV designation Other name RA Dec l b ∆Ks Median Ks Initial Time

(deg) (deg) (deg) (deg) classification baseline (yr)

1 VVV J114309.47-622113.2 175.78944 -62.35368 295.1032 -0.5243 4.0 15.29 YSO 9.38

2 VVV J114613.98-634714.2 OH 259.8-1.8 176.55824 -63.78728 295.80638 -1.82127 4.92 11.63 LPV 9.38
3 VVV J120447.85-622402.1 181.19936 -62.40058 297.55928 -0.01636 4.09 14.31 YSO 9.26

4 VVV J122054.04-623821.9 185.22516 -62.63942 299.43146 0.02459 6.91 15.42 YSO 9.52

5 VVV J123557.72-615111.9 188.99049 -61.85329 301.10763 0.96362 4.4 12.66 YSO 9.37
6 VVV J125457.41-610239.0 193.73920 -61.04417 303.35802 1.82466 4.31 16.09 YSO 9.47

7 VVV J130946.62-625648.6 197.44425 -62.94684 305.01539 -0.1493 >4.16 16.67 Sparse 1.12

8 VVV J131222.41-640905.4 VVV NV007 198.09336 -64.15151 305.21193 -1.37248 >9.37 14.80 CV 1.06
9 VVV J132049.76-623750.6 Nova Cen 2005 200.20735 -62.63073 306.30261 0.04851 4.56 14.21 CV 9.43

10 VVV J132550.28-620446.7 201.45949 -62.07963 306.94717 0.52363 4.02 15.38 YSO 9.40

...

Light curve Comment
description

(1) Eruptive YSO, 6 year slow rise from Ks≈16 to Ks≈12. Spectroscopically confirmed
(2) LPV. An OH/IR star, also noted in Medina et al. (2018)

(3) Eruptive YSO light curve, rose from 2010-2011 then faded slowly

(4) Eruptive YSO, very high amplitude, relatively fast decline. Spectroscopically confirmed. Spatially resolved circumstellar nebula.
(5) Likely YSO extinction event. Faded progressively after 2015. Located in HII region IRAS 12331-6134 & cluster [DBS2003] 78.

(6) Eruptive YSO. 2MASS Ks=14.13 Spectroscopically confirmed to be a YSO.

(7) Transient event in 2012, detected as faint source in 2013 Nature unknown.
(8) Peak of event was poorly sampled, later fading trend is clear. Classical nova candidate, Gutierrez et al. (2016)

(9) Event followed an 8 yr monontonic fade A known re-brightening event, Delgado et al. (2019)

(10) Eruptive YSO with a slow rise. 2MASS Ks=15.05 Spectroscopically confirmed
...

Note: Only the first 10 rows of the table are shown here, split into two sections. The full table is available in the online supplementary information. J2000
coordinates are calculated at epoch 2015.0 for all sources in VIRAC2−β but at epoch 2014.0 for sources 60, 103, 125 and 185, which were taken from VIRAC2−α
due to not being properly recovered in VIRAC2−β.

Table 1b. Two additional eruptive variable YSOs with 3 < ∆Ks < 4 mag.

No. VVV designation RA Dec l b ∆Ks Median Ks Initial Time

(deg) (deg) (deg) (deg) classification baseline (yr)

1 VVV J163637.94-474444.1 249.15809 -47.74558 336.94797 -0.312007 3.68 15.26 YSO 9.49

2 VVV J164011.76-484653.4 250.04901 -48.78151 336.57292 -1.44525 3.20 15.96 YSO 9.49

M
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and periodic variable stars (Guo et al. 2022)1, 2. Table 1
gives a running number for each source and any other name
by which the source is known, the VIRAC2 J2000 equatorial
coordinates of each source, a measurement of the amplitude
of variability (∆Ks), the median Ks magnitude, an initial
classification of the type of astrophysical source, a descrip-
tion of the light curve, a comment, and the time baseline in
years over which the source was detected in the VVV/VVVX
surveys. In Table 1a, ∆Ks is computed using flux measure-
ments that are averaged within 1 day time bins3 to reduce
measurement error, after rejecting any measurements with
discrepant VIRAC2 astrometry or a poor DoPhot fit to a
stellar profile (see Appendix A) and removing any measure-
ments that differ by more than 3σ from the mean in each
bin. A small number of sources have ∆Ks just under 4 mag as
measured in the binned light curves (see Appendix B for de-
tails) since the sparse sampling and finite sensitivity of VVV
would tend to cause the true amplitude of most sources to
be slightly under-estimated. Lower limits on ∆Ks are given
for sources that dropped out in part of the survey; these are
based on upper limits on source flux in images constructed
by stacking images in time groups, grouped by the calendar
year of observation.

The initial classification of each source is based on an as-
sessment of all available data, beginning with the light curve
morphology, near infrared and mid infrared colours (the lat-
ter from the Spitzer Galactic Legacy Infrared Mid-plane Sur-
veys, GLIMPSE I-II , Benjamin et al. 2003; Churchwell et al.
2009, and the Wide Field Infrared Survey Explorer, WISE,
Wright et al. 2010). We then considered any past studies, fol-
low up spectroscopy (for many of the YSO candidates, see
GSK23) source location and the parallax and proper motion
from Gaia Data Release 3 (DR3) and VIRAC2. Source lo-
cation can help to identify YSOs, if the star is projected in
a star formation region, but this method is less useful on
Galactic disc sightlines within 10◦ of the Galactic centre,
where indicators of star formation are ubiquitous in SIM-
BAD and in the WISE mid-infrared images. To test for lo-
cation in a star forming region, we employed the method as
described in CP17a and Lucas et al. (2017), but we treat the

1 In addition, 127 of the 222 variable sources appear in the ma-

chine learning-classified “VIVACE” list of 1.4 million periodic
VVV variable star candidates (Molnar et al. 2022), classified as

LPVs in almost all cases. However, 72 per cent of the 127 (i.e.

92 sources) are not in fact periodic variable stars. This suggests
that the VIVACE classification procedures had some difficulty

with aperiodic variable sources, which were not represented in the
training sets used in that work. The authors of that work noted

that some degree of contamination by aperiodic YSOs was ex-

pected in their catalogue; it now appears that other types of ape-
riodic variable source such as the novae and microlensing events

reported herein can also appear as contaminants, though YSOs

are likely to be the most numerous type.
2 For completeness, we note that 133 of the 222 variable sources
are included in a list of 45 million VVV variable star candidates
published by (Ferreira Lopes et al. 2020), based on the aperture
photometry in VVV DR4 (2010 to 2013 time series). Bona fide

variable stars are not clearly distinguished from the far more nu-
merous false positives in that database, nor given astrophysical
classifications, but it provides a basis for searches, like VIRAC2.
3 For source 185, ∆Ks was computed with the unbinned light

curve due to large intra-night variability of this brief transient.

results only as one indicator amongst several when assigning
initial classifications.

A period search was performed with elements of a soft-
ware pipeline developed to search the entire VIRAC2-β
database for periodic sources (Miller et al., in prep). For
sources in the present work, three period search methods
after first removing any overall linear trend: Phase Disper-
sion Minimisation (Stellingwerf 1978, specifically the PDM2
code), Lomb Scargle (Scargle 1982), Conditional Entropy
(Graham et al. 2013) and selects the one that best fits the
data. For this work, periods were confirmed by visual in-
spection of the light curves and independently confirmed
by a novel machine learning procedure that computes a
false alarm probability (Miller et al., submitted) after being
trained to distinguish between aperiodic and periodic light
curves. Periods of LPVs are given in Appendix F and the
one other periodic source is discussed in Appendix E. Source
location can help to identify YSOs, if the star is projected
in a star formation region, but this method is less useful on
Galactic disc sightlines within 10◦ of the Galactic centre,
where indicators of star formation are ubiquitous in SIM-
BAD and in the WISE mid-infrared images. We employed
the method as described in CP17a and Lucas et al. (2017),
but we treat the results only as one indicator amongst sev-
eral when assigning initial classifications.

Our initial classifications break down as follows: 70 CVs,
40 YSOs, 38 microlensing events, 35 LPVs, 21 sources that
we call “dipping giants”, 10 sources that we classify as “un-
usual” and eight transients denoted “sparse”, where there
are too few detections over time to attempt an astrophysi-
cal classification. We discuss each of these classes below in
turn.

Figure 1 shows the spatial distribution of all the sources
in Galactic coordinates, with the VVV survey area indi-
cated. The YSOs are fairly uniformly spread along the mid-
plane of the inner Galactic disc. Most YSOs (35/40) lie at
Galactic latitudes |b| < 1◦, as expected for a young popu-
lation with a small Galactic scale height. By contrast, CVs
are more concentrated in the VVV bulge region, especially
the inner bulge. Microlenses are even more strongly concen-
trated in the bulge, consistent with past optical surveys such
as OGLE (Wyrzykowski et al. 2015) and prior work using
VVV (Navarro et al. 2018, 2020a,b).

The dipping giants stand out as a very tight cluster of
21 points near the Galactic centre, most of them projected
in the Central Molecular Zone of the Milky Way that lies be-
tween longitudes 358◦ and 2◦. At first, there were three pos-
sible interpretations of these sources: YSOs with long-lasting
dips like AA Tau (Bouvier et al. 2013; Covey et al. 2021),
giant stars undergoing unusually strong dimming by circum-
stellar dust, or eruptive YSOs (in cases where the VVV light
curve morphology was ambiguous). However, spectroscopy
of seven of these sources (see GSK23) and use of photom-
etry from earlier surveys (see §5) helped to distinguish gi-
ant stars from YSOs and resolve the nature of ambiguous
light curves: such sources are assumed to be undergoing a
dip in VVV if they were bright in earlier surveys. In some
cases there is supporting evidence of variable reddening from
the VVV multi-filter observations. Moreover, the recognition
that the Central Molecular Zone has a very high surface den-
sity of molecular cloud cores and clumps (e.g. Parsons et al.
2018) helped us to remove YSO status for some sources lack-

MNRAS 000, 1–37 (2020)
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Figure 1. Spatial distribution of variable sources in the ∆Ks > 4 sample. The vertical scale is stretched for clarity. The ”dipping giants”
show a strong clustering towards the Nuclear Disc of the Milky Way. VVV survey boundaries are indicated with black lines.

ing spectroscopic data that are projected adjacent to one or
more cloud cores.

Given the spectroscopic evidence for evolved status of
seven sources we opt for a giant star classification for dip-
ping sources near the Galactic centre that presently lack
spectra in all but one case (source 134) where YSO status is
supported by a previous study, see §4.3. In total we classify
eight sources with long-lassting dips as YSOs but only source
134 is projected in the nuclear disc. The dipping giants are
discussed further in §5 and in GSK23.

The LPVs are spread along the Galactic mid-plane but

with a greater concentration towards the inner Galaxy than
the YSOs. This is consistent the Akari-based study of Ishi-
hara et al. (2011), which was sensitive to LPVs at all Galac-
tocentric radii and quantified the high concentration of O-
rich LPVs in the inner Galaxy, where the more uniformly
spread C-rich LPVs are greatly outnumbered.

Interestingly, the eight sparsely sampled transients (see
lower right panel of Figure 1) are spread along the mid-
plane (7/8 lie at |b| < 1◦) in a manner that appears different
to the bulge-centric CV and microlens spatial distributions.
This suggests that this group might not simply be comprised
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of poorly sampled examples of those two classes of variable
sources. Finally, the 10 “unusual” sources are a very hetero-
geneous group, some of which have previously been studied
in detail (see Appendix I) so their distribution has little
meaning.

Table 1b lists two eruptive YSOs with amplitudes in
the 3 to 4 mag range that were removed from Table 1a at
a fairly late stage, after undertaking spectroscopic follow up
(see GLK23), when it was recognised that the amplitudes of
the light curves were significantly below the 4 mag threshold
after 1-day binning with 3σ rejection of outliers. In the case
of VVV J164011.76-484653.4, hereafter VVV 1640-4846, the
YSO is embedded in a compact nebula so the VIRAC2-β
photometry were replaced with aperture photometry (aper-
ture diameter 1.414′′) using a carefully selected background
annulus.

3.1 DR4 sources with ∆Ks > 3

Our search of the public DR4 release for sources with ∆Ks >

3 mag (see §2.3) yielded 105 sources. These 105 sources are
listed in Table C1 in Appendix C, in the Online Supplemen-
tary Information. They are denoted with the prefix“DR4 v”,
consistent with Guo et al. (2021). Of the 105, the 20 with
∆Ks > 4 in the DR4 aperture photometry data were all re-
covered in the VIRAC2-based searches. A further 15 have
∆Ks > 4 in the deeper VIRAC2 Gaia-based data so 35 of
the DR4 sources are also listed in Table 1a. We very briefly
discuss the 70 DR4 sources with Ks = 3 to 4 mag in order to
provide some information about the types of sources seen,
since a general ∆Ks > 3 mag search has not yet been done
with VIRAC2. Our initial classifications break down as fol-
lows: 23 YSOs, 22 LPVs, 1 CV (nova candidate VVV-NOV-
012, Saito et al. 2016a), 15 microlenses, five listed as unusual
and four in the sparse category. We see that, as expected,
there are larger proportions of YSOs and LPVs and a much
smaller proportion of CVs with measured amplitudes in this
range than in the VIRAC2 ∆Ks > 4 sample.

Spectroscopic follow up and analysis of 15 eruptive YSO
candidates from this ∆Ks > 3 mag set was undertaken in
2019 (see Guo et al. 2021). Three eruptive YSO candidates
in the DR4 list were noted earlier in CP17a and followed up
in CP17b.

4 YOUNG STELLAR OBJECTS

The 40 YSOs in Table 1a comprise 32 eruptive YSOs and
eight systems with dips that appear to be due to variable
extinction. Our main focus in this work, and in GSK23, is
the eruptive YSOs. The 32 eruptive systems have some vari-
ety in light curve morphology but 20 (63%) can be broadly
described as“classic”eruptive YSO events. These have a rea-
sonably smooth rise from a faint state to a bright state that
then lasts for at least several years, i.e. continuing after the
end of the VVV survey, though some fade by > 1 mag during
that time4. Nine eruptive systems have more irregular and
diverse light curves, see § 4.2.

4 Source 165 had a smaller burst two years before the main event

and source 15 shows slightly more complicated behaviour after the

A further three eruptive systems may well have been of
the classic type: these are cases where the outburst reached
maximum in 2010, or earlier, so there was little or no sam-
pling of the rise by VVV and the high amplitude is due to
fading of the outburst by several mag within the 2010 to
2019 time period. Such a rapid rate of decay is faster than
the three historical sources often called the “classical FUors”
(FU Ori, V1057 Cyg and V1515 Cyg, see e.g. Hartmann &
Kenyon 1996) but within the range of the 20 classic VVV
events where the rise was observed, as shown by recent pho-
tometry in GSK23. These three systems are source 19 (=
WISEA J142238.82-611553.7, Lucas et al. 2020, noted for
its ∼8 mag outburst), source 47 (= VVVv717, which has
a FUor spectrum, see CP17b) and source 84, which lacks
spectroscopic data.

The two slightly lower amplitude eruptive variables
listed in Table 1b comprise one classic eruptive system,
VVV 1640-4846, and one irregular system, VVV J163637.94-
474444.1 (hereafter VVV 1636-4744). The latter is one
of the few irregular systems having spectroscopic follow
up (GSK23) and our analysis of classic eruptions includes
several other spectroscopically confirmed lower amplitude
events so these two are discussed along with the rest.

4.1 Classic outbursts

A key finding of this work is that high amplitude outbursts
with a long duration typically have a slow rise over ∼2 yr or
more, contrasting with the classical FUor systems FU Ori
and V1057 Cyg where the rise time was only about 6 months
(FU Ori, see Kenyon et al. 2000) or 13 months (V1057 Cyg
Herbig 1977). In Figure 3 (left panel) we plot the rise time of
the outbursts against amplitude for the 20 classic outbursts
in Table 1a and a further 12 spectroscopically confirmed
VVV discoveries with classic morphology and amplitudes in
the 2 to 4 mag range, drawn from Table 1b, Table C1 and
CP17b, see Guo et al. (2021, 2020) and CP17b for spectra
and VIRAC2 light curves of the Table C1 sources and earlier
discoveries. Here we measure the rise time from the begin-
ning of the outburst until the bright plateau or turnover is
reached, neglecting any short timescale/low amplitude scat-
ter in the faint state or the bright state. Due to the sparse
VVV sampling there is some uncertainty in the rise times
but the error bars encompass the plausible range of values
based on visual inspection. The numerical data are given in
Table 2, along with a fitted rise timescale, Tf it , see below.
We see that the typical rise time is 600 to 1000 d, though
in some cases it is ∼2000 d or more and in a smaller num-
ber of cases it is only ∼200 to 400 d. Given that the FUor
V1515 Cyg had a rise time of at least 15 years (see Figure
3 of Hartmann & Kenyon 1996), we should not be surprised
that some outbursts in the sample did not reach a maximum
within the VVV/VVVX surveys.

We inspected the literature on long duration out-
bursts, for which a helpful list was compiled in Connelley
& Reipurth (2018). While most past eruptions have little
photometry during the rise to maximum, useful (optical)
data exist for V2493 Cyg (=HBC722), V2775 Ori (=CTF93

initial rising stage but we include these in the ”classic outburst”

group despite these differences.
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Figure 2. Light curves of the “classic” long duration outbursting YSOs. Examples fits to the rising portion of the light curves are shown
for source 33 (using equations 1a and 1b) and for source 10 (using equation 1a only), see main text.

216-2), V582 Aur and V960 Mon, in addition to the three
classical FUors mentioned above. The rise times from quies-
cence to the bright state are: 2 months (V2493 Cyg), < 18
months (V2775 Ori), 1 yr (V582 Aur) and ≤ 8 months (V960
Mon), based on reports by Semkov et al. (2012), Caratti o
Garatti et al. (2011), Semkov et al. (2013) and Hackstein
et al. (2015), respectively. These four rise times, like those
of FU Ori and V1057 Cyg, are somewhat faster than is typi-
cal of the VVV sample. These six previously reported events
are relatively bright at optical wavelengths, excepting only
V2775 Ori which Connelley & Reipurth (2018) argue suffers

high reddening simply due to location at the back of the
L1641 cloud rather than an earlier evolutionary status. It is
possible that the slower rise times seen in the near infrared
reflect a difference between optical and infrared measure-
ments, if the accretion burst is detected at an earlier stage
in the infrared, at lower disc temperatures, and only later be-
comes obvious in the optical as the temperature rises further.
For example, this occurs naturally in models where FUor
outbursts are due to sudden triggering of magneto-rotational
instability in the dead zone and the outburst then propa-
gates inward through the disc (Cleaver et al. 2023). How-
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Figure 2 - continued. Light curves of the “classic” long duration outbursting YSOs.

Figure 3. Rise time plotted against amplitude (left panel) and outburst duration (right panel) for 32 classic events drawn from this

work and earlier VVV discoveries. Typical rise times are 600 to 1000 days, though there are faster rises and slower rises. Durations are
typically lower limits since the events continued beyond 2019.
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Table 2. Rise times and spectral indices of 32 classic outbursts

Source Amplitude Duration Rise Rise Time Tf it α

(mag) (d) Time (d) Error (d) (d)

1 3.9 ≥3000 2200 50 768 0.47

3 ≥4.1 ≥3000 ≥150
4 6.2 ≥1900 800 50 812 0.04

6 4.0 ≥1500 800 50 608

10 4.0 ≥2300 1550 350 909 -0.58
13 4.1 ≥800 650 50 501

15 4.8 ≥2200 1025 75

18 4.0 ≥2700 800 50 461 -0.35
25 3.3 ≥2300 700 50 676

33 4.2 ≥3650 800 100 706 -0.28

37 ≥4.3 ≥3400 ≥700 0.55
41 ≥3.7 ≥2900 ≥1000

73 ≥3.9 ≥3300 ≥500 0.39
78 4.6 ≥2100 600 50 425

93 4.5 ≥2500 400 50 163

95 5.3 ≥2300 1350 50 997
165 4.3 ≥1200 650 150 340

167 5.7 ≥1700 950 50 700 1.26

192 4.8 ≥1100 600 100 449
210 3.6 ≥1200 300 200

VVV 1640-4846 3.1 ≥2500 1700 50 796

Stim 5 ≥3.8 ≥3500 ≥700 -0.27
DR4 V10 ≥3.6 ≥3437 ≥1000

DR4 V15 3.6 ≥3000 800 50 969 -0.01
DR4 V20 ≥3.3 ≥2913 ≥800 -0.12

DR4 V34 3.6 ≥2904 600 50 -0.23

V270 3.7 ≥3000 900 100 753 0.26
V322 3.0 1700 225 7

V721 ≥3.0 ≥3500 ≥1900 0.4

V631 2.6 ≥3300 1700 50
V800 ≥2.2 ≥1300 800 150 748 0.68

Stim 1 ≥2.5 ≥3500 ≥2300 0.31

Note: the Ks amplitudes in column 2 exclude short timescale variability so they are a little less than the ∆Ks values in Table 1a.

Figure 4. Distribution of spectral indices for 16 classic eruptive
variables.

ever, for the more recent FUors Gaia 17bpi and Gaia 18dvy
(Hillenbrand et al. 2018; Szegedi-Elek et al. 2020), inspec-
tion of the Gaia Alerts data (Kostrzewa-Rutkowska et al.
2020; Hodgkin et al. 2021) shows that these had total opti-

cal rise times of ∼900–1200 d (Gaia 17bpi) and almost 700 d
(Gaia 18dvy), in the same range as the near infrared data
for the VVV sample.

In view of these two recent Gaia discoveries, we cannot
be certain that the slow infrared rise times seen in the VVV
sample are different to those of optically bright, optically
measured events. The slightly faster rise times of the six his-
torical outbursts mentioned above may simply reflect small
number statistics rather than a real distinction between op-
tical and infrared measurements, or a difference between op-
tically bright events and embedded systems.

In this context it is perhaps significant that there ap-
pears to have been a slower rise in the mid-infrared than the
optical in Gaia 17bpi and Gaia 18dvy (Hillenbrand et al.
2018; Szegedi-Elek et al. 2020), interpreted as evidence for
inward propagation of the disc instability. At present, we
tend to the view that either (i) there is a genuine difference
in optical and infrared rise timescales in individual erup-
tive YSOs due to the different temperature sensitivities of
the wavebands, or (ii) the faster optical timescales in most
historical outbursts are a fluke of small number statistics.
Whilst the embedded nature of the VVV systems might
also be significant, it is unclear whether these sources are
truly at an earlier evolutionary stage than optically bright
FUors. Historical FUors are typically associated with large
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amounts of circumstellar matter, seen in the far infrared and
mm wavebands (Green et al. 2013; Fehér et al. 2017) so their
less embedded nature may simply be due to the lower fore-
ground interstellar extinction towards nearby star forming
regions or better clearing of circumstellar material along the
individual the lines of sight by the stellar wind.

The spectral index, α, measured at a time prior to the
outburst for 15 systems is given in Table 2 and Figure 4. This
was measured using either 3–22 µm WISE photometry from
2010 (preferred if available and pre-outburst) or 3–24 µm
Spitzer photometry otherwise.5 (VVV Ks photometry were
excluded in order to reduce the potentially significant effect
of foreground extinction in the Galactic plane, see CP17b).
We also include the index for a sixteenth system, source 37,
which appears to have been in the early stages of the rise at
the time of the measurement in 2010. The mean spectral in-
dex is α = 0.16, or 0.13 if source 37 is excluded, and (14/16)
systems fall in the Class I category (α > 0.3) or Flat Spec-
trum category (-0.3 < α < 0.3), see Greene et al. (1994).
Most historical FUors lack a measurement of the spectral
index in the quiescent state, preventing a direct compari-
son between optically bright and embedded systems. These
data are therefore a useful indicator of the evolutionary stage
of the progenitors of classic outbursts, for cases where the
system is not too deeply veiled to be detected in the near
infrared. The systems lacking a spectral index due to non-
detection in the [24] and W4 passbands were in most cases
veiled from view by strong nebulosity gradients or blend-
ing, so their spectral energy distributions (SEDs) cannot be
assumed to be bluer.

The morphology of the Ks light curves in the rising
phase of classic outbursts can be described as a rise that
begins slowly, accelerates to a faster, approximately con-
stant rate of increase and then changes slope abruptly as
the bright state is reached. There is some variation here:
a minority of light curves show a gradual decline in gra-
dient as the rise approaches the bright state, rather than
an abrupt change. An example of this ”S-shaped curve of
growth” (to borrow a term from economics) is found in
source 10, which rises asymptotically towards maximum
light over several years (making it hard to define when the
bright state is reached). Other examples are source 165 and
perhaps sources 6, 95 and VVV 1640-4846, though the sam-
pling is too sparse for certainty in these last three cases.
Gaia 18dvy has a sufficiently well-sampled Gaia light curve
to inform this topic: the outburst has the characteristic slow
start over ∼400 d, followed by a fast linear rise to within ∼0.5
mag of peak brightness over ∼200 d, but the final stage of
the rise then proceeds at a more gradual rate over ∼ 100 d.
Given the sparse VVV sampling, a similar brightening pro-
file to Gaia 18dvy is certainly possible in many cases. Finally,
we note that source 167 lacks the slow start and shows an
approximately linear rise from quiescence to the bright state.

In Figure 3 (right panel) we plot the rise time against

5 Bright and highly structured nebulosity is typically not well
handled by photometric pipelines so it was necessary to visually

inspect the images from WISE, GLIMPSE I-II, MIPSGAL (Rieke

et al. 2004; Carey et al. 2009) and VVV in order to verify cata-
logued detections, many of which have warning flags, and remove

any sources where the data were compromised by blending.

total duration, though almost all of these outbursts were on-
going at the end of the VIRAC2 time series so the durations
are typically lower limits. We see that the outbursts typically
have a total duration of at least several years, though the
decay rates vary considerably between systems (discussed
further in GLK23). In terms of duration then, these high am-
plitude outbursts appear to match the expectation for FUor
events. In GSK23 we confirm spectroscopically that most of
the highest amplitude classic events are indeed FUors, the
remainder being eruptive YSOs of other types. Only sources
3 and 41 presently lack spectra. The companion paper by
Contreras Peña et al. (submitted) includes a small subset of
the high amplitude sample presented here, likewise noting
their long outburst durations in comparison with lower am-
plitude events, which have a spread of durations (as seen in
Guo et al. 2021 also).

For 18 sources in Table 2 where the full rise was ade-
quately sampled from quiescence, we fitted the source mag-
nitude, m(t), during the rising portion of the outbursts with
the following formalism:

m(t) = mq −
s

1 + e−(t−t0)/τ t < t0 (1a)

m(t) = mq − s(0.5 + 0.25(t − t0)/τ) t0 ≤ t ≤ t0 + 2τ (1b)

where mq is the quiescent magnitude, s is the amplitude of
the outburst, t0 is the time at which the source has bright-
ened by 0.5s and τ is the e-folding timescale. With this form,
the bright state is reached at t = t0 + 2τ, at which point,
m(t) = mq − s. To aid the fitting of τ and t0, we fixed mq

and s and discarded data at t > t0 + 2τ and data taken
more than 1–2 yr before the rise began (which otherwise
had a tendency to dominate the fit due to denser VVV sam-
pling in 2012-2013 than later years). Levenberg Marquardt
fitting was performed with the Python lmfit package and
the piecewise routine in Numpy. Sources that were better
described by an S-shaped curve of growth (sources 10, 165,
6 and 95) were fitted using equation 1a for all times, up to
the end of the VIRAC2-β time series. Examples of these fits
are shown in Figure 2.

Figure 5 shows the distribution of rise times resulting
from these fits, plotted as a histogram of Tf it = 4τ. Using
the form in equations 3a and 3b, the time interval Tf it , from
t0 −2τ < t < t0 +2τ, encompasses most of the rise amplitude,
specifically 0.88s. When using equation 3a only, for an S-
shaped rise, this time interval corresponds to 0.76s, whereas
for a linear rise, Tf it corresponds to the full rise, s. We see
that the timescale represented by Tf it is typically between
400 and 1000 days, with the peak at 600 to 800 days. The
distribution and this typical timescale are broadly consis-
tent with the 600-1000 day typical rise time found by vi-
sual inspection, given that (i) the full rise does take longer
than Tf it and (ii) three of the slowest rises plotted in Figure
3 are lower limits, and therefore not fitted. However, rise
times longer than 1000 days are more significantly under-
represented by the Tf it . GLK23 use piecewise linear fits to
describe the full outbursts and come to similar conclusions
about the rise timescale.
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Figure 5. The distribution of the fitted rise timescale for the

classic outbursts. The quantity Tf it = 4τ encompasses most of

the rise (see main text) so it gives a similar but slightly shorter
timescale than the full rise timescales plotted in Figure 3, which

were estimated from visual inspection.

4.2 Irregular Eruptive Behaviour

In Figure 6 we show the light curves of nine eruptive vari-
able YSOs that display irregular outbursts and three (in
the bottom row) that show fading behaviour within VVV
because the start of the outburst was missed. Eight of the
nine irregular outbursts in Figure 6 are drawn from Table 1a
and one slightly lower amplitude system, VVV 1636-4744,
is drawn from Table 1b. Most of these lack spectra and are
not discussed in GLK23 so we discuss individual sources in
slightly more detail here than in the previous section. A
tenth irregular outburst, in source 148 is not shown here.
That system displays strong periodic oscillations atop a ris-
ing trend, somewhat resembling the recent outburst of LkHα
225 South, also known as V1318 Cyg South (Hillenbrand
et al. 2022), (Magakian et al. 2019). Source 148 is discussed
further in GLK23, where a spectrum confirming its nature
as an eruptive YSO is presented.

The light curves of the six sources plotted in the upper
two rows of Figure 6 (sources 32, VVV 1636-4744, 55, 72,
77 and 164) have some visual resemblance to each other.
There are signs of two or more photometric outbursts, or at
least two times when each source is relatively bright (though
this is unclear in source 77) and significant variability on
short timescales (< 100 d). None of these six sources have
a detection in 2MASS PSC, indicating that they were rel-
atively faint at the time of that survey. This supports the
view that the variability is mainly due to accretion driven
luminosity increases from a faint state rather than a reduc-
tion in luminosity due to variable extinction. However, we
consider VVV 1636-4744 and source 72 to be ambiguous
cases. In VVV 1636-4744 this is because the 2MASS images
shows signs of an uncatalogued, heavily blended detection
at Ks ≈ 14–14.5, slightly brighter than the mean brightness
level for this source, based on visual comparison with adja-
cent sources. In source 72 it is simply that the VVV Ks light
curve morphology is ambiguous and there is little additional
information in other bandpasses. We note that the presence

of rapid variability, in addition to larger inter-year variabil-
ity, is also seen in source 120 (=DR4 V67, Guo et al. 2021)
and resembles that seen in the “multiple timescale variables”
(MTVs) reported in Guo et al. (2020, 2021).

Only two of the six sources mentioned above have spec-
tra (see GLK23). Source 32 displays an “outflow domi-
nated” spectrum6, with exceptionally strong H2 emission
lines, whereas VVV 1636-4744 (observed in an intermedi-
ate state of brightness with a modest signal to noise ra-
tio) has fairly strong Brγ emission and a red continuum,
consistent with a veiled YSO undergoing magnetically con-
trolled accretion. There is no useful data on the near in-
frared colour changes of these sources (all of which have
red 1 to 5 µm SEDs): in most cases VVV detected them
only in the H and Ks filters, with only one H band de-
tection and non-detections at other times when they were
fainter. The WISE unTimely and NEOWISE data are use-
ful for sources 32, 77 and 164, see Supplementary Informa-
tion (sources VVV 1636-4744, 55 and 72 are blended with
brighter neighbours in the ∼6′′ WISE beam). Sources 32 and
77 become bluer when they are brighter, with magnitude
changes approximately in the ratio ∆W2/∆Ks = 0.25 and
0.52, respectively (with some uncertainty since the measure-
ments are not quite contemporaneous). Source 164 becomes
redder when it is brighter, with ∆W2/∆Ks ≈ 1.7. According
to Wang & Chen (2019) the expected ratio in the case of
variable extinction is ∆W2/∆Ks = 0.33, based on measure-
ments of Cepheids with high extinction (Chen et al. 2018).
Only source 32 has colour variations close to this ratio and
the exceptionally strong H2 emission indicates the presence
of a strong molecular outflow or disc wind, implying a high
time-averaged accretion rate. Hence the available data tend
to support an accretion driven origin for the variability of
these systems.

Sources 42 and 48 display only relatively brief outbursts.
In VVV the decline timescales were ∼100 d but the rise and
the photometric maximum were not sampled. For source 42,
WISE provides data for the second outburst sampled by
VVV, at MJD=57925 (see Appendix D) indicating a dura-
tion of 1 yr. There is evidence for earlier outbursts of source
42: the 2MASS survey measured Ks = 13.52 in 1999 and
the Spitzer GLIMPSE survey in 2003 measured I2 = 9.58
at 4.5 µm, similar to the WISE/unTimely measurement
W2 = 9.48 at 4.6 µm during the outburst in 2017. The decline
of the first outburst sampled by VVV displayed a brief ∼0.5
mag re-brightening within the decline (see inset in Figure 6).
In source 48, four outbursts are seen in the WISE unTimely
data, each observed at a single unTimely epoch (two with ∼2
mag amplitude in W2 and two with ∼1 mag amplitude), in-
dicating that the durations were of order 6 months. Among
previous VVV discoveries, only VVVv118 shows somewhat
similar behaviour (CP17b, Guo et al. 2020) though in that
case the duration of the outbursts was only ∼50 d.

Figure 7 illustrates the variability of the eruptive YSOs

6 Outflow dominated spectra have been seen in several VVV

YSOs with high amplitude variability (Guo et al. 2021). While
these lack the HI recombination lines and the CO emis-

sion/absorption associated with classical EXors and FUors, many

of these are thought to be cases of accretion-driven eruptive vari-
ability. GLK23 discuss further the relation between outflow dom-

inated spectra and light curve morphology.
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Figure 6. Light curves of the nine irregular outbursting YSOs (upper three rows) and three others (bottom row) that mainly show a
fading trend in VVV. An inset is included for source 42, to better illustrate the rapid variation of the first outburst of that source.

as a function of time baseline, comparing 21 classic outbursts
(grey dashed lines) with the six irregular eruptive systems
in the upper two panels of Figure 6 (solid blue lines) and
sources 42 and 48 (solid purple lines). These plots are con-
structed by computing the r.m.s. variability (upper panel)
or maximum variability (lower panel) over all pairs of Ks

points, mi , m j , in each light curve and binning the results
in 0.5 dex bins in the logarithm of time baseline. The r.m.s.
variability was computed using the cleaned VIRAC2-β light
curves and the uncertainty in each value of (mi − m j )2 was
subtracted from the mean square variability in order to de-
bias the result. The maximum variability vs. time baseline

(also called the“accumulation function”, see Guo et al. 2020)
is a useful alternative for the sparsely sampled VVV light
curves. This was computed using the 1-day binned light
curves plotted in this work in order to reduce the effect of
individual 2–3σ outliers.

We see that the six irregular systems and the two fast
eruptive systems tend to have more variability than classic
outbursts on timescales up to 100 d. The irregular outbursts
generally show maximum brightness changes of 1 mag or
more on a 100 d timescale (Figure 7, lower panel). The vari-
ability of the classic outbursts rises sharply on baselines from
100–1000 d. Source 42 displays the largest r.m.s. variability
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Figure 7. Variability of eruptive YSOs as a function of time

baseline. The 21 classic outbursts from plotted in Figure 3 (grey
dashed lines) are compared with the 6 sources with “irregular”

light curves (blue lines) in the upper two rows of Figure 7 and

two “fast” sources (sources 42 and 48, purple lines) also shown in
Figure 7. (Upper panel): r.m.s. variability of the unbinned light

curves from 0.1 d to 1000 d. (Lower panel): maximum variability

of the 1-day-binned light curves, over time baselines from 1 d to
1000 d. It can be seen that the irregular and fast eruptive systems
tend to have more variability than classic outbursts on timescales
up to 100 d.

on 2 d to 300 d time baselines, though this is partly due to
the good sampling of the first outburst seen by VVV. Source
93 stands out slightly from the other classic outbursts over
30 d to 100 d time baselines due to the unusually fast rise
time of the event (see Figure 2).

YSOs having irregular high amplitude accretion-driven
behaviour clearly require further study and spectroscopic
follow up, as do the MTVs reported in Guo et al. (2020)
and Guo et al. (2021). There appear to be two main types
of these irregular light curve: those with repeating outbursts
that last less than 1 yr (sources 42, 48 and VVVv118) and
those those with both intra-year and inter-year variability.
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Dipping Giants

Figure 8. Locations of the 18 dipping giants in the Nuclear Disc.

A 19th case is plotted at l = 3.1◦ and two others lie a little further
from the Galactic centre, at (l,b)=(350.7◦,-1.2◦) and (8.2◦,-0.2◦),

respectively.

4.3 YSO Extinction Events

In eight YSO candidates there is good evidence that the
variability is due to changing extinction. Further details and
light curves are shown in Appendix E. We highlight one case
of special interest: source 207 appears to resemble KH 15D
(=V582 Aur, Herbst et al. 2002; Chiang & Murray-Clay
2004), a system wherein the two bright components of a bi-
nary YSO are extinguished by a circumbinary ring for much
of their orbits but each becomes visible in alternation at
certain phases.

5 DIPPING GIANTS IN THE NUCLEAR DISC

As discussed in §3, we classify 21 sources as dipping gi-
ants. Of these, 18/21 are projected in the Nuclear Disc of
the Milky Way, see Figure 8, a structure roughly coincident
with the Central Molecular Zone, with radius 220 pc and
scale height ∼45 pc, corresponding to Galactic longitudes
358.45◦ < l < 1.55◦, and scale height ∼0.3◦ (Launhardt et al.
2002; Fritz et al. 2021). The Ks light curves of the 21 sources
are shown in Figure 9. They are very diverse but all can be
described as a single, apparently aperiodic flux dip with a
duration of at least a year. In fact most of the dips either
started before or ended after the 2010 to 2019 VIRAC2 time
baseline. Only 6/21 dips can be said to be fully contained
within the time series.

A cross match to 2MASS PSC and the United Kingdom
Infrared Deep Sky Survey Galactic Plane Survey (UKIDSS
Lawrence et al. 2007; Lucas et al. 2008) finds that 18/21
sources were detected in a bright state by one of the two
surveys some years prior to the VVV survey (i.e. close to or
brighter than the brightest VVV Ks measurements). This
helps to verify that we are indeed observing dipping events
rather than photometric outbursts. N.B. non-detection in
2MASS PSC is sometimes due to source confusion in this
region, which also increases scatter in the photometry of
detected sources. 2MASS PSC typically reports magnitudes
slightly brighter than either UKIDSS or the brightest VVV
measurement for the same source in this set, most likely due
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Figure 9. Light curves of the dipping giants

to blending. Only 16/21 sources lie in the UKIDSS footprint
but 14/16 were in a bright state in 2006 or 2007.

GLK23 present near infrared spectra of seven of the
dipping giants (sources 130, 144, 145, 149, 154, 168, 172),
six of which were taken during the bright state after the
dip had ended. All of these are late-type giant spectra suf-
fering high infrared extinction, such that high quality data
were obtained only at λ > 2 µm. The initial analysis in that

work suggests that these are O-rich stars on the Asymp-
totic Giant Branch (AGB). The high foreground extinction
towards the 21 sources is further evidenced by their very
red (H − Ks) colours. In Figure 10 blue points are plotted
for 20 sources, corresponding to data taken near maximum
brightness within the VIRAC2 time series. The 11 red points
correspond to data taken at the faintest available multi-filter
detection in each light curve, the remaining sources lacking
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Figure 9 - continued. Light curves of the dipping giants.

a second detection in H. A reddening vector is also plotted,
based on the Wang & Chen (2019) extinction law, showing
that the colour-magnitude changes are approximately con-
sistent with changes in extinction due to sub-micron-sized
dust grains.

Mid-IR colours from Spitzer/GLIMPSE-II and
GLIMPSE-3D, where available, are plotted in Figure 11.
These were measured prior to the dips observed by VVV.
The very high foreground extinction prevents us from
distinguishing O-rich and C-rich AGB stars via the colours
but we see that only a minority (6/19) of the sources in
the left panel have [3.6] − [4.5]> 1. The very red colours of
this smaller subset suggest the presence of hot dust close
to the photosphere. However, no source has [4.5] − [8.0]> 1
(the threshold for extremely dusty AGB stars and other
intrinsically red sources listed in Robitaille et al. 2008).
None are detected in the Spitzer MIPSGAL survey or the
far-infrared Herschel Hi-Gal survey (Molinari et al. 2010;
Elia et al. 2017), and there is only one detection at 22 µm
in WISE (source 91, W4=1.2). This indicates that there

is no large mass of cooler dust in almost all cases. There
is little other useful data from the WISE satellite and the
associated unTimely light curves, owing to severe source
confusion.

The VIRAC2 proper motions in Galactic coordinates
have a cluster around µl = −7 mas/yr, µb = −3 mas/yr
(not shown). The V and W components of Galactic velocity
can be closely approximated by adopting the Galactic centre
sky coordinates for these sources so that the velocity compo-
nents could be determined simply from the proper motions,
assuming d = 8 kpc. The V component (parallel to Galactic
rotation in the solar neighbourhood) is then typically be-
tween 200 and 300 km/s, suggesting locations on the near
side of the Nuclear Disc and consistent with typical Nuclear
Disc stellar motions measured by VIRAC2 (Sormani et al.
2022) for the Nuclear Disc stars in the spectroscopic sample
of Fritz et al. (2021). However, some sources have discrepant
velocities: larger V components or significantly negative W
(vertical) components. The larger V motions (−14 mas/yr
< µl < −12 mas/yr) are at the edge of the distribution in the
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Figure 10. Ks vs. H − Ks colour-magnitude diagram for 20 of

the dipping giants. Blue points correspond to the brightest avail-
able epoch of multi-filter VVV data. Red points show the faintest

available VVV epoch, plotted for 11 sources. Elements of a pair

are connected by dashed lines. The changes are roughly parallel
to the extinction vector.

model of Sormani et al. (2022) but velocities W < −200 km/s
(µb < −5 mas/yr) are hard to explain, suggesting there may
be errors in the proper motions due to source confusion.

Variability due to changing extinction by circumstellar
matter is often seen in pulsating dusty Mira variables. In
these stars, mass loss is attributed to radiative pressure on
dust grains that form in the outer layers of the stellar atmo-
sphere (and above the photosphere) and drag the gas along
with them. Pulsations and convection are thought to as-
sist the process by providing an initial upward motion and
causing shocks to form, creating high density regions that
enhance dust formation (Höfner & Olofsson 2018). This pro-
cess is inherently three-dimensional, a fact confirmed by re-
cent simulations (Freytag & Höfner 2023) and several high
resolution observations at infrared and radio wavelengths
(see e.g. Adam & Ohnaka 2019; Matthews 2023). Conse-
quently, ejection of “dust puffs” can be directional, provid-
ing an explanation for the deep aperiodic dips occasionally
seen in Mira variables that lack the very thick dust shell and
the corresponding very red colours seen in OH/IR stars (the
reddest Mira variables). E.g. Whitelock et al. (2006) note
that such dips are seen in C-rich Miras, appearing observa-
tionally similar to the R Cor Bor events seen in H-deficient
C stars, where random fading events of up to 7 mag in the
visible (∼0.7 mag in Ks) are attributed to ejection of puffs
of C-rich dust at random times and in random directions
(Clayton 1996, 2012). They went on to note that dust puffs
had not been seen in solitary O-rich Miras but occur com-
monly in O-rich symbiotic Miras (Whitelock 1987), thought
to be caused by interaction between the binary components.
While the spectra presented in GLK23 do not show the emis-
sion lines that would be associated with accretion on to a
compact companion, interaction with a main sequence com-
panion is certainly a possibility to consider.

In Appendix F we highlight two Mira variables with
exceptionally deep dips, also projected in the Nuclear Disc.
Deep dips in infrared light curves due to circumstellar mat-
ter in non-pulsating giant stars have been seen much more

rarely hitherto. Outside the nuclear disc, perhaps the best
examples are found in Whitelock et al. (2006), where the
carbon-rich star IRAS 09164-5349 was discussed. That sys-
tem showed a slow fading trend of at least 2 mag in K af-
ter previously showing only very low amplitude semi-regular
variations. Two other carbon-rich giants, IRAS 10136-5743
and IRAS 16406-1406, showed dips of 1 to 1.7 mag in K
and no obvious pulsations, though the light curves were
sparsely sampled. In a single 11.5×11.5 arcmin field close
to the Galactic centre, aperiodic dips with ∼1 mag depth
in Ks were reported in several apparently non-pulsating gi-
ant stars in the VVV-based study of Molina et al. (2019),
along with two cases of ∼2.5 mag dips (the stars NV232 and
NV261). One of the stars with a ∼1 mag dip, NV062, was
spectroscopically classified as M4-5 III type (though the 2.0-
2.4 µm spectrum did not unambiguously distinguish O-rich
and C-rich giants). The prior study of the Galactic centre
region by Matsunaga et al. (2009) listed a large number of
variable giant stars for which a period could not be deter-
mined, though these were not discussed. In fact, two of the
21 dipping giants in our sample, sources 137 and 146, are
listed as variable stars with no known period in Table 5 of
Matsunaga et al. (2009). These are presently listed in SIM-
BAD as [MKN2009] 37 and [MKN2009] 1313, respectively,
arguably misclassified there as LPVs.

The key new feature of the present sample is the cluster-
ing within the Nuclear Disc. The metallicity distribution in
this region is largely in the super-solar range 0 < [Fe/H] < 1
(Fritz et al. 2021), exceeding even the nuclear bulge of the
Milky Way (Queiroz et al. 2021) which has a broader dis-
tribution. In view of this difference from other parts of the
Milky Way, it seems plausible that high metallicity is aid-
ing the mass loss e.g. by strongly enhancing production of
refractory dust species. Increased dust opacity in the photo-
sphere might also lead to more energetic convection. Initial
analysis of the seven dipping giant spectra in GLK23, based
on CO and NaI indices, appears to favour high metallicity
and finds stellar properties consistent with location on the
AGB. Additional observations, searches for less extreme dip-
ping events in the VIRAC2 database, and 3D modelling of
mass loss in metal-rich atmospheres will be needed to bet-
ter understand this population and distinguish the various
possibilities.

An explanation related to high metallicity would indi-
cate that these stars are O-rich, since dust production in
O-rich stars is metallicity dependent, whereas dust produc-
tion in C-rich stars is due to nuclear burning and dredge-ups
from the interior, rather than the initial metallicity of the
star (see e.g. Bladh et al. 2019).

To finish this topic, we should mention the possibility of
periodic dips due to eclipses by either (i) a circumsecondary
disc around a very low mass companion on a wide orbit, or
(ii) matter spread around the orbit of such a companion.
The high amplitude samples presented herein (Table 1a and
Table C1) include three late type giant stars displaying a
deep dip attributed to a circumsecondary disc: VVV-WIT-
08 (=source 199 in Table 1a), VVV-WIT-10 (=DR4 v16 in
Table C1 ), VVV-WIT-11 (=source 101 in Table1a), see
Smith et al. (2021). Two of those three sources show a single
symmetric dip, whilst the third (VVV-WIT-11) was unde-
tected for a year during the dip and is regarded as a can-
didate of that type. None of the three are located in the
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Nuclear Disc. The light curves of the 21 dipping giants dis-
cussed above differ from those three sources in that the dips
are not symmetric and in most cases there is significant vari-
ability outside the deep dip. Consequently, an eclipse by a
circumsecondary disc can be ruled out. We also note that
periodic dips (a “long secondary period”) are seen in up to
a third of Mira variables (Wood & Nicholls 2009; Soszyński
et al. 2021; Pawlak 2023), these having a longer timescale
than the pulsation period. These events are due to either
option (i) or option (ii) above (Soszyński et al. 2021), the
latter option being the favoured explanation for asymmetric
and longer lasting dips. Option (ii) is a possible explana-
tion for 21 dipping giant systems. However, the range of
periods seen in Miras with a long secondary period is typi-
cally only 200 d to 1600 d (see Figure 2 of Soszyński et al.
2021), whereas the 21 dipping giant systems would have to
repeat on a longer timescale, if they are periodic. A few Mira
variables are known with very long secondary periods, see
Appendix F so this explanation cannot be ruled out entirely.
However, long secondary periods are found in Miras all over
the Milky Way so it seems more likely that the explanation
is related to the high metallicity of the Nuclear Disc, with
no obvious requirement to invoke a companion object as yet.

6 OTHER VARIABLE SOURCES

6.1 Long Period Variables

The 35 sources classified as LPVs are dusty Mira vari-
ables with extremely high amplitudes, ∼5 mag from peak to
trough in Ks in two cases. Separately, sources 163 and 147
are very interesting in the context of the Dipping Giants
discussed above, since both show a very deep, apparently
aperiodic dip and both are projected in the Nuclear Disc
Other LPVs with dips that are slightly less deep are also of
interest in this context. See Appendix F for the light curves
and further discussion.

6.2 Novae and other transients

In Table 1a, 70 sources are classified as CVs. Of these, 45
have been previously classified as classical novae, recurrent
novae or nova candidates and one other, source 219 (aka
ASASSN-17fm) is a dwarf nova. Individual references and
identifications are given in Table 1a. In Appendix G we
briefly discuss four of the 24 new discoveries with unusual
light curve features, such as the oscillations and cusps occa-
sionally seen at optical wavelengths (Strope et al. 2010) but
to our knowledge not previously seen in the infrared.

6.3 Unusual sources

Of the 222 sources in Table 1a, there are 10 that have fairly
well sampled light curves but do not fit into the categories
discussed hitherto. Two of these were discovered indepen-
dently of the VVV survey and these are briefly discussed
below. Two of these were known as unusual sources inde-
pendently of the VVV survey (V4334 Sgr (= Sakurai’s star)
and the X-ray source MAXI J1348-630) and the nature of
two others (VVV-WIT-08 and VVV-WIT-10) is thought to
be at least partly understood (Smith et al. 2021) in terms

of an eclipse of a giant star by a circumsecondary disc. The
nature of the remaining six is unclear at present. Each of
these is discussed briefly in Appendix I.

7 SUMMARY AND CONCLUSIONS

A thorough search of the VVV/VIRAC2 survey database
covering 560 deg2 of the Galactic bulge and adjacent Galac-
tic disc has yielded a sample of 222 variable stars and tran-
sients with ∆Ks ≥ 4 mag, most of which are new discoveries.
Novae and nova candidates make up the largest proportion
but YSOs are slightly more numerous in the disc fields at
295◦ < l < 350◦ (see Figure 1). Whilst detection of eruptive
YSOs was the principal motivation for this work, this was
the first panoramic infrared search for variable sources of all
types to cover the most obscured regions of the Milky Way,
so it is not entirely surprising that it resulted in detection
of an unexpected new population: the aperiodic late-type
dipping giant stars in the Nuclear Disc.

Our conclusions regarding YSOs are as follows.

• Of the 40 sources classified as YSOs, 32 are eruptive
variables presumed to be undergoing an episodic accretion
event. We describe most of these as“classic”outbursts with a
single long-lasting event, the majority of which are spectro-
scopically confirmed to have FUor-type or EXor-type spec-
tra in the companion paper by GLK23.
• The rise time of these long-lasting accretion-driven out-

bursts as measured in Ks is most often between 600 and
1000 d, notably slower than the 6 to 12 month timescale
reported in the optical for the small number of historical
FUor events where the timescale is known. The typical out-
burst duration is at least 5 yr, rather longer than many
lower amplitude events (see the companion paper by Con-
treras Peña et al. subm. for a sample with a broad range
of amplitudes.) There is considerable diversity in the light
curves of the classic outbursts, in terms of rise time, rate
of decline post-maximum, intra-year variability and overall
morphology. The spread of rise times might be explained by
the onset of the accretion disc instability occurring at dif-
ferent radial locations, or different disc viscosity parameters
(Liu et al. 2022). However, the overall diversity may indicate
that more than one disc instability mechanism can trigger
long-lasting outbursts.
• The form of the classic outburst light curves during the

rise is usually described by a slow start that then accelerates
to a rapid linear rise in brightness that stops rather quickly
when the bright state is reached. A minority of classic out-
bursts have a more symmetric “S-shaped” rise, with a slow
start and a slow finish.
• A small proportion of the eruptive YSOs have irregular

light curves, showing strong variability on both intra-year
and inter year timescales and typically at least two clear
maxima within the 9.5 yr VIRAC2 time series. These some-
what resemble the Multiple Timescale Variables detected in
Guo et al. (2020, 2021). Most of these sources presently lack
spectroscopic follow up.
• Periodic outbursts are not seen at these high ampli-

tudes, despite making up a significant proportion of out-
bursts up to 4 mag in amplitude (Guo et al. 2022). However,
one YSO, source 148, shows periodic 2 mag outbursts atop
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Figure 11. Spitzer/IRAC colour-magnitude diagrams for the dipping giants. (left panel): [3.6]−[4.5] vs. [4.5] plot for 19 sources. (right
panel): [4.5]−[8.0] vs. [8.0] plot for 12 sources, with the abscissa scaled to emphasise the relatively blue nature of the population in this

colour, which is almost independent of extinction. Many sources have [3.6]-[4.5] < 1, also indicating little emission by hot dust at the

time of the GLIMPSE-II survey in 2005 to 2006, but hot dust is required to explain some sources with [3.6]−[4.5] > 1.

a 3 mag classic outburst light curve (discussed further in
GLK23)
• Eight YSOs with deep, long-duration extinction events

(dippers) are seen wherein the source is dimmer and usually
redder for a year or more, attributable to inner disc structure
(e.g. Bouvier et al. 2013; Rice et al. 2015).
• Notable amongst the dipping YSOs is source 207, a can-

didate KH 15D-like periodic system in the Lagoon Nebula
Cluster (NGC 6530) that showed two almost equal peaks
in flux within each 59 d period, attributed to alternating
extinction of the two components of a binary YSO by a
circumbinary disc (Chiang & Murray-Clay 2004; Arulanan-
tham et al. 2016).

The aperiodic dipping giants will be an interesting topic
for future study. The main things to note concerning these
are as follows.

• These sources are strongly clustered in the Nuclear
Disc, evidenced by the projection of 18/21 dipping giant
candidates in that region and their high infrared extinction
even outside the dipping event, Of the 21 candidates, 7 are
spectroscopically confirmed as late type giants in GLK23.
This informed the classification of the 21 candidates, indi-
cating that the remaining 14 that lack spectra at present are
unlikely to be YSOs.
• The light curves of the dips are diverse but they are gen-

erally asymmetric (hence not caused by a circumsecondary
disc) and last for at least a year, more often a few years
or longer. Their (H − Ks) colours approximately follow the
interstellar reddening law, indicating that the variable ex-
tinction is due to small dust grains. Some variability is al-
most always seen outside the main dip and 2MASS fluxes
tend to be brighter than the brightest VVV measurements.
Hence it is doubtful whether the circumstellar extinction
ever drops to zero within the VIRAC2 times series. Only a
minority of the dipping giants have red mid-infrared colours
in the Spitzer/GLIMPSE-II survey, indicating that there is
no pre-existing large mass of warm dust in most cases. This
tends to suggest a scenario of dust puffs along the line of
sight.

• In view of their location and the uniquely high metal-
licity (within the Milky Way) of many stars in the Nuclear
Disc, we suggest that the aperiodic dips are caused in some
way by super-solar metallicity, e.g. by an increase the pro-
duction of highly refractory dust species. The initial spec-
troscopic analysis presented in GLK23 appears to support
this, finding properties consistent with an AGB population
that is probably O-rich. The radiatively driven mass loss in
AGB stars proceeds via radiative pressure on dust but is
usually linked to pulsation (Höfner & Olofsson 2018). How-
ever, it depends on luminosity, chemical composition and
the 3-D process of dust production (Dell’Agli et al. 2015),
which is influenced by convection and shocks (Freytag &
Höfner 2023). Further observational and theoretical work
are clearly needed to understand this population, including
a search for lower amplitude examples of the phenomenon.

Other discoveries to note in the sample are as follows.

• The set of 35 LPVs includes several dusty Mira variables
with deep long-lasting dips or fading trends. All three of the
LPVs that are projected in the Nuclear Disc display this
behaviour, two of these having the deepest dips in the set
(3.5 to 4 mag in Ks) which far exceed the amplitude of the
pulsations in these stars.
• The set of 70 novae and nova candidates includes 24 new

candidates. Some of the light curves display unusual features
within the overall decline, such as a cusp or oscillations,
to our knowledge previously reported only in the optical
waveband (Strope et al. 2010).
• We identify 10 unusual variable sources, several of which

are not yet understood and warrant further investigation.
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Mattei J. A., Rupen M. P., 1999, A&A, 351, 97
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Mróz P., et al., 2015, Acta Astron., 65, 313

Navarro M. G., Minniti D., Contreras-Ramos R., 2018, ApJ, 865,
L5

Navarro M. G., Minniti D., Pullen J., Ramos R. C., 2020a, ApJ,
889, 56

Navarro M. G., Contreras Ramos R., Minniti D., Pullen J.,
Capuzzo-Dolcetta R., Lucas P. W., 2020b, ApJ, 893, 65

Nikzat F., et al., 2022, A&A, 660, A35

Parsons H., et al., 2018, ApJS, 234, 22

Pawlak M., 2023, A&A, 669, A60

Pietrukowicz P., et al., 2017, Nature Astronomy, 1, 0166

Plavchan P., Gee A. H., Stapelfeldt K., Becker A., 2008, ApJ,

684, L37
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APPENDIX A: SEARCH METHODS

A1 VIRAC2 searches

The VIRAC2 databases contain a number of light curve pa-
rameters that can help to distinguish bona fide variable stars
and transients from false positives. The most productive
searches were based on a combination of the well-known
Stetson I index (Welch & Stetson 1993) and the slightly
less well-known von Neumann η parameter (von Neumann
1941). The Stetson I index, when applied to times series
measurements in a single filter, has a large value if pairs of
magnitude measurements taken very close together in time
differ from the light curve mean in the same direction, by
amounts that are large in comparison to the measurement
error. Defining ma,i , mb,i and σa,i , σb,i as the magnitude
values and uncertainties in the ith pair of measurements in
the light curve, and n as the number of pairs, the Stetson I
index is computed as:

I =

√
1

n(n − 1)
Σ
n
i=1δma,iδmb,i (A1)

where δma,i =
ma, i−m̄
σa, i

, δmb,i =
mb, i−m̄
σb, i

and m̄ is the mean

magnitude for the source. In VIRAC2, pairs of measure-
ments are required to be separated by < 1 hour in order
to contribute to the sum, though the interval is more typ-
ically a few minutes for consecutive pawprint stack images
within a six point tile. If there were more than two measure-
ments taken within an hour, pairs of measurements were
formed by first selecting the two that were closest together
in time, then forming any additional pairs by successively se-
lecting the two remaining measurements that are closest in
time. Most locations within the VVV survey area have two
or more pawprint stack observations taken within an hour
during the course of a six point tile observation (or during
observation of an adjacent, slightly overlapping tile). How-
ever, a few highly variable sources found in our searches have
relatively low Stetson I values (see Figure A1) because the
number of suitable pairs of observations in the light curves
is small, e.g. due to location at the edges of the group of four
tiles that made up the observing block.

The von Neumann η parameter is conceptually some-
what similar to the Stetson index in that it has an outly-
ing (small) value if the consecutive values in a light curve
(whether close together in time or not) typically differ by less
than the variance of the whole light curve. The η parameter
is defined as:

η =
1

(N − 1)σ2
lc

Σ
N−1
i=1 (mi+1 − mi )2 (A2)

where mi are the individual magnitudes, N is the number
of measurements in the light curve and σlc is the standard
deviation of all the magnitudes in the light curve. Unlike the
Stetson index, the η parameter is robust against the problem
of sources that have only a single pawprint stack image at
each observing epoch so it helps to pick out bona fide vari-
able stars in the lower left quadrant of Figure A1. However,
the Stetson index performs better than the η parameter for
detection of poorly sampled transient events, e.g. some mi-

crolensing events, which tend to lie toward the upper right
of Figure A1 (right panel).7

A simplistic search of the VIRAC2 databases for highly
variable sources using only the value of ∆Ks inevitably finds
numerous false-positives where ∆Ks is inflated by bad data
at one or more epochs. The databases also include numerous
spurious sources located in the wings of the image profiles
of very bright stars, though VIRAC2-β mitigates this some-
what by including only sources having detections in at least
10 pawprint stacks. (This problem is partly due to the choice
of DoPhot parameters in VIRAC2 because it was decided
to opt for completeness in the database rather than exclude
sources within the seeing halo of saturated stars). These spu-
rious sources (including those relating to diffraction spikes
and ghost images) are usually very obvious on inspection of
the images. For example, ghost images of bright stars where
the image falls just off the edge of an array typically appear
as a streak or ”jet” (see section 13.4 of Sutherland et al.
2015), though occasionally they resemble a point source.
We also noticed that bright Long Period Variables (LPVs,
which are often saturated in VVV), were a common source
of false positives because DoPhot detected time-variable
spurious sources in the image halo, the diffraction spikes or
ghost images. The light curves of these false positives have
the appearance of a very noisy sinusoid, the detections as-
sociated with each datum typically having large values of
the DoPhot Chi parameter (indicating that the image pro-
file was not well fit by a point source) and large values of
the VIRAC2 ast res chisq parameter, which quantifies the
significance of the residual to the VIRAC2 five parameter
astrometric fit as an astrometric χ2.

A selection of ∼122 000 VIRAC2-α false positive can-
didates having Stetson I>15, ∆Ks > 4 mag and detections
spanning at least a three year time baseline is plotted in the
left panel of Figure A1. The colour coding illustrates the
fact that most false positive sources are detected in only a
small fraction of the Ks pawprint stack images covering their
location. It is also obvious that bona fide variable sources
are concentrated at the upper left of the panels in Figure
A1, typically with Stetson I>500 and η<0.5. Since it is im-
practical to visually inspect time series images of very large
numbers of sources, the Stetson I, η and detection fraction
parameters, supplemented by a few others, were combined
in various ways to slice the large pool of candidates in all
promising regions of the parameter space and yield an es-
sentially complete list of all bona fide variable stars and
transient sources in VIRAC2 with ∆Ks > 4 mag.

The precise details of our numerous searches of
VIRAC2-α and then VIRAC2-β are given in the follow-
ing sub-sections. Any VVV sources that were missed are
either very poorly sampled or have variability that fell out-
side the dynamic range of the DoPhot-based photometry
in the database. A large proportion of VVV transients are
saturated during part of their light curves, requiring addi-
tional processing for this work, so a search using saturation-
corrected photometry would probably yield some additional

7 The parameter 1/η is sometimes used so that larger values of

the parameter correspond to sources that are more likely to be
variable. In this case, a plot of η more clearly illustrates the value
of the threshold at η = 0.5 that we used in several of our searches.
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Figure A1. Stetson I vs. von Neumann η plots for candidate variable sources (small red + symbols) and bona fide variables (filled

circles). The points are colour coded by a parameter that represents (approximately) the fraction of images of the field in which the

source was detected. The plotted data distribution drives most of the logic of our search methods. The left panel includes numerous false
positive candidates, whereas the right panel shows more clearly the distribution of the bona fide variables in our sample VIRAC2 sample

of 222 ∆K > 4 mag sources. Data are taken from VIRAC2-α except for 17 sources discovered using VIRAC2-β which are highlighted

with a ring around the filled circle. These 17 tend to have slightly lower Stetson I values, see Appendix A.

discoveries. E.g., the bright transient VVV-WIT-05, discov-
ered by Saito et al. (2016b) at Ks ∼ 4, is not included in
VIRAC2-β.

Causes of false positives that were encountered during
our searches were, in decreasing order of frequency:

(i) bright stars, including bright LPVs (see above)
(ii) stellar blends
(iii) asteroid + star blends
(iv) real lower amplitude variable stars having exagger-

ated amplitude due to one or two bad data points
(v) a bad image showing gross electronic defects or loss

of guiding
(vi) blends involving a high proper motion star
(vii) defective regions at the edges of the arrays
(viii) small image defects affecting only a few pixels.

We attribute the last category to cosmic rays or bad pixels.
Regarding category (iv) we retained sources in Table 1a if
their amplitude in the one-day binned light curves remained
close to or larger than 4 mag, computed after rejection of bad
data (see Appendix B and 3σ rejection of outliers during the
binning. The logic here is that VVV is sparsely sampled and
will therefore typically not measure the full amplitude of a
variable source, so retaining borderline cases helps to give a
more complete view. Here “close to” means ∆Ks > 3.6 mag
in the case of transients and stars that dropped below the
detection threshold when faint whilst in other cases we re-
quired that the amplitude can exceed 4 mag within the 1σ
errors of the photometry.

The asteroid+star blends (category iii) occur in paw-
print stack images taken at a single epoch in a light curve,
corresponding to the spatial coincidence of a fairly bright
main belt asteroid and a fainter star in the Galactic bulge,
typically within a few degrees of the intersection of the eclip-
tic and the Galactic equator. These blends were often not
detectable via inspection of the images because the spatial
match was within 0.1′′. They were instead identified using

the Minor Planet Checker software available at the Minor
Planet Centre of the International Astronomical Union.

Fortunately, the precision astrometry of VIRAC2
greatly facilitates identification of false positive candidates
in all the above categories because any type of image de-
fect, blend or spurious detection due to a bright star is often
associated with large values of the ast res chisq parame-
ter, corresponding to astrometric shifts large in comparison
to the 5–30 milli-arcsecond precision of the individual de-
tections. The VIRAC2 data release paper (Smith et al., in
prep) gives examples of astrometric elimination of false pos-
itives by colour coding each datum in VIRAC2 light curves
according to the ast res chisq value.

A2 VIRAC2-α searches

As described in Appendix A1, the most important search
parameters were the Stetson I and von Neumann η param-
eters, in combination with a parameter approximating to
the fraction of Ks images of a given sky coordinate in which
a source is detected. In VIRAC2-α the latter parameter is
called pp2frac. To explain this term, we first need to define
a ”pawprint set“ as a set of VVV+VVVX pawprint stack
images that have the same telescope pointing coordinates
(within 30′′). Then we recall that each location in a VVV
tile is typically covered by at least two pawprint stack im-
ages so the great majority of sources have photometry in
two or more pawprint sets. For each VIRAC2-α source, the
pawprint sets having detections were ranked according to
the number of detections. (Commonly there are detections
in only two pawprint sets, with a similar count in each).
pp2frac is defined as the fraction of images in the second-
ranked pawprint set for each source where there is a detec-
tion. For most sources this rather convoluted parameter is
similar to the detection fraction in the full sequence of paw-
print stack images covering the location on sky. The reader
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may be relieved to know that VIRAC2-β enabled us to use
just such a simple detection fraction in later searches.

Another VIRAC2-α parameter employed in our searches
is epoch baseline, the time in years between the first detec-
tion and the last detection of each source. This parameter
was helpful in searches for transients having low values of
pp2frac.

Below we list the parameters employed in of the
VIRAC2-α searches in turn. All searches required ∆Ks > 4
mag in addition to the other cuts listed. Except where other-
wise stated, the initial choice of parameter values was based
on inspection of the parameter distributions with the aim
of removing the bulk of false-positive candidates, some of
which are illustrated in Figure 1 (left panel).

(i) Search 1a. pp2 f rac > 0.2 AND I > 15 AND n > 2 AND
median Ks > 11.25 AND (I > 1000 OR η < 0.5). To remind,
n is the number of pairs of contemporaneous pawprint stack
images that have detections and therefore contribute to the
calculation of Stetson I. The cut on median Ks magnitude
was designed to limit the number of false positive candidates
caused by saturation. This was the most successful search,
yielding 248 candidates of which 175 were confirmed to be
real by visual inspection of the images. Sources found in this
search tend to have fairly well-sampled light curves. They
lie towards the upper half or the left side of Figure 1 (right
panel) and are colour-coded in any hue except red. Eight
of the false positive candidates were real variable sources
found to have amplitudes ∆Ks < 4 mag after removal of a
few outlying data points or, in one unusual case, the use of
a separate photometric procedure (see § X).

Inspection of the parameter distribution of bona fide vari-
able sources found by this search found that the subset
with η < 0.5 AND (I > 1000 OR pp2 f rac > 0.35) included
167/175 bona fide variable sources and only eight false posi-
tives. This refined set of parameters that describe the richest
region of parameter space helped to define Searches 4a and
5a, see below, where the cuts on pp2 f rac > 0.2 and median
Ks > 11.25 were removed.

The threshold median Ks value of 11.25 was estimated
from results of the prior VVV DR4 search (see Appendix B)
using aperture photometry data. Later investigation of the
parameter distribution in VIRAC2-α showed that a stricter
threshold at median Ks = 12.0 would have more reliably
removed false positive candidates caused by saturation.

(ii) Search 2a. pp2 f rac < 0.2 AND epoch baseline < 1 yr
AND I > 15 AND n > 2 AND median Ks > 11.25 AND
(I > 1000 OR η < 0.5). This search was one of a few that
attempted to detect transient or poorly sampled sources,
which are often more difficult to pick out from the larger
number of false positive candidates. Here the pp2 f rac pa-
rameter is relaxed, potentially adding a very large number
of false positives detected at only a few epochs, but the
epoch baseline < 1 yr cut served to limit the number to a
manageable level. This search for relatively brief transients
yielded 44 candidates, seven of which were found to be real.

(iii) Search 3a. pp2 f rac < 0.2 AND epoch baseline = 1 to
3 yr AND I > 15 AND n > 2 AND median Ks > 11.25 AND
(I > 500 OR η < 0.5). This search for transients detected
over a longer time baseline yielded 235 candidates, 11 of
which were found to be real variable sources. Of these 11
sources, 10 have η < 0.5.

(iv) Search 4a. pp2 f rac < 0.2 AND epoch baseline > 3 yr
AND I > 1000 AND η < 0.5 AND median Ks > 11.25 AND
n > 2. Most real variables detected over a time baseline
longer than 3 yr have pp2 f rac > 0.2 and would be found in
Search 1 so this search aimed to catch any unusual cases,
aided by the requirement for both a high I value and a low
η value that was informed by the rich region of parameter
space identified in Search 1. This search yielded 41 candi-
dates (after removing 2 duplicates in the database with al-
most identical coordinates) and seven of them were found to
be real. Some of these are transients or eruptive YSOs that
erupted during the later stages of the VVV/VVVX surveys,
when the number of observations each year was smaller than
in earlier years.

(v) Search 5a. I > 15 AND n > 2 AND η < 0.5 AND
(I > 1000 OR pp2 f rac > 0.35) AND median Ks < 11.25. This
search reversed the mean magnitude cut used in Searches 1
to 4 with the aim of finding any real variable sources that
are likely to be saturated in part of their light curves by
exploring only the rich region of (I, η, pp2 f rac) parameter
space identified in Search 1a. This effort was motivated by
the discovery of the extremely high amplitude eruptive vari-
able YSO WISEA J142238.82-611553.7 (Lucas et al. 2020)
using time series data from the Wide-field Infrared Survey
Explorer (W ISE) and Spitzer satellites. We noted that the
source had been missed by Search 1a because it had median
Ks = 11.24. Search 5 yielded 22 candidates and three of them
were found to be real, one of which is WISEA J142238.82-
611553.7.

(vi) Search 6a. n ≤ 2 AND Kepochs > 4 AND η < 0.2 OR
(η < 0.3 AND Kepochs > 10). Here Kepochs is the number of
pawprint stack images having a detection in Ks. This search
was designed to recover any well sampled variable sources
that lack a useful Stetson I index value due to a location
at the outer boundary of the VVV survey area or on the
edge of one of the groups of four tiles that make up a typical
VVV/VVVX observing block. (Some variable sources at the
edge of a group of tiles were recovered in earlier searches
employing the Stetson index because adjacent tile groups
were sometimes observed consecutively, depending on the
vagaries of the VISTA observing queue.) The above selection
yielded 73 candidates, of which three were confirmed as real.

A3 VIRAC2-β searches

Our searches of VIRAC2-β were mostly a repeat of the
VIRAC2-α searches for sources with ∆Ks > 4 mag, with
some necessary adjustments. These searches aimed to ben-
efit from the additional year of data and the more sophis-
ticated source matching of the newer database. A feature
of VIRAC2-β is that some light curves contain values with
very bright or very faint magnitudes, well outside the range
of meaningful VVV DoPhot measurements, even for satu-
rated stars. These sources typically have η > 1.99. All the
searches listed below therefore included cuts against sources
where the brightest magnitude was Ks < 9 or the faintest
magnitude was Ks > 85 or η > 1.99, in order to reduce
the number of candidates requiring visual inspection. Cuts
against sources with a very large absolute value of parallax
(|$ | > 500 mas) or proper motion (µ > 500 mas yr−1) were
implemented in all searches; a check for bona fide very high
proper motion stars not already detected in VIRAC1 has
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already shown that there are none in the database (Smith
et al., in prep.).

VIRAC2-β enables calculation of the fraction of Ks im-
ages of a given sky coordinate in which a source is detected
via the ratio of the ks n detections and ks n observations
database parameters. We denote this ratio as fdet and it is
used in VIRAC2-β searches in place of the pp2 f rac param-
eter.

(i) Search 1b. fdet > 0.2 AND I > 7.5 AND n > 2 AND
median Ks > 11.25 AND (I > 100 OR η < 0.5). Here an
important change from Search 1a was the reduction of the
thresholds in Stetson I from 15 and 1000 to 7.5 and 100,
respectively. This was required due to the typically lower
values of this index in VIRAC2-β than VIRAC2-α, owing
to the larger photometric errors in the newer database that
include the calibration uncertainty. Stetson I is typically a
factor of ∼2 lower in VIRAC2-β than VIRAC2-α but in some
cases the difference is larger. This search yielded 613 candi-
dates not selected in earlier searches, of which 17 were found
to be real.

(ii) Search 2b. fdet < 0.2 AND epoch baseline < 1 yr
AND I > 15 AND n > 2 AND median Ks > 11.25 AND
(I > 100 OR η < 0.5). This search for transient sources
yielded only one new candidate, which did not pass visual
inspection. The small number of candidates is likely to be
due to the requirement of a minimum of 10 detections in pap-
wrint stack images for a source to be included in VIRAC2-β.

(iii) Search 3b. fdet < 0.2 AND epoch baseline = 1 to
3 yr AND I > 7.5 AND n > 2 AND median Ks > 11.25
AND (I > 50 OR η < 0.5). This selection yielded 64 new
candidates, none of which were found to be real variable
sources.

(iv) Search 4b. fdet < 0.2 AND epoch baseline > 3 yr
AND I > 100 AND η < 0.5 AND median Ks > 11.25 AND
n > 2. This search yielded 78 new candidates, none of which
were found to be real variable sources.

(v) Search 5b. I > 7.5 AND n > 2 AND η < 0.5 AND
(I > 100 OR fdet > 0.35) AND median Ks < 11.25. This
search yielded two new candidates, neither of which were
found to be real variable sources.

(vi) Search 6b. n ≤ 2 AND Ks n epochs > 4 AND η < 0.2
OR (η < 0.3 AND Ks n epochs > 10). This search yielded 28
new candidates, none of which were found to be real variable
sources.

Whilst most of the above VIRAC2-β searches were
fruitless, the 17 sources found in search 1b included a few
sources that are of very rare or unique nature within the
full VIRAC2 sample of 222 sources presented in this work
so the effort can be deemed to be justified. These are dis-
cussed in Appendix I. Examples include a born-again giant
undergoing a late thermal pulse (source 175 = V4334 Sgr,
aka Sakurai’s star) and a black hole X-ray binary candidate
(source 16 = MAXI J1348-630). In addition, one of the“false
positive” candidates from search 1b was also of astrophys-
ical interest and helped to motivate further work, though
its 3.5 mag amplitude fell below the ∆Ks = 4 mag thresh-
old for inclusion in the list published here, after removal
of a bad datum. This source, recovered separately by Guo
et al. (2022) as VVV PB 41, was an early example of a pe-
riodically outbursting YSO candidate and the amplitude is

among the highest of many such objects presented in that
work.

A4 VVV DR4 searches

Candidate variable stars in VVV DR4 (comprising 2010 to
2013 VVV data) were selected in two stages. First, a search
of public SQL database at the VSA at Edinburgh was done
for all sources with an amplitude exceeding a 4 mag thresh-
old (later reduced to 3 mag) with the additional criteria that
in each light curve all points lie in the range 0 < Ks < 18.
These cuts removed a large number of spurious faint de-
tections at the noise level of the survey, whilst also remov-
ing non-detections, reported as negative magnitudes in the
VSA database. Non-detections appear to be numerous in
the database so it was necessary to exclude them. A final
criterion was that there were at least 5 good quality Ks ob-
servations of the field, i.e. the parameter ksnGoodObs ≥ 5.

The first stage provided 460 candidates with ∆Ks > 4,
and later 3343 candidates with ∆Ks > 3. Since VVV DR4
was based on the pipeline aperture photometry from the
VISTA tiles, i.e. images created by coadding the six paw-
print stack images taken for each field at each epoch, it was
not possible to compute a Stetson index with the DR4 data.
Therefore a local database was created at Hertfordshire by
co-author Smith, using only the pipeline aperture photom-
etry performed on the pawprint stack images by the CASU
team at Cambridge. The database contained matched pho-
tometry for every source over the 2010 to 2015 time period.
With this database prepared, the second stage of the search
was simply to compute the Stetson I index for each candi-
date, discard those with I < 15 and then visually inspect
the much more manageable number of images remaining.
The I = 15 threshold was based on inspection of the data
distribution and the images for a subset of candidates. Stet-
son J performed similarly well, but Stetson I produced a
marginally cleaner selection for this data set. For candidates
observed to be bright on a single date and otherwise faint
and non-variable, a final step was to check for asteroids in
the same way as for VIRAC2 candidates. This step removed
several false positives of that type.

APPENDIX B: ADDITIONAL PROCESSING
AND DIGITAL FORMAT LIGHT CURVES

Light curves are provided for all sources in two tar sets.
The first tar set contains the VIRCAM pawprint-based light
curves in the Ks, H, J, Y and Z filters. The second tar set
contains the binned version of the light curves that are used
in the figures in this work, using 1 day bins and giving inverse
variance weighted mean magnitudes. Both tar sets benefit
from additional processing as follows.

All VIRAC2 light curves were inspected for signs of
saturation. Bright detections having values of the DoPhot
stellar profile parameter Chi > 5 or the VIRAC2 astromet-
ric parameter ast res chisq > 30 were automatically satu-
ration corrected. An additional check was performed using
the ratio of fluxes in concentric apertures of radius 1.0′′ and
1.414′′ and detection with unusually low values of this ra-
tio (compared to other detections in the same image) were
also assumed to be saturated. Where saturation occurred, we
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replaced the datum with a saturation-corrected value com-
puted with the fitsio cat list FORTRAN script available
at casu.ast.cm.ac.uk, which estimates source magnitudes
using the flux in ring-shaped apertures outside the saturated
core of the image profile. Images were visually inspected to
select suitable apertures for this and ensure that the fluxes
were not contaminated by adjacent stars.

A few sources are spatially resolved, e.g. the eruptive
YSO VVV 1640-4846 displays compact nebulosity whilst in
outburst. Aperture photometry in a 1.414′′ diameter aper-
ture was used in such cases since the VIRAC2 DoPhot-
based light curves display large scatter.

Many sources such as transients, dipping giants and dip-
ping YSOs faded below the single VIRCAM pawprint-based
detection limit of VIRAC2 in some calendar years. In an at-
tempt to increase the dynamic range of this work, we stacked
cut-out images for such sources in each calendar year where
there was no detection or only a single pawprint detection
(in the latter case the aim is to provide confidence in the
photometry, given that there are usually two or more paw-
print images at each epoch.) Aperture photometry was then
performed on the image and any detections were added to
the binned version of the light curve. In practice, this pro-
cess led to only a small number of detections since (i) the
annual stacks are not significantly deeper than single paw-
print images in the more crowded VVV star fields (such as
bulge fields that contain most of the novae and dipping gi-
ants) and (ii) the annual stacks are often only 1 or 2 mag
deeper than single pawprints even in uncrowded fields. For
sources with non-detections in a calendar year the variabil-
ity amplitudes given in the 8th column of Table 1a, ∆Ks, is
given as a lower limit, e.g. ∆Ks > 4.16 for source 7. This is
based on either (i) the faintest detection in the binned light
curve, or, (ii) approximate upper limits computed using the
annual stacks by generating artificial stars with a Gaussian
image profile at the source’s location and performing forced
aperture photometry there. Artificial sources were counted
as detected if the measured source magnitude agreed with
the injected magnitude to within 0.5 mag.

APPENDIX C: VARIABLE SOURCES
DETECTED IN VVV DR4
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Table C1. Table of 105 variable sources from VVV DR4 with amplitude ∆Ks ≥ 3 mag

DR4 No. VVV designation Other name RA Dec ∆Ks Median Ks Initial Time

(deg) (deg) classification baseline (yr)

DR4 v1 VVV J122329.90-614253.5 IRAS 12207-6126 185.87459 -61.71487 3.81 14.46 LPV 8.46

DR4 v2 VVV J124951.81-620038.3 192.46589 -62.01063 3.08 16.49 Unusual 9.47
DR4 v3 VVV J131222.41-640905.4 VVV-NOV-007, source 8 in Table 1a 198.09336 -64.15150 4.73 14.86 CV 1.06

DR4 v4 VVV J132205.42-623504.0 200.52260 -62.58445 3.95 15.09 Unusual 2.23

DR4 v5 VVV J132926.26-622326.4 [RMB2008] G307.3187+00.1570 202.35944 -62.39067 3.97 12.55 YSO 9.4
DR4 v6 VVV J134213.89-620039.1 205.55789 -62.01086 3.38 15.30 YSO 9.39

DR4 v7 VVV J135753.24-622012.6 [RMB2008] G310.5597-00.4531 209.47185 -62.33682 3.70 16.46 YSO 9.28

DR4 v8 VVV J135911.81-610523.4 [RMB2008] G311.0300+00.7121 209.79920 -61.08984 3.15 15.82 YSO 8.19
DR4 v9 VVV J142359.16-600942.4 Source 20 in Table 1a 215.99648 -60.16179 5.27 12.43 CV 0.27

DR4 v10 VVV J142513.97-602020.0 [RMB2008] G314.2893+00.4481 216.30820 -60.33888 3.68 13.74 YSO 9.41
...

Light curve description Comment

(DR4 v1) No OH maser detected in te Lintel Hekkert et al.(1991)

(DR4 v2) Rapid rise in 2011. Rapid fade in 2012. Faint at Ks 16.5 in other years. No mid-infrared excess in GLIMPSE
(DR4 v3)

(DR4 v4) Slow rising transient seen from 2013-2015

(DR4 v5) Dipped and then brightened into outburst Spectroscopically confirmed eruptive YSO in Guo et al. (2021)
(DR4 v6) Eruptive YSO light curve WCI shows a yellow-green source in an SFR.

(DR4 v7) Fader Robitaille et al.(2008) YSO candidate. WCI shows a yellow-green source in an SFR.

(DR4 v8) Irregular, a multiple timescale variable Robitaille et al.(2008) YSO candidate. WCI shows a reddish green star in an SFR.
(DR4 v9) Unusual transient, see Table 1a

(DR4 v10) Eruptive YSO light curve Spectroscopically confirmed eruptive YSO in Guo et al. (2021)

...

Notes: Only the first 10 rows of the table are shown here, split into two sections. The full table is available in the online supplementary information. J2000 coordimates
are calculated at epoch 2015.0 for all sources in VIRAC2−β.
“[RMB2008]” denotes red sources from (Robitaille et al. 2008).
“WCI” is an abbreviation of “WISE colour image”.
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Table E1. Supporting evidence for an extinction-driven dip

Source Bright in VVV colour WISE colour

2MASS changes changes

5 yes(I) yes -

28 yes yes yes
31 yes - ?

53 yes(I) yes yes?

134 no yes -
206 yes(I) yes -

207 - no -

211 yes yes -

Note: “(I)” denotes an uncatalogued 2MASS detection in the im-

ages,“no”indicates contrary evidence,“-” indicates no useful data.

APPENDIX D: VVV AND WISE LIGHT
CURVES OF IRREGULAR ERUPTIVE YSOS

Multi-filter light curves are shown in Fig. D1, for five irregu-
lar eruptive YSOs having useful data in the WISE/unTimely
database. Source 42 shows the ∼1 yr duration of the second
outburst near MJD=58000 more clearly in the WISE W2
data than in VVV. Source 49 shows four brief, single epoch
outbursts of 1 to 2 mag amplitude in the WISE data, sug-
gesting a duration of order ∼6 months in each case.

APPENDIX E: VVV AND WISE COLOUR
VARIABILITY OF DIPPING YSOS

In eight YSO candidates it is likely that the variability is due
to changing extinction. With one exception, the light curves
plotted in Figure E1 show at least one long duration ex-
tinction event lasting a year or more. In one case the source
remains in a faint state at the end of the VVV time series. In
terms of their high infrared extinction, most of these eight
systems can be classified as extreme examples of the aperi-
odic dipper phenomenon, a term used by Morales-Calderón
et al. (2011) and Rice et al. (2015) to distinguish aperiodic
dippers from AA Tau-like dippers that show display peri-
odic dips (typically P < 15 d) attributed to a magnetically
induced warp in the accretion disc (Bouvier et al. 2007) and
sometimes long duration aperiodic dips also. Source 207 is
different, being periodic. It is discussed in more detail below.

In addition to the dips in the light curves, in most cases
there is further evidence that the variability is due to extinc-
tion, based on inspection of data from 2MASS, the Deep
Near Infrared Sky Survey (DENIS, Epchtein et al. 1999),
VVV, and to a lesser extent the WISE survey. The evidence
is summarised in Table E1, see also Figure E2. Seven of
the nine dippers were detected in Ks by 2MASS or DE-
NIS between 1996 and 2000, all at a flux level similar to
or slightly brighter than the brightest measurements in the
VVV time series.8. This supports the view that VVV ob-
served dips below the typical brightness level rather than a

8 Sources 5, 53 and 206 are not in the 2MASS PSC due to blend-

ing or the presence of nebulosity in the field but they can be
seen in the images. Source 207 is blended with a brighter star in

2MASS, so non-detection is to be expected.

gap between accretion-driven eruptions of the type seen in
V346 Nor (Kóspál et al. 2020).

Most of the dipping YSOs also become redder when
fainter in the Ks vs (H − Ks) colour magnitude diagram
in a manner that approximately follows the Wang & Chen
(2019) reddening law for interstellar extinction, see Figure
E2. (Some allowance should be made for departures from
an idealised reddening behaviour due to changes in the ac-
cretion disc over timescales of years, see e.g. Covey et al.
(2021).) Figure E2 illustrates the colour changes for sources
28, 55, 136, 207, 208 and 212, the six sources having colour
measurements on two different dates. They are plotted with
blue points in the brighter state and red points in the fainter
state, each pair being joined by a dashed line. The excep-
tion is source 207, the KH15D-like candidate, which shows
no significant colour change despite a change in brightness
of almost 4 magnitudes. Only source 207 and source 55 have
detections in J, H and Ks that are contemporaneous (mea-
sured on the same night). Source 207 actually becomes bluer
in the faint state (J − H = 0.71, compared to J − H = 0.94 in
the bright state), which can perhaps be attributed to scat-
tered light.

Finally, for one of the eight dippers, source 28, the
WISE/unTimely time series data show large changes in
W2, W1 and VVV Ks magnitudes that are consistent with
variable reddening based on the Wang & Chen (2019)
extinction law, see Figure E3. Supporting evidence from
the unTimely or NEOWISE data is found in a further two
systems but these cases are less clear, either because the
flux changes sampled by WISE are small, or because the
WISE and VVV light curves are not contemporaneous and
have subtly different trends over time (not shown). (In the
other five systems the sources are not genuinely detected by
WISE due to blending, or at least not detected when they
are faint. Careful inspection of the WISE, GLIMPSE and
VVV images, and any astrometric shifts in WISE detections
over time, was required to guard against being misled by
blends in the WISE data).

Source 207. This is a periodically dipping system (pe-
riod P = 59.35d) that appears to resemble KH 15D (=V582
Aur, Chiang & Murray-Clay 2004; Herbst et al. 2002), a sys-
tem wherein the two bright components of a binary YSO are
extinguished by a circumbinary ring for much of their orbits
but each becomes visible in alternation at certain phases. A
similar type of behaviour has been seen at lower amplitude in
WL4 and YLW16A in the ρ Ophiuchi dark cloud (Plavchan
et al. 2008, 2013, though these two are triple systems) as well
as CHS 7797, ONCvar 149 and ONCvar 1226 in the Orion
Nebular Cluster (Rodŕıguez-Ledesma et al. 2012, 2013; Rice
et al. 2015) and in the recent candidates Bernhard-1 and
Bernhard-2 (Zhu et al. 2022). Source 207 is currently mis-
classified in the SIMBAD database as a “Cataclysmic Bi-
nary” (designated OGLE BLG-DN-652) due to being listed
as a photometric dwarf nova candidate, within a list of 1091
candidates (Mróz et al. 2015) drawn from the OGLE survey
(most of which are indeed high quality dwarf nova candi-
dates). In this case though, the light curve does not resem-
ble that of a dwarf nova (see Figure E1, bottom left and
bottom centre panels) and the system is projected in the
Lagoon Nebula Cluster (NGC 6530), with cluster member-
ship confirmed by Gaia parallax and proper motion (and
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Figure D1. VVV and WISE light curves of five irregular eruptive YSOs.

VIRAC2 proper motion) consistent with that of the cluster,
at distance d ≈ 1.3 kpc.9

9 The Gaia DR3 parallax and proper motion of source 207 are,

$ = 0.71 ± 0.13 mas, µαcosδ = 1.95 ± 0.09 mas/yr, µδ = −2.05 ±
0.06 mas/yr. The Gaia DR3 cluster parameters, are $ = 0.76 mas,
µαcosδ = 1.28 mas/yr, µδ = −2.06 mas/yr, with standard devi-

ations of 0.66 mas/yr and 0.70 mas/yr for µαcosδ and µδ and

The two components of the binary have similar but not
identical luminosities, see Figure E1, such that the “out-
burst frequency” given by Mróz et al. (2015) is double the

a systematic uncertainty on $ of order 0.02 mas. The cluster

parameters are based on median values from the set of cluster
members in Prisinzano et al. (2019) having 5σ parallaxes and

reduced unit weight error, ruwe < 1.4.
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Figure E1. Light curves of the eight dipping YSOs. The variation in these systems is thought to be due to variable extinction by

circumstellar matter. Source 207 appears to be a KH15D-like system with periodic dips due to a circumbinary disc. The phase-folded
light curve (lower middle panel) is colour-coded by Modified Julian Date.

true frequency of the periodic variability. The system is also
listed with half the true period in separate VIRAC2-β-based
searches for periodic systems by Molnar et al. (2022) and
Guo et al. (2022). (The latter study noted it as a dipping
YSO but analysis was deferred to this study because the sys-
tem had already been classified as KH 15D-like in the initial
stages of this work). The peak near phase 0.6 in the phase-
folded plot is narrower as well as shorter, but the colour-
coding by Modified Julian Date shows that it broadened
over the course of the survey. The few red-coloured points,
corresponding to the sparse sampling at the end of the time
series, indicate that the phasing of the variability contin-
ued to change and the dips may have become shallower. In
KH 15D changes of this sort are explained as precession of
the warp in the circumbinary ring, see e.g. Arulanantham
et al. (2016), so this is consistent with our interpretation of
the system.

Data from Spitzer/GLIMPSE-3D indicate an infrared
excess but this is hard to quantify because source 207 is

blended with a Ks = 15.26 neighbour in the ∼2′′ GLIMPSE-
3D beam and the observations were taken at a time when
source 207 was faint. The reported colours are [3.6]− [4.5] =
0.48, [4.5]−[8.0] = 1.52. (In the WISE/unTimely data, source
207 is detected only when in the bright state, usually in W2
only, owing to blending with an additional Ks = 14.50 neigh-
bour in the larger WISE beam). In VVV, source 207 is not
very red, with (J −H ≈ 0.8), (H −Ks ≈ 0.45) and its variabil-
ity is almost wavelength independent in the five contempo-
raneous epochs of JHKs photometry, suggesting either grey
extinction by large dust grains or a contribution by scattered
light in the faint state, as is seen in KH 15D. The system
will be analysed in more detail in a future publication, with
the aid of follow up spectroscopy.
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Figure E2. Ks vs. H − Ks colour-magnitude diagram for six of

the dipping YSOs. Blue and red points correspond to the bright-

est and faintest available epochs of multi-filter data, respectively.
Elements of a pair are connected by dashed lines. The changes are

roughly parallel to the extinction vector in most cases. One source
is clearly different: source 207 (the candidate KH15D-like object

in the Lagoon Nebular Cluster) shows negligible colour change,

see text.

Figure E3. VVV and WISE/unTimely light curves of the dip-
ping YSO source 28 in Ks (blue), W1 (green) and W2 (red).

APPENDIX F: LONG PERIOD VARIABLES

The 35 sources classified as LPVs are dusty Mira variables
with unusually high amplitudes. These represent the upper
end of the amplitude distribution in such sources and con-
sequently given the period vs. amplitude relation (see e.g.
Nikzat et al. 2022) they also tend to have unusually long
periods. The periods are given in Table F1. Given the inner
Galaxy locations (see Figure 1), we expect that most of the
35 sources are O-rich. Some (10/35) are known OH/IR stars
and most (24/35) have previously been identified as LPVs,
either in VVV-based variable star searches (e.g CP17a), or
earlier work (see references in Table 1a).

A notable example, shown in Figure F1), is source 107
(=OH 355.815-0.226 = IRAS 17328-3234) which has a peak
to trough amplitude of ∼5 mag in Ks (∆Ks ≈ 5.6 mag in
total, due to a slow fading trend) and a period P ≈ 2000 d.
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Figure F1. VVV light curves of three notable LPVs. Source 147

shows a ∼3.5 mag fading trend over 4 years before recovering.
Source 107 and source 2 have the highest amplitudes of pulsation

in the LPV sample, ∼5 mag in Ks .

Source 2 (=OH 259.8-1.8 = IRAS 11438-6330) also has a
∼5 mag amplitude but a shorter period and no clear long
term trend. These are the highest Ks amplitudes of pulsation
that we are aware of in Mira variables. OH/IR stars often
have large amplitude pulsations and they are associated with
high mass loss rates (see e.g. Gaylard et al. 1989; Höfner &
Olofsson 2018). (Source 2 is listed as d001-79 in a previous
VVV-based study of variable stars (Medina et al. 2018) but
the full amplitude was not apparent at that time.)

Many of the 35 LPVs have slow trends in brightness that
can rival the amplitude of the pulsation. The most extreme
cases are source 163 and source 147 (see Figure F2 and F1,
upper panel). where the aperiodic trends has much higher
amplitude than the pulsations. Both these sources are pro-
jected in or on the border of the Nuclear Disc so they are
interesting in the context our discussion of aperiodic dip-
ping giants in that region (see §5). (Source 147 is near the
Galactic centre, at l = 0.13◦, b = −0.14◦, whereas source 163
is at l = 0.49◦, b = −0.69◦, about two scale heights below
the mid-plane of the Nuclear Disc). Only one other member
of the sample, source 135, is projected in the Nuclear Disc.
Notably, this star shows a 2 mag fading trend over the 2010
to 2019 time series. Other cases not in the Nuclear Disc in-
clude sources 184 and 203, each with a 2 mag fading trend
and source 52, with a ∼3 mag fading trend.
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Table F1. Periods of the LPVs

Source Other Name Period

(d)

2 OH 259.8-1.8 1452

24 VVVv588 990
27 [RMB2008] G323.4702-00.1421 769

30 PDS 143 903

35 VVVv229 996
52 [RMB2008] G338.1117-00.3902 776

56 IRAS 16462-4414

57 VVVv345 940
58 IRAS 16491-4336 1265

62 1065
63 VVVv382 1436

64 OH 344.905+00.115 1437

65 IRAS 17002-4248 920
71 VVVv796 894

76 VVVv812 864

80 OH 350.29+00.06 1390
85 IRAS 17219-2756 717

94 664

98 OH 354.529+00.038 1458
104 OH 354.884-00.539 1547

107 OH 355.815-00.226 2263

113 IRAS 17363-2802 504
129 V1185 Sco 2182

135 OH 359.836+00.119 572
147 V5084 Sgr 570

163 338

176 IRAS 17495-2534 1069
178 777

179 1472

181 721
184 480

186 IRAS 17535-2421 888

203 IRAS 18005-2244 705
205 IRAS 18016-2540 945

218 IRAS 18195-2804 779

Source 147 is listed by Glass et al. (2001) as Mira vari-
able 12-228 (=V5084 Sgr). In that work (with a four year
time series in K), a perfectly regular period of 570 d was
found and a 1.5 mag peak to trough amplitude was reported,
although inspection of the published light curve shows a
value closer to 1 mag, consistent with the pulsations seen in
Figure F1). Without this prior work, the VVV light curve of
source 147 might be interpreted as showing signs of a long
secondary period with a 4 mag peak to trough amplitude
and a possible period P ∼ 2100 d. However, this seems un-
likely in view of the previous lack of any trend over fours
years, coupled with the fact that the flux in the VVV light
curve remains near maximum after recovering from the dip.
A 2100 d period is also a bit longer than the 200 to 1600 d
range usually seen in such systems (Soszyński et al. 2021).
Glass et al. (2001) noted that many of the Miras are “quite
irregular” but did not discuss aperiodic trends further.

Source 163 shows a long term fading trend after 2012,
with sinusoidal oscillations superimposed upon it (period
P ≈1 yr, peak to trough amplitude ∼1 mag), see Figure F2.
2MASS measured Ks = 11.39 in 1998, similar to VVV mea-
surements before the decline began. The VIRAC2-β light
curve is moderately well fit by the sum of sine wave with
P = 338 ± 2 d and a quadratic function (plotted as a dashed

Figure F2. VVV and WISE light curves of source 163. These
appears to be a combination of pulsation and a slower, extinction-

driven dip. The dashed line shows a simple model fit, see main

text. The background grid aids comparison of the amplitude of
pulsation in the three filters.

curve), until the fading trend appears to bottom out near
MJD = 58500. The system is classified in the VIRAC2-based
VIVACE catalogue (Molnar et al. 2022) as an LPV with
P = 692.8 d, approximately double the true period, after
fitting and subtracting a quadratic long term trend (which
was standard procedure in VIVACE). Similarly, Nikzat et al.
(2022) identified it as an LPV within a list of 1013 VVV
LPVs with imperfectly determined periods near the Galac-
tic Centre.

The periodic variations and the overall decline are fairly
well sampled by NEOWISE in W1 and W2 (better than the
unTimely data in this case), with similar behaviour to that
seen in VVV and no significant blending issues. Within the
individual cycles, the amplitude changes between MJD =
58000 and MJD = 59000 are very similar in Ks, W1 and
W2. This is consistent with Mira-like pulsations: Iwanek
et al. (2021) found that the amplitude of such pulsations
declines with increasing wavelength from the optical to the
mid-infrared but there was no significant change between
the Ks, W1 and W2 passbands. (There is no useful WISE
light curve for source 147: the VVV Ks images show it is
heavily blended in both WISE and Spitzer/GLIMPSE).

Considering the longer term fading, we can compare
the flux levels in similar (faint) parts of the periodic cycle
in 2014 (MJD ≈ 56700) and 2018 (MJD ≈ 58350). Source
163 faded by 2.8 mag, 2.1 mag and 1.3 mag in Ks, W1 and
W2. The change in Ks is smaller than expected from the
1: 0.52: 0.33 ratio predicted by the Wang & Chen (2019)
extinction law but the ∆W1 to ∆W2 ratio is as expected.
This could be explained by a model where the mid-infrared
fluxes decline as extinction rises but the Ks flux declines
more slowly due to a contribution by scattered light. VVV
provides only two epochs of contemporaneous photometry
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in H and Ks, the source being undetected in the Z, Y and
J passbands. The system is very red, with colour changing
from (H−Ks ) = 3.91 at Ks = 11.40 in 2010 to (H−Ks ) = 4.26
at Ks = 11.96 in 2015. This colour change is consistent with
increased extinction, though the measurements were taken
in different parts of the cycle so they cannot be interpreted
in a simple way.

Dusty Mira variables often show aperiodic variability on
a range of time scales (Iwanek et al. 2021), slow trends typ-
ically being attributed to mass loss and variable extinction.
Whilst sources 163 and 147 could simply be seen as extreme
examples of the variable extinction seen in many dusty Mi-
ras in the Milky Way, their locations in the Nuclear Disc
mean that they could plausibly have super-solar metallicity,
as proposed for the 21 dipping giants discussed earlier, which
may enhance dust production. Such aperiodic events have
been observed, albeit with considerably lower amplitude in
Ks than source 163, in the Mira variables R For (Whitelock
et al. 1997), II Lup (Feast et al. 2003) and IRAS 17103-0559
(Jiménez-Esteban et al. 2006). We should consider whether
a long secondary period can explain the event in source 163.
Such periods are seen in about one third of Miras and they
have been convincingly attributed to eclipses by either a
circumsecondary disc around a very low mass companion
or by matter spread around the orbit of such a companion
(Soszyński et al. 2021), see also Wood & Nicholls (2009). It
is proposed by (Soszyński et al. 2021) that the companion is
a former giant planet that has gained mass from the stellar
wind of the pulsating Mira variable and become a brown
dwarf. A secondary period is not yet established in source
163 and it would have to be rather longer than the 200 d to
1600 d periods typically observed (see Figure 2 of Soszyński
et al. 2021). However, a few rare cases of very long secondary
periods are known, such as the C-rich Mira R Lep (White-
lock et al. 1997) and V Hya (Knapp et al. 1999), the latter
recently revealed to have an expanding spiral circumstellar
disc (Sahai et al. 2022).

Source 163 is projected in a bright H ii region seen in
the WISE mid-infrared images, apparently corresponding to
the giant H ii region G000.5-00.7 identified by Kuchar &
Clark (1997) and Conti & Crowther (2004). It also has a
large infrared excess and the Spitzer colour [8] − [24] = 3.3
is more typical of YSOs than dusty AGB stars (Robitaille
et al. 2008). For these reasons it was initially thought that
source 163 might well be a dipping YSO of the AA Tau
type. However, those systems usually have much shorter
periods (P < 15d, Rice et al. 2015), with the longer-term
dip in AA Tau and some other systems attributed to occul-
tation by non-axisymmetric matter in a much wider orbit
(Bouvier et al. 2013). The VIRAC2 proper motion helps
to reject the possibility of a dipping YSO: the values are
µαcosδ = −5.04± 0.42 mas/yr and µδ = −7.41± 0.46 mas/yr,
which corresponds to µl = −8.03 ± 0.43 mas/yr and µb =

−3.97 ± 0.45 mas/yr in Galactic coordinates. For a source
projected very close to the Galactic centre at heliocentric
distance d/kpc, these relatively large proper motions corre-
spond to tangential velocity components, V = 38d km/s and
W = −19d km/s, parallel and perpendicular to the Galactic
disc, respectively. This is incompatible with a YSO in the
Galactic disc, unless it were located within ∼1 kpc of the
sun. That is highly unlikely, given that no such nearby star

formation region is known on the line of sight to the Galactic
centre.

APPENDIX G: CATACLYSMIC VARIABLES
AND OTHER TRANSIENTS

The great majority of these 70 sources are expected to be
classical novae. In fact, 43 of them have been previously clas-
sified as classical novae, recurrent novae (i.e. novae for which
more than one explosion has been observed) or nova candi-
dates. These 43 were discovered either in the VVV-based
searches listed in § 3, by optical surveys, e.g. OGLE in 12
cases, the All-Sky Survey for Supernovae (ASAS, Shappee
et al. 2014) in one case, the Gaia Photometric Science Alerts
system (Hodgkin et al. 2021) in one case, by amateur as-
tronomers, or, by the mid-IR WISE satellite in three cases
(e.g. Zuckerman et al. 2023). (Individual references and iden-
tifications are given in Table 1).

Some of the remaining 27 nova candidates are poorly
sampled so their classification is tentative. While most of
these 27 light curves display a typical nova-like monotonic
fade, there are a few cases where a smooth-topped secondary
peak attributable to dust condensation (Gehrz 1988, 1999;
Hachisu & Kato 2006) is observed, with varying degrees of
confidence. Source 84 shows such a peak and there are hints
of one in sources 45 and 222, though source 45 has noisy data
due to saturation and source 222 is poorly sampled. Sources
20 and 109 show a modest rise from the initial detection up
to the maximum flux: we have chosen to classify these two
as nova candidates where the initial outburst maximum was
missed. Sources 160 and 183 show a similar behaviour but
with noteworthy differences (see below).

Four of the 29 new nova candidates have rather unusual
light curves, discussed briefly below and illustrated in Figure
G1.

(i) Source 88 has a sharp secondary peak in its light curve
680 days after the first observation (see Figure G1), rising
almost 2 mag above the overall declining trend. This feature,
distinctly not a rounded secondary dust peak, lasted for at
least 100 days and it resembles the ”cusp“ seen in the rare C-
class of novae defined by Strope et al. (2010) in optical light
curves. That work stated that only three examples of such
novae were known at the time (∼1 per cent of novae) and
the origin of the cusp features is not yet clearly determined,
though two theories are noted in that work. A more recent
example is found in Wee et al. (2020).

(ii) Source 97 was first detected on 2011 August 30. The
flux declined rapidly but quasi-periodic oscillations within
the overall decline were seen in the 2012 observing season
(data at Modified Julian Dates, MJD = 56086 to 56198).
The period was ∼45 days. In subsequent years the photom-
etry began to suffer from added noise due to blending with
adjacent stars so it is difficult to determine whether the os-
cillations continued. Oscillatory behaviour in optical light
curves is described as the O-class in Strope et al. (2010)
but only two examples were mentioned. We have not seen
this behaviour in other infrared light curves of novae in the
literature, such as the numerous examples available in the
SMARTS database (Walter et al. 2012).

(iii) Source 160 was first detected as a bright star (Ks ≈

11.4 on 2011 August 4) but it then brightened by at least
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Figure G1. Light curves of novae and some unusual nova candidates. Source 116 is Nova Oph 2012b (Walter et al. 2012) with a typical

monotonic light curve. The other four have unusual light curves. Source 88 shows a ”cusp“ similar to those seen in a small number
of optical nova light curves. Source 98 shows quasi-periodic oscillations near MJD=56150. Sources 160 and 183 each show a rise to a

maximum that we interpret as a secondary dust peak but there are atypical features in each case, see main text.
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2 mag over the following 70 days until observations were in-
terrupted by the end of the observing season. From February
2012 the light curve was initially flat at Ks ≈ 10.8 for about
4 months but it then began to decline steadily, fading from
view after 2014. This source is projected close to the Galac-
tic centre (l = 0.74, b = −0.36) and detections in the Y filter
on two dates in August 2011 allow us to calculate a colour
Y−Ks ≈ 7.2. If we employ the extinction law of Cardelli et al.
(1989) and assume an unreddened colour Y −Ks = 0 for a hot
source, this implies AV ≈ 27 mag, consistent with a location
in the Nuclear Disc of the Milky Way and the CMZ. The ini-
tial brightening behaviour can probably be accommodated
within the framework of a classical nova with a secondary
dust peak, from which we infer that the unobserved primary
peak occurred between the last pre-outburst observation on
2010 September 12 and the initial detection almost a year
later. A concern is that the proposed secondary peak has a
rather long duration for a nova, given the event took 400
days to fade below the level of the initial detection. Several
examples of novae with a secondary peak are shown in the
SMARTS database (e.g. N Mus 2018) but in every case the
peaks have a shorter duration than is seen in this source, by
factor of two or more. However, the timescales over which
nova shells expand and fade have a very wide range, deter-
mined by the energetics of the explosion (Strope et al. 2010,
see e.g.), so our initial classification is that this was a slow
nova event corresponding to a low energy outburst.

(iv) Source 183 rose in brightness by ∼2 mag over ∼ 100
days up to the time of maximum flux, suggesting that we
are seeing a secondary dust peak. While this is not especially
remarkable, there is a also a dip in the light curve just be-
fore maximum flux, having a duration of approximately two
weeks to four weeks, though measured on only two nights in
the relevant interval. This might be caused by high optical
depth in the ejecta.

APPENDIX H: MICROLENSING EVENTS

We classify 38 sources from Table 1a and a further 15 sources
from Table C1 as microlensing events, with varying degrees
of confidence owing to the sparse sampling of the VVV sur-
vey. The classifications are based on visual inspection of
the light curves for the characteristic morphology and a
timescale of a few weeks. Almost all events appear to be sin-
gle star lenses, as opposed to binary lens events. Three of the
events (sources 180, 189 and 214) were previously reported
by the OGLE early warning system (Udalski 2003) and two
additional events with unusually good sampling, sources 215
and DR4 v51 from Table C1 , were verified by co-author
Navarro using a microlens event-fitting code. This gives us
some confidence that most of these events are correctly clas-
sified. These sources are mostly located in the inner bulge
as one would expect, see Figure 1. The spatial distribution
of infrared microlensing events discovered with VVV data
was characterised in detail by (Navarro et al. 2018, 2020a,b)
using a much larger sample of lower amplitude events. The
events in the present sample do not add significantly to those
works, despite their higher amplitudes, so we do not discuss
them further.

APPENDIX I: UNUSUAL SOURCES

• Source 175 is V4334 Sgr (= Sakurai’s star), thought to
be a born-again giant star undergoing a very late thermal
pulse after entering the white dwarf cooling sequence. The
ongoing near infrared photometric brightening is described
by Evans et al. (2020), drawing on the VVV data among
other data sets. Here we note briefly that the VIRAC2
DoPhot light curve (not shown) displays a smoother long-
term brightening trend than the aperture photometry pre-
sented in that work.
• Source 16 is MAXI J1348-630, a black hole X-ray binary

candidate (Tominaga et al. 2020). This source has been ex-
tensively investigated by the X-ray binary community so we
do not analyse it here, except to note that the VIRAC2 light
curve shows an approximately constant brightness from 2010
to 2016, before starting to rise in 2017 and becoming much
brighter in 2019, at the time of its discovery in the X-ray
waveband.

The remaining eight “unusual” sources are as follows.
Light curves of the six previously unreported sources in this
set are shown in Fig. I1.

• Source 59 was listed by CP17a as an eruptive YSO
candidate (VVVv746) having a relatively modest (1.3 mag)
amplitude in the 2010 to 2014 VVV time series but not dis-
cussed further. Lucas et al. (2020) also listed it as an erup-
tive YSO candidate with a very high mid-infrared amplitude
(5.3 mag in W1), having recovered it in a WISE/NEOWISE
search for variable stars and transients projected in Infrared
Dark Clouds. However, the companion paper by GLK23
finds that its infrared spectrum does not resemble that of
known eruptive YSOs and shows almost unique molecular
absorption features, discussed in that work. The nature of
this system is currently under investigation.
• Sources 199 and 101 are VVV-WIT-08 and VVV-WIT-

10 respectively, see Smith et al. (2021). These are noted in
section 5 as giant stars that underwent dimming events that,
at least in the case of source 199, have a different nature to
most of the other aperiodic dipping giant stars in this work.
The amplitude and characteristics of the dimming event of
VVV-WIT-10 are unclear since it was undetected through-
out the 2015 observing season and had no detectable vari-
ability in other years. Uniquely among sources in this work,
VVV-WIT-10 was detected as a highly variable star despite
there being no bona fide detection of variability save for an
upper limit when it dropped below the detection threshold.
The high amplitude in the VIRAC2 database is due to a
few spurious DoPhot detections in 2015, caused by blend-
ing with adjacent star.
• Source 34 is a slow-rising transient that was first de-

tected in September 2011 at Ks = 16.7, clearly on a rising
trend (brightening by ∼2 mag over 19 days in that month).
It was next observed at a maximum of Ks ∼ 10 from March
to July of 2012. By the following year it was on a fading
trend: observations from April 2013 to July 2014 show it
fading smoothly down to Ks = 17 and it was subsequently
undetected. Given the initial slow rise, this was not a con-
ventional nova event. Unfortunately there no observations
in filters other than Ks in the years from 2011 to 2014. Ac-
cording to the Vizier database it was undetected in any other
surveys so no colour information is available. The source is
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Figure I1. VIRAC2 light curves of six of the unusual variable stars that are poorly understood at present, see main text.

located in the mid-plane of the Galactic disc at (l, b) =
(328.9, -0.2), which tends to suggest a distant source that
would be expected to suffer significant foreground interstel-
lar extinction. The nature of this transient is unknown.

• Source 49 had a slow, linear rising trend over 7 years
from Ks ≈ 14.5 in 2010 to Ks ≈ 13 in 2017. In May 2018
it was seen at Ks ≈ 9, fading by 0.6 mag over 3 days. No
other observations were made that year and it was next
seen at a much fainter magnitude, Ks = 16.8, in June 2019,
near the end of the VIRAC2 time series. The colours during
the rising stage were very red: H − Ks = 3.68 in 2010 and
H − Ks = 3.98 in 2015 (with no detections in J, Y or Z.)
The Spitzer/GLIMPSE survey data from 2004 also detected
it as a red star: [4.5]=10.0, [3.6-[4.5]=1.09, [4.5]-[5.8]=0.68,
[4.5]-[8.0]=0.69. The source is located in the mid-plane of the
Galactic disc at (l, b) = (337.9, -0.1) and there are numer-
ous submillimetre clumps within a few arcminutes on the
sky, detected by the ATLASGAL survey (Contreras et al.
2013; Urquhart et al. 2018). However, the light curve does
not resemble that of any known eruptive YSO. Unless spec-
troscopy can be undertaken, the nature of this source will
probably remain unknown.

• Source 50 has relatively blue colours and is located in
the Galactic disc at (l, b) = (339.6, 1.2) that shows an irreg-
ular fading trend from 2010 to 2019, with large intra-year
variability and a secondary maximum in 2013. Changes in
flux were almost achromatic: the colours and magnitudes in
March 2010 were Ks = 12.89, H −Ks = 0.59 and J−H = 0.86,
compared to Ks = 16.29, H − Ks = 0.50 and J − H = 0.92 in
July 2015. The 2MASS PSC gives Ks = 13.38, slightly fainter

than the initial VVV measurements but with broadly sim-
ilar colours. It is listed as a blue source in catWISE (GET
unTIMELY!!!) The nature of this source is unknown.

• Source 99 is in the Galactic bulge at (l, b) = (1.2, 4.2).
It was seen as a faint star (H = 18.0) in 2010, not detected
in Ks or J that year. In Ks it was first seen in 2011 and
last seen in 2014. In 2011 to 2012 it was at Ks ≈ 17, bright-
ening slightly towards the end of the 2012 observations. In
2013 and 2014 it showed two separate brief outbursts that
each brightened and faded on a timescale of order 1 week,
somewhat resembling microlensing events in morphology. In
2015 it was detected in J and H (only) with a relatively
blue colour: J = 18.8, H = 18.0, J − H = 0.8. This source was
near the sensitivity limit of VVV in most years so the non-
detection in Ks in 2010 and 2015 to 2019 is unsurprising,
given that there were few observations of the field in those
years. The Vizier database shows no detections in surveys
other than VVV. The nature of this source is unknown.

• Source 127 is projected in the Nuclear Disc of the Milky
Way and the CMZ, at (l, b) = (359.300, -0.005). It shows
signs of periodicity: the VIVACE catalogue (Molnar et al.
2022) found a best-fit period, P ≈ 64.8 d but there is consid-
erable scatter in the phase-folded light curve. The star has
red mid-infrared colours in the Spitzer/GLIMPSE-II dataset
and a separate Spitzer study of the Galactic centre region
(Ramı́rez et al. 2008). The SPICY catalogue (Kuhn et al.
2021) lists it as a YSO candidate of uncertain nature, based
on detections in three mid-infrared filters in GLIMPSE-II.
However, Yoshikawa et al. (2014) list it as a candidate class
II YSO with a little more confidence, based on their de-
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tection of intrinsic polarisation and detections in four mid-
infrared filters in the study of Ramı́rez et al. (2008). How-
ever, the VIRAC2 light curve is very unusual so the nature
of this source remain in doubt.

This paper has been typeset from a TEX/LATEX file prepared by

the author.
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