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1 INTRODUCTION

ABSTRACT

In a companion work (Paper I), we detected a large population of highly variable Young Stellar
Objects (YSOs) in the Vista Variables in the Via Lactea (VVV) survey, typically with class I
or flat spectrum spectral energy distributions and diverse light-curve types. Here we present
infrared spectra (0.9-2.5 um) of 37 of these variables, many of them observed in a bright
state. The spectra confirm that 15/18 sources with eruptive light curves have signatures of a
high accretion rate, either showing EXor-like emission features (Av = 2 CO, Bry) and/or
FUor-like features (Av = 2 CO and H,O strongly in absorption). Similar features were seen
in some long-term periodic YSOs and faders but not in dippers or short-term variables. The
sample includes some dusty Mira variables (typically distinguished by smooth Mira-like light
curves), two cataclysmic variables and a carbon star. In total, we have added 19 new objects
to the broad class of eruptive variable YSOs with episodic accretion. Eruptive variable YSOs
in our sample that were observed at bright states show higher accretion luminosities than
the rest of the sample. Most of the eruptive variables differ from the established FUor and
EXor subclasses, showing intermediate outburst durations and a mixture of their spectroscopic
characteristics. This is in line with a small number of other recent discoveries. Since these
previously atypical objects are now the majority amongst embedded members of the class,
we propose a new classification for them as MNors. This term (pronounced emnor) follows
V1647 Ori, the illuminating star of McNeil’s Nebula.

Key words: stars: AGB and post-AGB —stars: low-mass —stars: pre-main-sequence — stars:

protostars —stars: variables: T Tauri, Herbig Ae/Be —infrared: stars.

in YSOs at optical, near-infrared (IR) and mid-IR wavelengths (e.g.
Megeath et al. 2012; Findeisen et al. 2013; Cody et al. 2014; Rebull

The incidence and theory of episodic accretion in young stellar
objects (YSOs) and the associated eruptive variability is one of
the biggest remaining gaps in our understanding of star forma-
tion. While the number of photometrically and spectroscopically
verified eruptive variable YSOs remains small, the topic has at-
tracted increasing attention from observers and theorists in recent
years, alongside a more general effort to improve our understand-
ing of lower level accretion variations and photometric variability
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et al. 2014; Rice et al. 2015; Wolk et al. 2015). If episodic accretion
is common in normal pre-main-sequence (PMS) stars, this could
solve two long-standing puzzles: the typical luminosities of YSOs
are found to be lower than expected from theoretical models (the
so-called luminosity problem; see e.g. Kenyon et al. 1990; Evans
etal. 2009; Caratti o Garatti et al. 2012). This problem can be solved
if in fact YSOs spend most of their lifetimes in quiescent states with
low accretion rates and gain most of their mass in short-lived ac-
cretion bursts. The second problem relates to the wide scatter about
the best-fitting isochrone seen in the Hertzsprung—Russell (HR) di-
agrams of PMS clusters. In this case, the final position of the star in
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HR diagrams would strongly depend on the YSO’s accretion his-
tory. Moreover, the lasting effects of episodic accretion would have
to be taken into account not only in stellar evolution theory (Baraffe,
Chabrier & Gallardo 2009; Baraffe, Vorobyov & Chabrier 2012) but
also in the theory of planet formation and planet migration.

This paper forms the second part of our investigation of eruptive
variability in the VISTA Variables in the Via Lactea (VVV) survey
(Minniti et al. 2010; Saito et al. 2012), the first panoramic time
domain survey of the Milky Way at IR wavelengths. In the first part
(Contreras Pefia et al. 2016, hereafter Paper I), we described the
discovery of 816 high-amplitude IR variables (AK; > 1 mag) in the
mid-plane section of the VVV disc region, a well-studied region in
the fourth Galactic quadrant (longitude 295° < [ < 350°, latitude
—1°1 < b < 1°1. Most of these variables were located in star forma-
tion regions (SFRs) and have very red spectral energy distributions
(SEDs), consistent with YSO classification. We estimated that about
half of the 816 are YSOs and we made a preliminary classification
of each into one of the following categories: eruptive, fader, dipper,
short-term variable (STV), long-term periodic variable (LPV-YSO),
eclipsing binary and Mira-like variable (LPV-Mira). The Mira-like
variables were distinguished by their relatively smooth, approxi-
mately sinusoidal light curves, as distinct from LPV YSOs with
significant lower level scatter on short time-scales, superimposed
on a higher amplitude long-term periodic variation. The eruptive
variables typically displayed outburst durations of 1-4 yr, but in
some cases, the eruptions were much shorter or lasted for >4 yr.
We posited that variables with eruptive LC were mainly YSOs
undergoing episodic accretion and we further suggested that this
mechanism (or variations on it) causes the variability of some of
the faders and LPVs. The dippers (sources with relatively brief but
deep drops in the LC) would more naturally be explained by variable
extinction, although we note that the near-IR colour variability in
many sources in this class does not follow the reddening path. The
STVs typically had lower amplitudes and had a bluer distribution
of SEDs than the rest, so the variability in most cases is more likely
due to rotational modulation by bright or dark spots on the stellar
photosphere or periodic extinction (e.g. by a warped inner disc),
rather than episodic accretion.

Spectroscopic follow-up remains essential to test our initial con-
clusions, in part, because the sparsely sampled VVV LC and SEDs
alone are insufficient to classify individual sources reliably. More-
over, we have only two epochs of colour variability data in the JHK
filters (supplemented by four epoch WISE4-NEOWISE mid-IR data
in some cases), so while the evidence suggested that variable ex-
tinction is not the main cause of variability in the eruptive systems,
spectroscopic confirmation is required.

Most eruptive variable YSOs have historically been classified
as either FUors (after FU Orionis) or EXors (after EX Lupi).
FUors have long-duration outbursts (typically decades but at least
10 yr), whereas EXors typically have outburst durations of weeks
to months, with a maximum of 1.5 yr (Herbig 2008). The classical
view is that FUors are at an earlier evolutionary stage and belong
to the transitional phase between class I and class II objects, whilst
EXors are associated with instabilities in the discs of class Il objects.
However, both classes of young eruptive variables were originally
defined from optical detections in nearby SFRs (Herbig 1977, 1989),
which tends to exclude younger YSOs which have higher accretion
rates but are too deeply embedded in circum-stellar matter to be
observed at visible wavelengths.

FUors display strong CO absorption in the first overtone bands at
2.3-2.4 pm and they often show broad H,O absorption bands from
1-2.5 um also. These absorption bands are thought to arise in the
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circum-stellar accretion disc (perhaps 1 au from the star; Connelley
& Greene 2014). The disc is heated in the mid-plane by viscous
accretion and absorption occurs in the cooler surface layers. FUors
typically lack emission lines in their IR spectra. By contrast, EXors
show strong H 1 recombination lines in emission. During outburst,
the first overtone CO bands are in emission also but they are seen in
absorption during quiescent periods. The H 1 lines are attributed to
infalling matter close to the star and they often display ~100km s~!
linewidths. The CO emission is thought to arise in the inner part of
the accretion disc which has a temperature inversion due to external
heating by the star. Na1 and Ca1 emission lines are also sometimes
seen in EXors during outburst, their behaviour correlating closely
with CO (Lorenzetti et al. 2009). CO, Na1 and Ca1 absorption lines
in classical EXors arise in the stellar photosphere. This of course
requires that the stellar photosphere is not too heavily veiled by the
disc or hidden by high extinction, as often occurs for normal class
1 YSOs, (e.g. Greene & Lada 1996). The accretion events associ-
ated with the outbursts of eruptive variables are thought to drive
strong outflows (Reipurth & Aspin 1997; Magakian et al. 2013).
FUors have been associated with Herbig—Haro objects (Reipurth
& Aspin 1997) and drive molecular outflows (Evans et al. 1994).
FU Orionis itself, although having massive winds, does not drive a
molecular outflow (Evans et al. 1994), which could be explained by
the lack of organization of magnetic fields required for jet launching
and collimation in the binary scenario of Reipurth & Aspin (2004)
or by previous outflows having cleared away the remnant envelope,
leading to a lack of swept-up material which would otherwise con-
stitute a molecular outflow (Evans et al. 1994). However, classical
EXors do not show the evidence of molecular shocks or jets in the
near-IR (H, or [Fe 11] emission) at the sensitivity level of the spectra
of Lorenzetti et al. (2009).!

The VVV candidates were initially selected from their variability
over only ~2 yr (2010-2012), a time-scale that favours detection of
EXors over FUors. However, with VVV, we are sensitive to optically
obscured YSOs with a substantial envelope, i.e. systems at an earlier
evolutionary stage than most EXors. The VVV candidates are in fact
almost all optically invisible at the depth of panoramic surveys such
as VPHAS+ (Drew et al. 2014). This is partly because most of them
have intrinsically redder SEDs than most of the classical EXors and
FUors and in part because of interstellar extinction towards the
relatively distant SFRs (a few kiloparsecs) in which these objects
are located (see Section 2). Owing to their earlier evolutionary
status, it is likely to be difficult to detect absorption features which
arise in the stellar photosphere. In addition, the greater distance of
the VVV YSOs biases them towards higher luminosity and mass.
This may affect the relative prominence of spectroscopic features
relating to the accretion luminosity of the disc and those related
to the stellar photosphere (whether seen directly or in reprocessed
radiation; see Calvet et al. 1991).

Prior to our work with VVV, very few deeply embedded eruptive
variables were known. The known examples were OO Ser, V2775
Ori, HOPS 383, V723 Car and GM Cha (Hodapp et al. 1996; Persi
et al. 2007; Caratti o Garatti et al. 2011; Safron et al. 2015; Tapia,
Roth & Persi 2015), now supplemented by our two recent discov-
eries from the UKIDSS Galactic Plane Survey: GPSV3 in Serpens
OB2 and the isolated object GPSV15 (Contreras Pefa et al. 2014),
as well as the recent discovery of CX330 (Britt et al. 2016). CX330

!'We note that PV Cep does show Hy emission and it is part of the EXor
sample of Lorenzetti et al. (2009). However, this object has characteristics
which differ from classical EXors (see e.g. Caratti o Garatti et al. 2013).
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is an isolated very red source in the direction of the Galactic
bulge with extreme (even unique) photometric and spectroscopic
properties. As with GPSV15, an eruptive YSO interpretation ap-
pears to fit the data best, though we should consider the possibility
that these unusual isolated variables are more evolved sources or
previously unknown types. To this list, we might also add V1647
Ori (Aspin, Greene & Reipurth 2009) and a few other objects that
are somewhat less obscured (A, ~ 10). These embedded objects,
along with a few other less embedded systems, show a mixture
of the properties of FUors and EXors. This has given rise to the
scenario where, if we think of the outburst phenomena as a contin-
uum, these new discoveries may instead represent a ‘connection’
between FUors and EXors, with FUors representing one extreme
(long duration) and EXors being the short-duration end of the same
phenomenon. In this sense, the different types of outbursts are pro-
duced by variations of one or more of the parameters involved in
the instabilities which give rise to the outburst (Gibb et al. 2006;
Fedele et al. 2007; Aspin et al. 2009).

In this paper, we present the results of IR spectroscopic follow-
up of a subset of the 816 high-amplitude variables. The principal
aims of this work are first to validate our claim in Paper I to have
discovered a large population of eruptive variables, with increas-
ing incidence towards earlier stages of evolution, and secondly, to
explore the characteristics of these embedded systems.

The paper is divided as follows: in Section 2, we describe the se-
lection of the sample and present its photometric properties, includ-
ing 70 um data from Herschel Hi-Gal. We also review the near-IR
colour variability using two epochs of VVV data, presented previ-
ously in Paper I for the full photometric sample. Section 3 describes
the near-IR spectroscopic observations and data reduction. In Sec-
tion 4, we analyse the general spectroscopic characteristics of the
sample, focusing on objects which are found to be likely YSOs. We
then analyse these properties according to their LC classification
from Paper I and establish which objects likely belong to the erup-
tive variable class. In Section 5, we derive accretion luminosities
and discuss the classification of our sample in the context of the es-
tablished subclasses of eruptive variable YSOs (FUors, EXors) and
find that most members of our sample cannot be described by the
classical scheme. Finally, in Section 6, we present a summary of our
analysis. Individual analyses of objects in our sample are presented
in Appendices A—C. LC and spectra of the whole spectroscopic
sample are presented in Appendix F.

2 THE SPECTROSCOPIC SAMPLE

We obtained near-IR spectra for 37 members of the 816 high-
amplitude variables from Paper I, all taken with the Magellan Baade
telescope. All of the 37 stars have red near-IR colours and SEDs
and all are projected within 5 arcmin of an SFR, according to our
search of the SIMBAD data base and the mid-IR WISE multicolour
images (see Paper I). Some preference was given to sources for
which a distance estimate to the associated SFR is available in the
literature. We note that the VV'V disc region contains no large SFRs
within ~2 kpc, so most of the targets are expected to be more
distant.

We preferentially selected sources with K < 14.5 mag at the most
recent available epoch in the VVV time series to the observations,
in order to obtain good data in a relatively brief observation. Some
preference was given to sources with signs of a recent eruption in
the LC, though the most recent VVV data available were typically
taken several months before the observations. For the first observing
run in 2013, we had only one night at the telescope, so we observed
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only the sources which either had AK; > 2 mag or a projected
location near the massive G305 star-forming complex. In the 2014
run, we included more sources with AK; = 1 to 2 mag, in order to
better represent the full photometric sample.

The spectroscopic sample covers a fair cross-section of the full
sample of variables projected against SFRs, though it includes a high
proportion of systems with eruptive LC and relatively few sources
in each of the other categories. Of the 37 targets, the LC classifi-
cations were: 18 eruptive variables, 5 long-term periodic YSOs, 6
Mira-like variables, 2 faders, 3 dippers and 3 STVs. The (mean)
magnitude range is approximately 11.5 < K < 14.5, compared to
11.5 < K < 16.25 for the full photometric sample (see Paper I).
The sole exception is VVVv815 (see Appendix A), a somewhat
fainter source observed as a target of opportunity.

The amplitudes of the 18 candidate eruptive variables in the
spectroscopic sample are slightly higher than is typical of the 106
eruptive variables in the photometric sample but the difference is
modest: the median AK; = 1.88 mag for the former group versus
1.61 mag for the latter group. For the full spectroscopic sample,
there is a stronger bias towards higher amplitude systems: the me-
dian AK; = 1.85 mag, versus 1.44 mag for all the high-amplitude
variables in SFRs (excluding EBs which are not included in the
spectroscopic sample).

For every object, we have 2010-2014 K, photometry from VVV,
with the addition of a single 2015 data point arising from the second
epoch of contemporaneous JHK photometry, LC classification, as
well as the information collected in Paper [ using SIMBAD (Wenger
etal. 2000), Vizier (Ochsenbein, Bauer & Marcout 2000) and public
near- and mid-IR surveys from the NASA/IPAC Infrared Science
Archive. The latter includes information from 2MASS (Skrutskie
et al. 2006), DENIS (Epchtein et al. 1994), Spitzer/GLIMPSE sur-
veys (see e.g. Benjamin et al. 2003), WISE All-sky release (Wright
et al. 2010), Akari (Murakami et al. 2007) and MSX6C (Price
et al. 2001). In this work, we also use the information from Her-
schel Hi-Gal (Molinari et al. 2010) and the recently available data
of NEOWISE (Mainzer et al. 2011) and DEEP GLIMPSE (Whitney
etal. 2011). The 2010-2015 K, LC of the 37 objects in our sample
are presented in Appendix F. All VVV LC were derived from v1.3
of the VISTA pipeline developed by the Cambridge Astronomical
Survey Unit, with the addition of our own saturation correction
where necessary (see Paper I).

Information from the literature allows us to estimate a likely
distance to our objects, based on distances to areas of star formation
found within 300 arcsec in the SIMBAD data base. In general
these are near-kinematic distances estimated from radial velocities
of emission lines observed towards H 1 regions or Infrared Dark
Clouds (IRDCs), such as CS (2-1) (Bronfman, Nyman & May 1996;
Jackson et al. 2008), *CO(1-0) (e.g. Russeil & Castets 2004) or OH
maser emission (e.g. Caswell 1998). In some other cases, distances
are assumed from the location of the VV'V object near-known areas
of star formation, such as the G305 star-forming complex.

Table 1 shows the characteristics of the spectroscopic sample.
In column 2, we show the original variable star designation from
table 1 in Paper I, columns 3 and 4 show the right ascension and
declination of the star, whilst columns 5-10 represent the 2010 J,
H and K, magnitude of the stars along with the respective errors. In
column 11, we present AK = K max — K, min, Whilst column 12
shows the slope of the SED, «, derived in Paper I via a linear fit to
data points at wavelengths 2 < A < 24 pm. Column 13 shows the
likely distance to our objects estimated from SIMBAD (designated
as dspr), whilst column 14 shows the LC classification given in
Paper 1. Finally, column 15 shows the classification given to the

MNRAS 465, 3039-3100 (2017)

/T0Z ‘9 Afenuer uo a11usplojLBH 10 AsBAIUN 1 /BI0'S[euINopioxo'se.ul;/:dny wol) pepeojumod


http://mnras.oxfordjournals.org/

3042

C. Contreras Peria et al.

Table 1. Characteristics of the spectroscopic sample of VVV high-amplitude variables. In the last column, ‘non-er’ refers to YSOs not classified as eruptive

variables.
No Variable o $ J Jerr H Hepe K Ks e  AK; o dsrr  Shape Type
(J2000) (J2000) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (kpc)  (Paper I) (This work)
1 VVVv20 12:28:27.97 —62:57:13.97 17.38 0.04 14.10 0.01 11.70 0.01 1.71 0.6 - Eruptive MNor
2 VVVv25 12:35:14.37 —62:47:15.63 - - 16.01 0.02 1234 0.01 1.68 0.22 2.2 Eruptive AGB
3 VVVv32 12:43:57.15 —62:54:45.09 16.07 0.01 1407 0.01 1245 0.01 2.49 0.32 2.7 LPV-YSO MNor
4 VVVv42 13:09:34.64 —62:49:32.52 1845 0.10 1426 0.01 11.94  0.01 2.16 0.98 3.7 LPV-Mira AGB?, YSO?
5 VVVv45 13:11:43.07 —62:48:54.77 - - - - 13.33  0.01 2.31 1.27 3.7 LPV-Mira AGB
6 VVVv63 13:46:2048 —62:25:30.81 1853 0.09 1579 0.02 13.81 0.01 1.44 0.9 3.5  Eruptive YSO, non-er?
7 VVVv65 13:47:51.09 —62:42:37.46 18.75 0.10 1585 0.02 13.59 0.01 136 —-031 35 STV YSO, non-er
8 VVVvo4 14:22:57.76  —61:05:47.03 - - 1642 0.03 1339 0.01 1.91 0.54 2.6  Eruptive MNor
9 VVVvI18 14:51:20.97 —60:00:27.40 16.09 0.01 14.54 0.01 13.01  0.01 4.24 0.16 - Eruptive EXor(MNor?)
10 VVVvI93 15:49:14.34 —54:34:23.66 - - 16.59 0.04 1390 0.01 1.26 0.86 4.2 Eruptive MNor
11 VVVv202 15:54:26.41 —54:08:29.40 17.38 0.03 13.28 0.01 11.66 0.01 1.61 1.16 4.1 LPV-YSO AGB
12 VVVv229 16:04:24.48 —53:01:14.01 - - - - 13.01  0.01 3.7 241 2.3 LPV-Mira AGB
13 VVVv235 16:09:35.53 —51:54:14.08 - - 1795 022 11.70 0.01 1.26 1.15 5.3 LPV-Mira AGB
14 VVVv240 16:13:03.44 —51:41:51.91 - - 16.35 0.05 12.10 0.01 1.17 0.74 3.5 LPV-Mira Nova
15 VVVv270 16:23:27.14 —49:44:43.96 - - 1834 023 16.14 0.07 3.81 1.76 2.3 Eruptive MNor
16  VVVv322 16:46:24.57 —45:59:21.04 1848 0.13 1682 0.08 1525 0.04 2.63 091 3.1  Eruptive MNor
17 VVVv374 16:58:33.99 —42:49:55.25 17.12 0.02 13.99 0.01 11.98  0.01 2.41 0.91 2.9  Eruptive MNor
18  VVVv405 17:09:38.62 —41:38:51.81 - - 17.50  0.13  13.50 0.01 2.00 1.77 2.3 Dipper YSO, non-er?
19 VVVv406 17:09:57.47 —41:35:48.87 17.51 0.04 14.61 0.01 12.57  0.01 2.06 1.1 2.3 Dipper YSO, non-er?
20 VVVv452 12:41:58.06 —62:13:4290 18.10 0.06 15.68 0.01 13.78  0.01 2.46 04 - Eruptive MNor
21 VVVv473  13:10:57.49 —62:35:22.34 - - - - 14.53  0.01 1.50 1.82 3.7 LPV-YSO MNor
22 VVVv480 13:16:50.32 —62:23:41.61 15.81 0.01 1508 0.01 14.58 0.01 1.70  -0.28 3.7 LPV-YSO YSO, non-er?
23 VVVv514  14:00:45.37 —61:33:39.95 1740 0.04 1480 0.01 13.26  0.01 1.73 -1.46 4.3 Fader Nova
24 VVVv562 14:53:33.59 —59:10:21.73 16.68 0.02 1420 0.01 1246 0.01 279  -0.01 2.9  Fader MNor
25 VVVv625 15:43:17.95 —54:06:47.29 - - 18.08 0.15 1449 0.01 1.46 0.33 23 STV YSO, non-er
26 VVVv628 15:44:49.54 —54:07:52.08 17.42 0.03 1530 0.01 13.76 0.01 1.45 -0.51 2.2 Dipper YSO, non-er
27  VVVv630 15:44:56.13 —54:07:03.18 - - 18.83  0.31 1576  0.04 1.90 2.70 2.2 Eruptive YSO, non-er
28 VVVv63l 15:45:18.36 —54:10:36.87 17.39 0.03 15.13 0.01 1341 0.01 2.63 -0.14 2.3 Eruptive MNor
29  VVVv632 15:44:09.80 —53:56:27.78 1435 0.01 1295 0.01 11.87  0.01 1.51 0.29 25 STV YSO, non-er
30 VVVv662 16:10:26.82 —51:22:34.13 - - 18.55 024 1530 0.03 1.83 0.81 3.1  Eruptive MNor
31 VVVv665 16:09:57.70 —50:48:09.42 - - 16.57 0.04 14.09 0.01 1.63 0.95 4.3 Eruptive MNor
32 VVVv699 16:23:44.34 —48:54:55.29 - - - - 16.19  0.09 2.28 2.78 4.2 Eruptive MNor
33 VVVv717 16:36:05.56 —46:40:40.61 - - - - 1437  0.02 2.47 0.81 - LPV-YSO MNor
34 VVVv721 16:39:48.77 —45:48:4796 1849 0.16 1596 0.05 1398 0.01 1.86 0.87 4.2  Eruptive FUor
35 VVVv796 17:12:07.43 —38:41:26.86 - - 16.87 0.09 1245 0.01 2.94 1.1 14 LPV-Mira AGB
36 VVVv800 17:12:46.04 —38:25:24.63 1889 020 1580 0.04 12.89 0.01 1.65 1.44 1.4 Eruptive MNor
37  VVVv8I5 14:26:04.95 —60:41:16.81 19.17 0.16 1790 0.13 1494 0.02 1.71 1.58 3.1  Eruptive MNor

objects from the results presented later in this work. Finding charts
for these stars are shown in Appendix G.

Fig. 1 (top) illustrates the distributions in « and K magnitude of
the spectroscopic sample (where Kj is taken from the first epoch of
contemporaneous JHK; data from 2010). The sample has a fairly
wide range in «, though it is composed mainly of class I and flat
spectrum systems. This is fairly representative of the photomet-
ric YSO sample, especially the eruptive candidates (see Paper I),
though the photometric sample does include a slightly higher pro-
portion of class II YSOs and a few class III YSO candidates. Fig. 1
also shows the VVV near-IR colour—colour diagram (based on con-
temporaneous data from 2010) and an K, — [12] versus H — K;
diagram. Sources that we finally conclude are not YSOs and are
colour coded in red (dusty asymptotic giant branch, AGB, vari-
ables) or blue (cataclysmic variables, more specifically classical
novae). In the bottom panel of Fig. 1, we also show fiducial lines
for the sequences of carbon and oxygen-rich AGB stars (from van
Loon et al. 1998). It is interesting to see that VVV objects that
are later classified as AGB stars tend to follow the fiducial line of
oxygen-rich AGB stars. However, we note that not all oxygen-rich
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stars in the sample of van Loon et al. (1998) are observed to follow
this line.

‘We make use of 70 wm data from Hi-Gal in order to check whether
the evolutionary classes of our sample, as defined by «, agree with
the expectations for class I, flat-spectrum and class II YSOs. In
Fig. 2, we show the [24] — [70] versus K — [24] and [24] — [70]
versus [3.6] — [24] colour—colour diagrams for our sample, where
we compare to the Perseus YSO sample from Young et al. (2015).
The latter uses 3.6, 24 and 70 um data from Spitzer, whilst K pho-
tometry arises from a 1 arcsec cross-match of the sample with the
2MASS catalogue. For VVV objects, we prefer the use of WISE W1
and W4 filters as it is nearly contemporaneous to Hi-Gal observa-
tions which were obtained in 2010. When WISE is not available, we
make use of GLIMPSE I1 and MIPSGAL 24 um photometry. The
use of WISE or Spitzer filters can lead to small differences in the
photometry. Cutri et al. (2012) shows that WISE/W1 and GLIMPSE
I1 only present significant differences for objects with W1>14 mag,
whilst WISE/W4 tends to be 15 per cent brighter than MIPSGAL
24 pm photometry. For objects with no 70 um detections, we use
the 90 per cent completeness limit of 1.75 Jy from Elia et al. (2013).
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Figure 1. (top) o versus K for the objects of the VVV spectroscopic sam-
ple. (middle) (H — Kj), (J — H) colour—colour diagram. (bottom) K5 — [12]
versus (H — K) for VVV objects. Magnitudes at 12 pum are from WISE
W3 filter. Error bars are only shown for objects with significant errors. In
all plots, red squares mark objects that are likely asymptotic giant branch
(AGB) stars, whilst blue triangles mark the two objects that are likely novae.
The bottom panel shows the fiducial lines for the sequences of carbon-rich
(dot—dashed line) and oxygen-rich AGB stars (dashed line, arising from van
Loon et al. 1998). We note that these lines are based on the IRAS 12 um
passband (which is not identical to W3).

The comparison of Fig. 2 shows that our classification agrees with
that of Young et al. (2015). In addition, we can see that the lack of
a 70 um detection for some VVV sources does not preclude a YSO
classification. For example, for sources with 70 pm upper limits, the
expected location on the [24]—[70] versus K —[24] diagram based
on the Young et al. (2015) data typically corresponds to 70 pm
fluxes that fall below the Hi-Gal completeness limit. Finally, we
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can also observe that objects that are later considered to be more
likely non-YSOs tend to fall in a different area than YSOs. This is
especially true for VVVv42, VVVv229, VVVv235 and VVVv796.
These four objects are classified as having Mira-like LC in Paper 1.
For further comparison with the colours of known dusty AGB stars,
we refer the reader to van Loon et al. (2010a), van Loon et al.
(2010b) and Boyer et al. (2011), though we note that most of the
sources described therein have more modest amplitudes (but these
works do include also Mira-like pulsators with AK > 1 mag).

As we did in Paper I for the full sample, we use the two epochs
of JHK, photometry from VVV in order to study the mechanism
driving variability in our sample. Once again, we stress that in most
cases, the two epochs do not sample directly the large K magnitude
changes in the systems. In addition, we note that 6 objects in our
sample are undetected in the J and H passbands in at least one
epoch and 20 objects are not detected in the J passband in at least
one epoch. Fig. 3 shows A(H — K;) versus AH and A(J — H) versus
A(H — K;) for objects where this is information is available. In the
first plot (upper panel), we see that our sample shows an elliptical
distribution with its major axis along the redder when fading/bluer
when brightening quadrants, consistent with changes being cause
either by variable extinction or accretion (Lorenzetti et al. 2012).
The second plot shows that for sources with significant changes in
colour, these changes are generally not consistent with extinction in
the majority of the sample. The exception is the objects classified as
dippers, for which extinction was already considered to be a more
likely explanation for their variability (see Paper I).

3 OBSERVATIONS

3.1 Magellan Baade/FIRE

3.1.1 Low-resolution spectroscopy

Follow-up of one high-amplitude variable VVVv815 was performed
on 2012 May 8 with the FIRE spectrograph mounted on the Mag-
ellan Baade Telescope at Las Campanas Observatory, Chile. As
detailed in Paper I, VVVv815 was identified via an early search of
the VVV time series, with slightly different quality criteria to the
rest. The observations were carried out in the high-throughput prism
mode which provides a continuous coverage from 0.8 to 2.5 um at
low resolving power of R = AX/A ~ 250-350 with a 0.6 arcsec
slit. Since the spectrum displayed exceptionally strong H, emission
lines (suggesting an accretion-powered outflow), VVVv815 was
observed again in echelle mode in a subsequent run allocated to the
topic of this paper.

The object was observed in the usual ABBA pattern along the
slit, with individual exposures of 148 s and at an airmass of 1.1.
Observations of spectroscopic calibrators were carried out for pur-
poses of telluric correction and flux calibration; the calibrators were
observed at similar airmass as the objects and with the same instru-
mental setup. Quartz lamp images were obtained for flat fielding
of the data; they consisted of high-voltage (2.2V) images which
provide data for the z/J bands but saturate the red end of the spec-
trum and low voltage(1.1 V) which generate counts in H/K but are
too faint for the blue end. Additionally, ‘NeNeAr’ arc lamp images
were acquired for wavelength calibration.

The images were reduced using the longslit package of the
FIREHOSE software. Using the NeNeAr lamp image FIREHOSE gen-
erates an arc solution which had typical uncertainties of 0.4 pixels
or ~2.7 A. The second step consisted of creating a flat image; this
is done by combining the 2.2 (blue) and 1.1 V (red) with a smooth
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Figure 2. [24] — [70] versus K — [24] (left) and [24] — [70] versus [3.6] — [24] (right) colour—colour diagrams for our sample. In the plots, we show likely
YSOs as filled circles and objects which were finally classified as non-YSOs as open circles. Large symbols represent objects with 70 pm detections, whilst
small symbols with grey arrows represent upper limits. In the figure, we also show the Perseus YSO sample from Young et al. (2015) as plus symbols. The
colours for both VVV objects and YSOs from Young et al. mark class I (red), flat-spectrum (orange) and class II (blue) YSOs.
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(bottom) for objects in the spectroscopic sample with an available second
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weighting function spread over ~150 pixels centred on a transition
pixel defined by the user. Finally, the software traces and extracts
the spectrum of the object. Telluric correction and flux calibration
were performed in the standard mode using NOAO/TWODSPEC package
in IRAF.

3.1.2 Echelle spectroscopy

All 37 members of the sample were observed in the echellete mode
with the FIRE spectrograph mounted on the Magellan Baade Tele-
scope at Las Campanas Observatory, Chile. The echellete mode
provides coverage from 0.8-2.5 um using echelle grating orders
11-32, at a resolving power of R ~ 6000 with a 0.6 arcsec slit. The
spatial scale is 0.18 arcsec pixel~!. The bulk of the observations
were carried out over a total of three nights, on 2013 April 19 and
2014 May 10 and 11. Thick cloud cover on May 10 restricted us
to bright targets but did not otherwise appear to affect the results.
Additional data were also taken on the nights of 2015 April 26 and
27 in order to investigate the spectroscopic variability of the sam-
ple. Data from the 2015 run are only included here for one source,
VVVv25, for which the 2014 data were of insufficient quality for a
clear classification. We defer further discussion of the 2015 data set
to a future paper that will benefit from additional 2015 VVV time
series photometry.

The majority of the variable stars were observed in the typical
ABBA pattern along the slit, with individual exposure times be-
tween 158 and 260 s and a total time on source of ~10-17 min.
Airmasses were in the range 1-1.4. Immediately after observing
each object, we observed ThAr lamps for wavelength calibration
and F-type and A0 main-sequence stars for relative flux calibration
purposes. These were also done in an AB pattern and with exposure
times between 10 and 60 s. Sky and ‘Qh’ lamp flats were acquired
at the beginning/end of each night to determine the pixel-to-pixel
response calibration. Table 2 shows the date, exposure time and
number of exposures for all of the VVV objects.

Data reduction was performed using the echelle mode of the
FIREHOSE data reduction software. This determines the boundaries
of each order in the image, constructs a master Qh flat, a slit il-
lumination function from the sky twilight flats and determines the
tilt of the slit in the detector from a wavelength calibration frame.
The software then generates the wavelength solution and traces the

/T0Z ‘9 Afenuer uo a11uspIojLBH 10 ASBAIUN 1 /BI0'S[euINopIo X0 se.uL//:dny WwoJ) pepeojumod


http://mnras.oxfordjournals.org/

Table 2. Spectroscopic observations of VVV objects.

Object R Texp(s) Airmass Nexp Date
VVVv20 6000 253.6 1.4 4 2014 May 11
VVVv25 6000 253.6 1.2 4 2015 April 27
VVVv32 6000 253.6 1.2 8 2014 May 10
VVVv42 6000 253.6 14 4 2013 April 22
VVVv45 6000 253.6 1.2 4 2013 April 22
VVVv63 6000 253.6 14 4 2014 May 11
VVVv65 6000 158.5 1.3 4 2014 May 11
VVVvo4 6000 253.6 1.2 4 2014 May 10
VVVvii8 6000 253.6 1.2 4 2013 April 22
VVVvi93 6000 158.5 1.1 4 2014 May 11
VVVv202 6000 158.5 1.1 2 2014 May 11
VVVv229 6000 158.5 1.1 4 2013 April 22
VVVv235 6000 158.5 1.1 2 2014 May 11
VVVv240 6000 253.6 1.2 4 2014 May 10
VVVv270 6000 158.6 1.2 4 2014 May 11
VVVv322 6000 158.5 1.3 4 2014 May 11
VVVv322 6000 253.6 1.1 4 2013 April 22
VVVv374 6000 253.6 1.1 4 2014 May 10
VVVv405 6000 158.5 1.3 4 2014 May 11
VVVv406 6000 158.5 14 4 2014 May 11
VVVv452 6000 253.6 1.2 8 2014 May 10
VVVv473 6000 253.6 1.2 4 2013 April 22
VVVv480 6000 253.6 1.25 12 2013 April 22
VVVv5i4 6000 158.5 1.2 4 2014 May 11
VVVv562 6000 253.6 1.3 4 2014 May 11
VVVv625 6000 158.5 1.2 4 2014 May 11
VVVv628 6000 253.6 1.1 4 2014 May 11
VVVv630 6000 158.5 1.2 4 2014 May 11
VVVv63l1 6000 253.6 1.1 4 2014 May 10
VVVv632 6000 253.6 1.2 4 2014 May 10
VVVv662 6000 158.5 1.2 4 2014 May 11
VVVv665 6000 158.5 1.1 4 2014 May 11
VVVv699 6000 158.5 1.1 4 2014 May 11
VVVv699 6000 253.6 1.1 4 2013 April 22
VVVv717 6000 253.6 1.1 4 2013 April 22
VVVv721 6000 158.6 1.2 4 2014 May 11
VVVv796 6000 253.6 1.3 4 2014 May ‘0
VVVv800 6000 253.6 1.2 4 2014 May 10
VVVv815 6000 253.6 1.2 4 2013 April 22
VVVv815 300 148 1.3 4 2012 May 8

object in each order. The wavelength solution has errors between
0.04 and 0.4 A depending on the order.

The profile of the object and background sky residuals are fitted
using an iterative procedure, where a non-parametric spline function
is used for orders with high signal to noise, whilst a Gaussian
profile is assumed for low signal-to-noise orders. It then performs
an optimally weighted extraction of the object using the profile
determined before.

In the case of the extraction of the telluric calibration stars, the
software uses a boxcar extraction as the default, which simply sums
the counts of the target within an extraction window of a pre-
determined width. We found that the different extraction methods
for the object and calibrator yielded odd results for the final spectrum
of the object after telluric calibration, i.e. the objects had bluer
spectra than expected from their near-IR colours. This problem was
solved by using optimal extraction for the telluric calibration stars
as well as the science targets.

The software removes intrinsic absorption features of H 1 from the
telluric calibration stars following the methods of Vacca, Cushing &
Rayner (2003). This procedure is only suitable for AOV stars and it
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was used for the telluric calibration stars observed in the 2014 run.
In the 2013 run, we observed F-type stars as calibrators because
we were not confident that the software would remove H 1 features
from AQV spectra with sufficient precision to allow measurement
of H 1 emission in YSOs, such as the Bry line. Subsequent testing
showed that the pipeline does remove H 1 features from AQ stars
very well, so we reverted to AO stars in 2014, as recommended
in the FIRE manual. For the 11 science targets observed in 2013,
intrinsic features from the F-type calibrator were removed for each
order by fitting and subtracting them with SPLOT in IRAF.

The final relative flux calibration and merging of individual orders
were performed using the ONEDSPEC tasks, TELLURIC and SCOMBINE,
respectively.

The reduced and combined FIRE spectra of 37 objects are pre-
sented in Appendix F.

4 FIRE SPECTRA

4.1 General properties

In this section and Section 4.2, we discuss the general spectroscopic
characteristics of the sample which confirm most of the variables
as YSOs and show that they resemble eruptive systems more than
normal class I YSOs. Then, in Section 4.3, we look at how the spec-
troscopic characteristics of the confirmed YSOs differ between the
different categories of LC, prior to a discussion on how to classify
these stars in Section 5. We will present some of the individual spec-
tra throughout the remainder of this work. However, we refer the
reader to Appendix F in order to inspect the whole sample before
reading through these sections.

In Table 3, we show the equivalent widths obtained from the
atomic and molecular features. Equivalent widths of individual lines
are measured using SPLOT in IRAF with a Gaussian line profile.

We first note that nine variable stars are found to be of a different
class, based on consideration of all the data. Two objects are likely
novae observed at some time after outburst and seven are likely dust-
enshrouded AGB stars. The two novae, VVVv514 and VVVv240,
had LC classified as a fader and Mira-like, respectively, in Paper I.
‘We note that novae are known to have very diverse LC (e.g. Gehrz
1988). The LC of five of the seven AGB stars were classified as
Mira-like in Paper I and they are listed as ‘LPV-Mira’ in Table 1.
A sixth O-rich, VVVv202, had an ‘LPV-YSO’ classification in
Table 1 and Paper I since its LC was not very well fit by a smooth
sinusoid. A small number of such misclassifications of LPV-YSO
and LPV-Mira types was to be expected, as noted in Paper 1. The
LC of the seventh, VVVv25, was classified as eruptive in Paper I
because the sparsely sampled time series does not suggest a periodic
nature, except perhaps on a time-scale substantially longer than the
4 yr baseline. However, the spectrum reveals that it is a C-rich
object (which is not consistent with YSO status) and our analysis
of possible periods in Paper I shows that a period of 400-500 d
(typical of a carbon star) is amongst the possibilities consistent
with the sparsely sampled LC, most of the troughs being missed
in such a case. In Appendix C, we analyse these nine post-main-
sequence objects and discuss how some of the information from the
literature and their spectral characteristics can cause such objects
to be misinterpreted as YSOs. These nine variable stars are not
included in our discussion of YSO properties, so percentages given
below for the incidence of particular features refer to the YSOs only.

We find that 28 objects display the typical characteristics of
YSOs, such as Bry or H; lines in emission or CO in emission
or absorption. In each of these objects, the overall trend of the

MNRAS 465, 3039-3100 (2017)

/T0Z ‘9 Afenuer uo a11usplojLBH 10 AsBAIUN 1 /BI0'S[euINopioxo'se.ul;/:dny wol) pepeojumod


http://mnras.oxfordjournals.org/

3046

C. Contreras Peria et al.

Table 3. Equivalent widths of common features found in the near-IR spectra of YSOs detected in our VVV sample. The EW of CO was measured in spLOT
by visually selecting two continuum points around the CO bandhead and estimating the continuum as a linear function between the two points. The EW is
estimated by summing (1—F;/C;) over wavelength, where F; and C; are the flux and the continuum at pixel i. This inevitably has fairly large errors due to
uncertainty in the continuum level, even though the individual transitions are often very clearly detected.

Object H,(2.12 pm) Br y(2.16 um) Nai(2.21 um) Ca1(2.26 um) 12C0(2.293 pm) Mg1(2.28 um)
A) A) A) A) A) A)
YSO-Eruptive
VVVv20 —9.8+04 —38+06 —0.74+02 - —53+25 -
VVVv32 - —57+22 - - —19.0 £+ 10.0 -
VVVv94 -0.7+03 -70+15 - - —-50+7.0 -
VVVv1ig - —14+10 - - - -
VVVvi93 -13+06 —22407 - - —7.0+4.0 -
VVVv270 —0.8+023 —20£0.7 —1.7+03 - —7.0£6.0 -
VVVv322(13) —-20+08 - - - 33.04+7.0 -
VVVv322(14) —55+21 - - - 25.0 £ 8.0 -
VVVv374 -1.9+02 —2.1403 —0.8+02 - —45+15 -
VVVv452 —12+06 —36+1.1 - - —8.0£40 -
VVVv473 —30.1+£3.9 —-17+12 - - —13+120 -
VVVv562 —32405 —34+1.1 20403 - - -
VVVv631 - 24404 —14402 - —-1.0+1.0 -
VVVv662 —03+0.1 —41+1.1 —124+04 - —2.0+40 -
VVVv665 -1.9+0.7 24404 —34403 - —52.0+11.0 -
VVVv699(13) —141+13 —354+05 —50+04 - —40.7 £ 11.1 —14405
VVVv699(14) —155+24 —31+1.1 —3.1405 - —21.3+£10.0 —0.84+023
VVVv717 —0.8+023 —11£05 - - 28.0 £4.0 —09+03
VVVv721 - - - - 140 + 4.0 -
VVVv800 —20+02 —12+04 - - - -
VVVv815(13) —119.0 + 36.0 - - - - -
VVVv815(12) —200.0 £ 27.0 - - - - -
YSO-Non-eruptive
VVVV63 —43408 —2.1405 - - - -
VVVv65 - —12405 - - - -
VVVv405 -75+18 —09+04 - - - -
VVVv406 —05+£02 - - - - -
VVVv480 - —44+22 - - - -
VVVv625 —0.8£02 —36+17 - - - -
VVVv628 —-1.74+07 —14405 31406 32409 13.0 + 8.0 -
VVVv630 - 07402 13402 1.840.6 140£5.0 -
VVVv632 —14+02 —2.1403 12402 11402 - -
Non-YSOs

VVVv25 - - —0.6+0.3 - 16.0£7.0 -
VVVv42 —03+02 - —-1.04+03 - 8.0+4.0 -
VVVv45 - - - - 33.0£11.0 -
VVVv202 - - 47404 53405 37.0 £ 2.0 -
VVVv229 - - - - 250£7.0 -
VVVv235 - - - - 47.0 £ 12.0 -
VVVv240 - —0.7403 - - - -
VVVv514 - -78+23 - - - -
VVVv796 - - - - 27.0£7.0 -

near-IR continuum is either to rise with increasing wavelength or
to be approximately flat, as expected for class I and flat spectrum
YSOs or other sources suffering high IR extinction. Three YSOs,
VVVv322, VVVv717 and VVV721 have Av = 2 CO absorption
bands at 2.29-2.45 um which appear to be stronger than expected
from the photosphere of a K or M dwarf, and are more in line with
that expected from the photosphere of late M-type giant stars. In
fact, the CO absorption of these three systems is very similar to
that of some of our objects which are classified as AGB stars. Such
strong CO absorption is characteristic of FUors and FUor-like YSOs
(Connelley & Greene 2010; Reipurth & Aspin 2010). In fact, the
latter authors regard it as the defining spectroscopic characteristic,

MNRAS 465, 3039-3100 (2017)

given the inferred origin in a disc with a high accretion rate (see
Section 1). Two of these three sources also display the broad H,O
absorption bands often seen in such systems.

Between 20 and 23 objects show Bry emission (the detections
being marginal in three cases). This amounts to 71-82 per cent of
the 28 YSOs. This feature is noticeably broadened (~100kms™!
linewidth) in most cases where it is well measured. This broad-
ening is typical of normal YSOs where it is attributed to infalling
gas near the stellar photosphere (see e.g. Muzerolle, Hartmann &
Calvet 1998; Davis et al. 2001). Bry is seen in absorption in only
one YSO, VVVv630, which appears not to be an eruptive variable
(see Section 4.3).
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We find that 22 of the YSO spectra (79 per cent) show 2.12 um
H, emission. Of these, 10 objects also show additional lines from
H,. In every case, the emission from this molecule is likely arising
from shock-excited emission given that higher excited transitions
are usually weak or not present in the spectra. Atomic lines of
Nar and Car are not common in our sample, with three or four
objects showing absorption at these wavelengths (11-14 per cent)
and emission in five—seven objects (18-25 per cent). When Na1 was
observed in emission, CO was usually also in emission (see Table 3)
following the pattern seen in EXors (see Section 1).

CO emission is observed in 8—11 objects (27-37 per cent). We
find that objects which show this characteristic can be fitted by
models (see Appendix E) with temperatures between 2500 and
3500 K. This temperature range agrees with that expected to give
rise to CO emission in gaseous discs of YSOs (Najita et al. 1996).
We also find that some objects show the evidence of broadened CO
profiles. Rotation in Keplerian discs has been shown to produce this
feature (see e.g. Najita et al. 1996; Davies et al. 2010). Although this
needs a more detailed investigation at higher spectral resolution, the
observed broadened profile appears consistent with a similar origin
in some of our systems.

Bry is not detected in four YSOs. One of these is VVVv815,
an object for which only strong H, emission is present (see
Appendix A). In fact, the 2.12 um line has an equivalent width
of EW = —200A in 2012 and EW = —119 A in 2013 which is
the largest equivalent width measured for this line across the whole
sample. As for VVVv815, VVVv406 also does not show any fea-
tures at the wavelength of Bry, but is also, in general, a featureless
spectrum with weak H, 2.12 pm emission. The remaining two ob-
jects, VVVv322 and VVVv721, are characterized by having CO
absorption and broad H,O absorption bands, with a lack of other
photospheric absorption features such as Na1 and Ca1. These two
YSOs are spectroscopically similar to FUors, where CO absorption
arises from the accretion disc rather than the stellar photosphere.
We discuss later whether an FUor classification is appropriate in
each case.

CO absorption is also observed in three objects which also
show Bry emission or absorption. The most interesting of these
is VVVv717 (see Appendix A). It has the FUor-like property of
very strong CO absorption: in this case, by gas at a fairly low tem-
perature (1600 K, see Appendix E). The narrow, relatively weak
Bry emission in this object seems to be on top of a broader absorp-
tion feature. Bry emission is not usually detected in FUors as this
accretion-sensitive emission line is assumed to be quenched by the
very high accretion rate in FUors. VVVv717 also shows weak H,
2.12 um and a marginal detection of Mg1 2.28 um emission. No
other absorption features from a stellar photosphere are observed.
The two other objects that show CO absorption are VVVv628 and
VVVv630. In both cases, the CO absorption seems to arise from a
stellar photosphere, given that other absorption features associated
with a stellar photosphere, such as Na1and Cal, are also observed.
The temperatures estimated from CO models in Appendix E (3100—
3200 K) are consistent with those expected for the cool upper layers
of the stellar photosphere in low-mass YSOs.

Previous spectroscopic studies of YSOs at near-IR wavelengths
report the following frequencies for the atomic and molecular fea-
tures. In the case of Bry emission, Cooper et al. (2013) finds detec-
tion rates of 75 per cent for high-mass YSOs, whilst Carr (1989) and
Connelley & Greene (2010) find rates of 71 per cent and 75 per cent,
respectively, for low-mass YSOs. 91 per cent of intermediate-mass
and Herbig Ae/Be stars in the study of Ishii et al. (2001) show
this feature in emission. We note that in all of these studies, the
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Figure 4. Comparison of the equivalent widths of Na1+Car versus '2CO
for the VVV spectroscopic sample. Regions marked on the plots are based
on the work of Connelley & Greene (2010). Objects marked in red represent
objects later classified as members of the eruptive variable class, whilst
black symbols mark YSOs found not to be part of this variable class.

samples were composed mostly of embedded sources, though not
exclusively in every case.

CO emission is observed in 17 percent of massive YSOs
(Cooper et al. 2013), 20percent and 22percent for low-mass
YSOs (Carr 1989; Connelley & Greene 2010) and 22 per cent for
intermediate-mass and Herbig Ae/Be stars (Ishii et al. 2001). For H,
emission, Cooper et al. find rates of 56 per cent (high-mass YSOs),
Ishii et al. report 34 per cent for intermediate Y SOs, whilst low-mass
YSOs are found to show this feature in 25 per cent of the objects of
Carr and 42 per cent in the sample of Connelley & Greene.

The detection frequency for Bry emission in our sample is com-
parable to the percentages obtained for low- and high-mass YSOs.
In the case of CO emission, our numbers seem to be higher than
those reported in previous studies. For H, emission, the detection
rate in our sample appears to be significantly higher. H, and CO
emission are commonly associated with outburst events. In addi-
tion, the absence of photospheric absorption features in most of
the YSOs suggests that these are objects with high veiling from
hot circum-stellar material. High veiling may be related to a high
accretion state (Connelley & Greene 2010).

4.2 Eruptive YSOs versus normal YSOs: equivalent
width diagrams

In Fig. 4, we plot equivalent widths of CO against those of Na1+Ca1
for the VVV sample. In these plots, we mark the distinct regions
defined by Connelley & Greene (2010) in their study of a large
sample of class I YSOs (their fig. 5). First, we describe the results
for the flux-limited sample of Connelley & Greene (2010).

(i) Region F: objects falling in this area were characterized by
showing CO and Na1+Ca1 emission. Bry emission is also typical
in these sources. Objects from the sample of Connelley & Greene
with these characteristics had strong veiling from hot circum-stellar
material which they suggested is associated with a high accretion
rate.

(ii) Region D: the majority of class I YSOs in the Connelley &
Greene sample fell in this region. Objects in this area had low
veiling, showing CO and Nai4-Ca1 absorption. The EWs were
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consistent with origin in the photosphere of a YSO, falling in be-
tween the loci of dwarf and giant photospheres as marked by thick
lines in the upper panel of Fig. 4.

(iii) Region E: objects in this area showed CO absorption in
excess of photospheric absorption, as well as a lack of photospheric
absorption features. Objects in this area lack Bry emission. The
objects in the sample of Connelley & Greene falling in this region
were either FUors or ‘FUor-like’ YSOs, a term commonly used to
describe sources which have similar spectra to FUors but lack the
photometric evidence for an eruption at present.

The VVV sample is clearly different from that of Connelley &
Greene (2010), in that very few of the VVV sample are located in
region D, where most normal class I YSOs were found. Instead,
the location of the VVV YSOs is more often in the two regions
of the upper panel expected for highly variable YSOs undergoing
episodic accretion: (1) region F, where objects with high veiling
and EXor-like active states of accretion are expected to fall. These
objects display Bry emission in addition to shock-excited emission
from H;. (2) Region E, where FUors are usually found.

4.3 Spectra and LC categories

We have seen that many of the 28 YSOs in the sample show char-
acteristics that point to high states of accretion. In this section, we
compare their spectroscopic characteristics to their LC classifica-
tion from Paper I and analyse whether the observed variability can
be explained by variable accretion or another of the known mecha-
nisms in YSOs.

The 28 objects are divided into 4 long-period YSOs, 3 dippers,
1 fader, 3 STV stars and 17 eruptive objects. Unsurprisingly, most
of the systems which we regard as bona fide examples of episodic
accretion have eruptive LC classifications.

(i) Short-term: the three STV stars, VVVv65, VVVv625 and
VVVv632, have lower amplitudes than most of the YSOs in the
spectroscopic sample. The spectra of VVVv65 and VVVv625 lack
CO emission or absorption features and show weak Bry emission,
with VVVv625 also showing weak H, emission. The spectrum of
VVVv632 resembles that of classical T Tauri stars (e.g. TW Hya, see
e.g. Vacca & Sandell 2011) and shows several absorption features
(Na1, Ca1,Mg1, and Al1) arising from the stellar photosphere. Emis-
sion from atomic hydrogen is also present (Bry, Pa 8, Pa y, Pa ), as
well as from some H, transitions. Finally, the He1 1.083 pum line is
also observed, and it exhibits a P Cygni profile, with absorption ex-
tending to ~—200km s~!. This feature suggests the presence of an
outflow from the system. Given that clear indicators of a high accre-
tion rate are absent and the nature of the LC is a nearly continuous
short-term variability, with relatively low amplitudes (<1.5 mag)
for the VVV sample, we consider that the variability in these three
objects is likely caused by a different mechanism than variable ac-
cretion. We note that the VVVv65 spectrum was not taken during
a bright state (and the VVVv625 spectrum may or may not have
been) so we may be mistaken in this judgement). However, our main
aim here is to identify the YSOs for which the evidence of episodic
accretion is reasonably clear.

(i1) Dippers: VVVv628 has AK; = 1.45, Bry and H, emission
and absorption features of Na1, Ca1 and CO with typical equivalent
widths for a stellar photosphere. Given the lack of veiling despite
observation in a bright state and the nature of the LC, it seems likely
that another mechanism than accretion may be driving the variabil-
ity in this object. VVVv405 and VVVv406 have larger amplitude
AK; (>2 mag), with the former showing emission from several
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transitions of Hy, as well as Bry emission. VVVv406, on the other
hand, is faint at the epoch of observations and shows a featureless
spectrum with weak H, emission. In both cases, the two epochs of
near-IR variability are taken at similar K; magnitudes so no infor-
mation on colour changes could be derived. CO is not detected in
these two objects. It is difficult to establish whether variable ac-
cretion is responsible for the variability in these YSOs so for the
present, we classify them as non-eruptive.

(iii) Fader: VVVv562 is the only object in this category. Bry, H,
and 1.64 um [Fe 1] lines are seen in emission. No CO features are
detected but we note that this object was observed when ~2 mag
fainter than its maximum brightness. Inspection of ancillary data
from 2MASS, WISE and Spitzer supports the idea that the object
went into an eruption at some time between 2004 and 2010 and
has been on a fading trend since then (see Fig. 5). The colour
changes seen between the two epochs of JHK, photometry (bluer
when fainter) disfavour variable extinction. We note that variations
in geometry, such that absorption increases but so does scattered
light, can lead to a star becoming bluer at minimum light (an effect
sometimes observed in UX Ori stars deep minima due to dust clumps
which screen stellar light; see e.g. Herbst & Shevchenko 1999).
However, in this case, the source faded by only 1.1 mag in H
between the two epochs while becoming 0.35 mag bluer in H—Kj,
so an unusually bright source of scattered light would be required.
We consider it likely that the variability in this object is due to
changes in the accretion rate. Note below that this is the first of four
YSOs which we classify as an eruptive variable despite the absence
of the CO emission or strong CO absorption seen in EXors or
FUors, respectively. These indicators are likely to be absent during
quiescence and in any case, they may be veiled into invisibility
in heavily embedded YSOs, as in OO Ser (Hodapp et al. 1996;
Késpdl et al. 2007) or GM Cha (Gémez & Mardones 2003; Persi
et al. 2007).

(iv) Long-term periodic: in Paper I, we discuss the possible mech-
anisms which can drive periodic variability (P > 100 d) in YSOs.
One of these mechanisms can be variable accretion, which has been
invoked to explain the variability in e.g. V371 Ser (where accretion
is modulated by a binary companion, see Hodapp et al. 2012). It is
very interesting to see that three-fourth YSOs with the long-term
periodic classification show characteristics of objects in high states
of accretion. VVVv32 and VVVv473 show Bry and CO emission,
the latter also showing several transitions of H,. VVVv717 shows
deep CO absorption with a lack of other absorption features and
additional weak H, and Bry emission (this object is analysed with
more detail in Appendix A). It is very likely that variable accretion
is the driving mechanism for these three objects, which were all
observed in a bright state. Finally, VVVv480 shows only weak Bry
emission. It is difficult to establish whether this object was observed
at a faint or a bright state, so the absence of the evidence for a high
accretion rate might be due to observation in quiescence, but by
default, we place this YSO in the non-eruptive category. The two
epochs of JHK, photometry have very similar fluxes for this source
and therefore provide no information on colour changes.

(v) Eruptive: most objects with an eruptive LC classification
show spectroscopic characteristics indicating a high state of ac-
cretion. From 17 YSOs, 10 show CO emission, 2 show strong CO
absorption, broad H,O absorption bands and a lack of other ab-
sorption features (VVVv322 and VVVv721, see Section 5.3 and
Appendix A) and 3 show other characteristics that support variable
accretion (VVVv118, VVVv800 and VVVv815, see Appendix A).
VVVv63 has a doubtful classification given its somewhat low am-
plitude, AK; = 1.44 mag, and a spectrum with weak Bry emission
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Figure 5. Near- and mid-IR photometry (top) and near-IR spectra (bottom) for objects VVVv562 (left) and VVVv630 (right). Green arrows mark the epoch
of spectroscopy. The photometry from different surveys is marked by different symbols which are labelled in each plot. Different emission/absorption lines are
also marked in the spectra of the objects. VVVv562 is a fader-observed 2 mag below-peak brightness which we regard as a likely eruptive variable. VVVv630
has an ‘eruptive’ LC and was observed in a bright state but we consider that extinction is a more likely cause of the variability given the detection of absorption
lines from the stellar photosphere, coupled with colour—-magnitude variations along the reddening vector in the two epochs of H and K photometry.

(but H; is clearly present). The accretion luminosity derived for this
source does not support a high state of accretion (see Section 5.2)
despite observation at an intermediate state. Finally, the variability
in VVVv630 is more likely related to extinction events. The near-
IR colour comparison shows that the object becomes bluer when
brightening, following the reddening line (although this comes from
the H versus (H — K;) diagram only). The VVV LC resembles that
of an eruptive object, with the spectrum being taken during the
suspected bright state. However, the object shows photospheric ab-
sorption from CO, Nar1 and Cal, with weak Bry emission. This
contradicts the expected behaviour from an eruption. 2MASS data
shows that the object had a similar K; magnitude in the bright state
to that seen in 1999 (see Fig. 5). It is possible that VVVv630 went
through a dust obscuration event which had cleared at the time of
the observations.

5 ANALYSIS AND CLASSIFICATION

From 28 likely YSOs, we have seen that 9 are likely not part of the
eruptive variable class (3 short-term, 3 dippers, 1 LPV-YSO and
2 eruptive). The remaining 19 VVV objects show characteristics of
eruptive variables from their spectra and/or LC. But to which of the
known subclasses of eruptive variables do these objects belong?

In the classical definition, during outburst, FUors show strong
CO absorption at 2.29 um with H,O absorption sometimes present
in their near-IR spectrum (Reipurth & Aspin 2010), whilst EXors

show strong Bry in emission, with CO bands also in emission
and veiling of photospheric features (Lorenzetti et al. 2009). By
just considering spectroscopic features, we could easily classify
objects in region F of the equivalent width plots discussed above
as EXors, with objects falling in region E as FUors. However, the
duration of the outbursts is one of the main characteristics used in the
classification of eruptive variables. FU Orionis stars show outbursts
lasting over >10 yr with a minimum time-scale of several thousand
years for repeat eruptions (Scholz, Froebrich & Wood 2013), whilst
EXors have recurrent short-lived (<1 yr) outbursts and quiescent
periods of 5-10 yr (see e.g. Hartmann & Kenyon 1996; Fedele
et al. 2007, Lorenzetti et al. 2009).

A second problem with the classical definition is that it was
defined at optical wavelengths. This has struggled to include some
intermediate objects and excludes younger protostars which have
higher accretion rates but are too deeply embedded in circum-stellar
matter to be observed in the optical, such as in the cases of OO Ser,
V2775 Ori, HOPS 383 and GM Cha (Hodapp et al. 1996; Kdspdl
et al. 2007; Persi et al. 2007; Caratti o Garatti et al. 2011; Audard
et al. 2014; Safron et al. 2015) or in the GPS sample of Contreras
Pefia et al. (2014). Thus, this definition might not apply to our VVV
objects given the embedded nature of our sample.

Given the spectroscopic characteristics of the known subclasses
of eruptive variables, we could assume that the from the 19 objects
with characteristics of eruptive variables, those with strong CO ab-
sorption (found in region E of Fig. 4) can be classified as FUors,

MNRAS 465, 3039-3100 (2017)

1102 ‘9 Afenuer uo alIyspJojileH Jo Kl!SJSA!Un r /ﬁJO'S feuano _[pJOJXO'SEJUUJ//ZdllL] wioJj papeojumod


http://mnras.oxfordjournals.org/

3050 C. Contreras Peria et al.

2.0

Rel. Flux

Rel. Flux

2.290 2.295 2.300 2.305 2.310 2.315
Wavelength (um)

Figure 6. Comparison of the spectrum of VVVv665 (black line) with the
CO emission model (red line), without any shifts (top) and after applying
the shift derived by the cross-correlation function (bottom).

whilst emission-line objects (usually found in region F of Fig. 4)
are more likely EXors. In the following, we will study whether
emission-line objects are found at high states of accretion, as ex-
pected, by determining accretion luminosities from Bry emission.
Finally, we will discuss individual examples which demonstrate
that the classical definition of eruptive variables fails to classify our
VVV sample.

5.1 Radial velocities

We estimate radial velocities of objects showing CO emis-
sion/absorption by using the cross-correlation technique described
in Marocco et al. (2015), taking the simple CO models which will
be explained later in Appendix E, as the radial velocity templates. In
every case, the velocities are corrected to take into account the Earth
rotation, its motion around the Sun and the motion with respect to
the local standard of rest (LSR). The errors on radial velocity are
dominated, in most cases, by the error in the wavelength calibration
at the order where the CO region is observed. This error is ~0.4 A
which translates into an error of ~5.2km s~ on radial velocity.

These estimates give us a more reliable measurement of the dis-
tance to the objects which can help us determine accretion lumi-
nosities for some of the emission-line stars. It also helps to identify
likely AGB variable stars (see Appendix C).

Note that we are assuming that the CO-emitting region has a
similar average velocity to the star. The measurement could be
affected if the CO emission/absorption arises from an outflow or
wind with a different velocity but in most YSOs, the CO arises in
the rotating disc or the stellar photosphere.

In Fig. 6, we show a comparison of the observed spectrum of
VVVv665 and that of the CO model before and after deriving the
radial velocities for the object. In Table 4, we show the estimated
values and errors for the objects where we were able to use this
method. In Table 4, we also show the near- and far-kinematics
distances estimated using the Galactic rotation model of Brand &
Blitz (1993).

5.2 Accretion luminosities

The majority (16/19) of the eruptive VVV objects show emission-
line spectra, which is one of the expected characteristics of EXors
during outburst. This is not surprising given that only a 2 yr time
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Table 4. Radial velocities.

ObjeCt VLSR AvLsr dnear dfar
(kms™") (kms™") (kpe) (kpe)
VVVv25 21.1 53 - 10.9
VVVv32 —28.1 13.5 1.9 74
VVVv42 —49.0 5.5 4.0 6.1
VVVv45 16.4 5.3 - 11.6
VVVv193 —855 18.2 4.5 10.2
VVVv202 —84.2 5.2 4.4 10.5
VVVv229 —69.9 5.5 3.8 114
VVVv235 —92.8 5.2 4.8 10.6
VVVv270 —87.6 12.1 4.6 11.2
VVVv322 —59.8 5.5 3.8 12.7
VVVv628 —41.6 5.9 24 12.3
VVVv630 —-329 5.9 1.9 12.8
VVVv665 —73.1 53 4.0 11.6
VVVv699 —-935 5.3 4.9 11.0
VVVv717 —126.3 5.3 6.1 10.2
VVVv721 —89.7 5.8 4.9 11.5
VVVv796 —068.7 5.3 5.1 12.1

interval of VVV data (2010-2012) was used for our variable search
(see Paper I), which would favour the detections of EXors over
FUors.

From 16 objects with emission-line spectra, 15 show Bry emis-
sion, the exception being VVVv815. This source was observed well
below maximum light and the spectrum shows very strong H, emis-
sion, implying the presence of a powerful accretion-driven outflow
(see Appendix A). The majority of the emission-line objects fall in
region F of Fig. 4 and are thus characterized by the lack of pho-
tospheric absorption lines. CO bandhead lines in emission and/or
H; lines in emission are also seen in most of these objects. The ob-
jects with Bry emission are characterized by having broad emission
profiles with full width at half-maximum >100kms~' as expected
from magnetospheric accretion (see e.g. Davis et al. 2001).

In order to study whether these objects are in high states of accre-
tion as we expect, we can try to determine the accretion luminosity,
L., of objects in our sample. The latter is obtained from the known
correlation between the Bry luminosity and the accretion luminos-
ity in YSOs (see Muzerolle et al. 1998; Calvet et al. 2004). Then,
in principle, M can be derived from

GM.M R.
Ly = (1 - 7) s (1)
R* Rin

(see e.g. Gullbring et al. 1998). However, this last step requires
knowledge of stellar (M., R,) and disc parameters (inner disc ra-
dius, Ri,). These parameters can be derived from the stellar spectral
type and comparison to PMS evolutionary tracks and isochrones in
HR diagrams (see e.g Calvet et al. 2004; Spezzi et al. 2008; Aspin,
Beck & Reipurth 2008). This method would yield unreliable mass
estimates as the majority of our sample have spectral indices of
class I and flat-spectrum sources and evolutionary tracks are un-
reliable (and so rarely published) for ages below 10° yr (see e.g.
Siess, Dufour & Forestini 2000). In addition to the long-standing
uncertainties about the initial conditions used in such evolutionary
calculations, Baraffe et al. (2009, 2012) and others have pointed
out the very concept of a stellar birthline is undermined by episodic
accretion because each star is likely to have a different accretion
history.
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Table 5. Accretion luminosity from luminosity of the Bry line. The second
column refers to the approximate state (from the LC) at which the spectrum
was taken.

Object STATE Ak, D Lacc® Lacc?
(mag) (kpc) Le) Le)

Eruptive

VVVv20 bright 23 2.5¢ 3.8 15.1
VVVv32 mid-point 0.9 1.94 0.9 22

VVVvo4 bright 2.5 3.5¢ 11.1 68.2
VVVv118 faint 0.5 2.2¢ 0.1 0.1

VVVv193 bright 2.5 4.5 32 11.9
VVVv270 bright 2.5 4.6 7.3 38.1
VVVv374 bright 2.5 2.9¢ 5.3 24

VVVv452 bright 1.4 2.8¢ 2.5 8.4

VVVv473 mid-point? 2.5 3.7¢ 0.6 1.1

VVVv562 faint 1.4 2.9¢ 0.4 0.6

VVVv631 bright 1.2 2.3¢ 25 8.4

VVVv662 bright 2.5 3.1¢ 32 11.7
VVVv665 bright 2.5 4.34 6.6 332
VVVv699 bright? 32f 4.97 7.4 38.9
VVVv699 bright? 2.5 4.9 3.7 14.5
VVVv800 mid-point? 24 1.4¢ 0.7 1.4

Non-eruptive

VVVv63 mid-point 1.7 3.5¢ 0.6 1.1

VVVv65 faint 1.9 3.5¢ 0.8 1.8

VVVv405 faint 2.5 2.3¢ 0.2 0.2

VVVv480 faint 0 3.7¢ 0.2 0.3

VVVv625 bright? 2.5 2.3¢ 1.5 4.2

VVVv628 mid-point 1.1 2.34 0.1 0.1

VVVv632 bright 0.3 2.5¢ 0.6 1.0

“from Calvet et al. (2004).

from Muzerolle et al. (1998).
“Distance from SED fit.

dDistance from radial velocity.
¢Distance from dsgg.

TA, from line ratios, see Appendix A.

Given the above, M can only be estimated by making many
assumptions on the star+disc parameters, thus yielding unreliable
results. We have shown in Paper I that some of our high-amplitude
sample includes some PMS eclipsing binaries. Some of these have
spectral indices of flat spectrum sources. Follow-up of these sys-
tems could provide information on radii and masses for these
younger sources, provided the contribution of scattered light can be
accounted for.

For the accretion luminosities, we first need to determine the flux
of the Bry line. We note that several assumptions are made during
the derivation of this parameter. First, we do not have K photometry
from the time of the spectroscopic observations. Thus, we assume
K as the magnitude of the closest epoch from the VVV photometry.
From this, we obtain the continuum level, F;, for the Bry line at
2.1659 pum. In addition, we correct this value for the extinction along
the line of sight to the source. This introduces further uncertainties
given the difficulties in measuring accurate values of extinction
towards class I YSOs. These objects have substantial contributions
from scattered light that may cause the reddening and hence the line
luminosity, to be underestimated (see e.g. Muzerolle et al. 1998;
Connelley & Greene 2010). We measure Ak, by dereddening the
sources to the classical T Tauri locus in the J — H versus H — K
two-colour diagram (see Fig. 1) and we present this in Table 5 as
A, using the extinction law of Rieke & Lebofsky (1985). For the
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nine sources that were not detected in the J filter, we adopt a colour
J— H=350rA, =23 and deredden them to the red end of the T
Tauri locus. This is consistent with the red H — K colours of these
systems and the upper limits on J — H, which are typically between
2 and 4 mag.

The line flux, Fg,,, is then estimated from

Fpry = F, x EW x 10%44% ()

with A, from the above values. The line luminosity, Lg,,, depends
on the distance to the object. In our case, we have distances from (1)
the distance to the nearby SFRs at the location of the VVV objects
(dspr), (2) kinematic distances estimated from radial velocities and
(3) results from the SED fitting tool (see Appendix D). For the
calculation of Lg,, , we use the best estimate available for the object:
in order of preference, we use the kinematic distance (dpe,), then
dsrr, then the distance from SED fits.

Finally, the accretion luminosity is calculated from the Lycc—Lg;
relations of Calvet et al. (2004) (their equation 3) and of Muzerolle
et al. (1998) (their equation 2). Calvet et al. (2004) derive L, from
UV excess for a sample of intermediate-mass T Tauri stars (1.5—
4 M), whilst Muzerolle et al. (1998) use a similar method for
a sample of lower mass classical T Tauri stars. Thus, the former
relation is likely to be more suitable for objects in our sample.
Table 5 shows the values for L, obtained from both relations.

We can compare our results to the published luminosities for
three different sample sets of class I and class II YSOs: (A) the
intermediate-mass class II sample of Calvet et al. (2004) and the
low-mass class II sample of Muzerolle et al. (1998); (B) low-mass
class I and class II YSOs found in the literature. These are class |
objects in Muzerolle et al. (1998), class I and class I YSOs in the
Chamaeleon I and Chamaeleon II clouds (Antoniucci et al. 2011)
and class  YSOs HH26 IRS, HH34 IRS and HH46 IRS (Antoniucci
et al. 2008); (C) finally, we compare to eruptive variables EX Lupi
(2008 outburst; Aspin et al. 2010) and V1647 Ori (in quiescence
and outburst, 2006-2008; Acosta-Pulido et al. 2007).

We note that we could try to compare L, for these samples
directly. However, the results of this comparison would strongly
depend on the relation used in estimating L,... Moreover, L. is
derived independently (from UV excess) only in the class II samples
of Calvet et al. (2004) and Muzerolle et al. (1998). The published
accretion luminosities of objects in (B) and (C) are calculated from
line luminosities using either the Calvet et al. or the Muzerolle et al.
relations.

Instead, we compare Bry luminosities which, given the corre-
lation with L., gives us a measure of the accretion state of our
sample compared with that of typical class I and class II YSOs. The
comparison is shown in Fig. 7. From the figure, we first notice that
VVV objects which are classified as eruptive and observed during
bright states have higher Bry luminosities than the remainder of the
sample. Bry luminosities from bright eruptive VVV YSOs are also
higher than the majority of intermediate-mass class II YSO as well
as low-mass class I and class II YSOs. Unfortunately, we are not
able to find published Bry luminosities for intermediate-mass class
1YSOs.

When comparing to known eruptive variables, we find that VVV
objects at bright states have higher Lg,, than that of EX Lupi (the
prototype of EXors) during its 2008 outburst. The Lg,, of VVV
sources at bright states is comparable to that of V1647 Ori during
outburst. The latter has substantial extinction (A, ~ 10; Muzerolle
et al. 2005) and a low to moderate accretion luminosity, L,.., during
outburst (12 L; Aspin et al. 2009, determined from the Muzerolle
et al. relation), which is similar to some sources in our sample (see
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Figure 7. Histogram of Bry luminosities for VVV objects and a sample of YSOs found in the literature (top) Comparison of eruptive VVV objects observed
at bright state (red solid line) with eruptive objects observed at faint states (black solid line) and non-eruptive VVV YSOs (dashed black line). (bottom)
Comparison of VVV bright objects (solid red line) with the intermediate-mass class II YSO sample of Calvet et al. (2004) (solid grey line) and the low-mass
class IT YSO sample of Muzerolle et al. (1998) (dashed black line), low-mass class I YSOs found in the literature (solid black line). We also compare with
eruptive variables EX Lupi during outburst (green arrow) and V1647 Ori during quiescence (blue arrow) and outburst (red arrow).

Table 5). This is a further evidence to support our contention that
we have identified embedded eruptive variable YSOs similar to the
small number of such objects found previously, though a little more
luminous on average.

We can estimate a range of values of accretion rates for erup-
tive objects observed at bright states (open red circles in Fig. 7),
by adopting plausible values of mass and radius, M, =3 Mg,
R. =5 R and assuming R;, > R,. We stress that this is done
for a simple comparison with expected rates in eruptive variables
and should not be considered as reliable results. Using the accretion
luminosities estimated from the Calvet et al. (2004) relation yields
1078 < M < 1072 Mg yr~'. Even allowing for a possible order
of magnitude underestimate, these values would be considered at
the lower end of accretion rates expected in FUor outbursts (1073
107° M yr~') and more in line with those seen in nearby low-mass
EXor outbursts (107107 M yr™'; see Audard et al. 2014). This
may suggest that the Bry emitters in our sample have lower ac-
cretion rates than FUors, which is perhaps to be expected if FUors
typically quench Bry emission above a certain accretion rate. (We
note that our sample does include three sources with FUor-like
spectra and no Bry emission.) Nevertheless, the accretion rates of
the Bry emitters are higher than those estimated from SED fitting
(Appendix D). This may be attributed either to the fact that SED
fitting used 2010 photometry, an epoch were most of the eruptive
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objects are found at quiescent states, whereas the spectra were taken
at epochs close to maximum brightness, thus at higher states of ac-
cretion. Alternatively, the difference might be due to the fact that
the SED fitting tool was not designed to model YSOs undergo-
ing an eruption (see also the discussion about the reliability of the
estimated parameters in Appendix D).

We note that values of L, in our sample tend to be lower than
the bolometric luminosities (L) derived from SED fits (by ~1
order of magnitude, specially when comparing the values obtained
from the Muzerolle et al. relation, see Appendix D). This is some-
what surprising as we might expect that the accretion luminosity
dominates the total luminosity in eruptive variables: it is often as-
sumed that in low-mass class I objects L,.. = Ly (see e.g Enoch
etal. 2009; Evans et al. 2009). However, Muzerolle et al. (1998) find
that low-mass class I YSOs in their sample show Ly ~ 0.1L,0. We
also note that our sample are most likely intermediate-mass objects
and the central star is expected to contribute an increasing fraction
of the total luminosity of the system towards higher masses (Calvet
et al. 1991); on average, LaccXM? (Calvet et al. 2004). Although,
again this comparison might be affected by the unreliability of the
SED fitting tool results (as mentioned above).

In summary, the key result of the accretion luminosity estimates
is that eruptive variables in a bright state have higher accretion rates
than eruptive variables observed in quiescence.
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5.3 The classification problem

We are confident that the 16 emission-line stars described in Sec-
tion 5.2 are likely to be eruptive variables. However, all of them
show a mixture of characteristics between those of EXors and
FUors.

Aside from the 16 emission line stars, a further 3 stars (VVVv322,
VVVv721 and VVVV717) are classified as eruptive variables. These
show CO 2.29 pm absorption which appears stronger than expected
from a stellar photosphere, with the additional characteristic of not
displaying any other features which could be associated with a
stellar photosphere. In two cases (VVVv322, VVVv717), we do
in fact see emission lines of H, and/or Bry (see Table 3, Fig. 10
and Appendix A) In two sources (VVVv322, VVVv721), we also
observe absorption from H,O. However, only VVVv721 shows an
outburst duration that could place it under the FUor category, i.e.
longer than the 5 yr time baseline of VVV. For these three objects,
we cannot measure an accretion rate but we are confident that they
are eruptive variables. However, two of the three show a mixture of
characteristics between those of EXors and FUors.

To illustrate the difficulties found in classifying these likely erup-
tive variable stars, we will discuss two objects from the previous
sample, one of the emission-line objects and one object showing
strong CO absorption. We present similar discussions of several
other objects with mixed characteristics in Appendix A. They in-
clude one source with CO in emission but H,O in absorption
(VVVv631), one with a FUor-like spectrum but a quasi-periodic LC
(VVVv717), one with a somewhat EXor-like spectrum but a longer
outburst duration and H, emission (VVVv699) and one (VVVv118)
with FUor-like H,O absorption but very brief, EXor-like out-
bursts. Appendix A also includes descriptions of two eruptive
Y SOs with neither EXor-like nor FUor-like spectra (VVVv800 and
VVVv815).

5.3.1 VVW270

This object began an outburst in late 2011 and remains bright in the
most recent data from 2015. The amplitude is AK; ~ 3.8 mag (see
Fig. 8). This star has not been detected in 2MASS nor DENIS, which
is to be expected for the magnitude of the star prior to this current
outburst (K ~ 16 mag). The source brightened smoothly from late
2011 to 2014, remaining at similar brightness in 2015. This slow
rise resembles what has been observed in the classical FUor V1515
Cyg and the likely FUor object VVVv721 (Appendix A). However,
its spectrum shows strong emission from Bry, CO, Na1 and Hy,
which is more expected for EXors in outburst rather than FUors.
The accretion luminosity of VVVv270 is amongst the highest in
the sample (see Table 5), which supports the object being in a high
state of accretion.

The object is associated with several star formation tracers within
5 arcmin, such as IR sources (Robitaille et al. 2008), intrinsically
red objects and IRDCs identified with Spitzer from Peretto &
Fuller (2009). The only distance information from SIMBAD sources
within 5 arcmin arises from the methanol maser Caswell CH30OH
333.931—00.135, with a radial velocity of visg = —36.8kms™!
(Ellingsen et al. 1996). However, this object is located 222 arc-
sec from VVVv270 and the radial velocity of VVVv270
(—87.6 £10.9kms™") is too different for there to be a physical
association. Our estimate from the VV'V radial velocity places the
object at d ~ 4.6 kpc.

Spectroscopy of eruptive YSOs from VVV 3053

5.3.2 VVWw322

The projected location of this object is found close to several in-
dicators of star formation as revealed by SIMBAD (see Fig. 9).
These include molecular clouds, IRDCs, likely YSOs (as deter-
mined by their mid-IR colours by Robitaille et al. 2008) and most
interestingly, several X-ray sources which could be associated with
the young massive cluster Westerlund 1, which is located at d =
3.55 £ 0.17 kpc and has an age of 4-5 Myr (Clark et al. 2005). The
projected location of VVVv322 is 651 arcsec from the centre of the
massive cluster. The object is classified as being associated with
SFRs in Paper I, although whether this association is with Wester-
Iund 1 is not clear, owing to the separation on the sky. However,
we note that the near kinematic distance to the object (d = 3.8 kpc,
see Table 4), is remarkably similar to the distance of the cluster.
Therefore, the association seems likely.

The near-IR colours of the star show an (H — K) excess which
can be attributed to warm circum-stellar material, placing it to the
right of the reddened T Tauri locus in Fig. 1. The SED of the
star is constructed using Spitzer photometry (due to non-detection
in WISE) and the spectral index is « = 0.92, corresponding to a
class I YSO. The Spitzer and VVV measurements are not contem-
poraneous, but the star appears to have been at quiescence prior
to the 2011 outburst, giving some confidence that « is estimated
correctly.

The LC of VVVv322 (Fig. 9) shows the object was in a qui-
escent state at K; ~ 15.5 mag before going into outburst between
the end of the 2011 coverage and the beginning of the 2012 cam-
paign. The object had apparently been at this faint state for >10 yr
given that it is not detected by DENIS nor 2MASS. The bright-
ness of the object is already declining by 2013. Due to the lack of
complete coverage, we cannot be certain of the amplitude of the
outburst but it is likely to be AK > 2.5 mag. Mid-IR photometry
from the GLIMPSE I (Benjamin et al. 2003) and DEEP GLIMPSE
(Churchwell et al. 2009) surveys also shows a large change with 1.8
and 1.4 mag at 3.6 and 4.5 um, respectively. The DEEP GLIMPSE
data was taken on 2012 October, which would place it close to the
maximum brightness of VVVv322. Given that the object appears to
have been at a quiescent state for a long time prior to 2011, we can
then consider the GLIMPSE I measurements as being pre-outburst
data. The mid-IR change is in agreement with the expected change
from variable accretion in protostars (see e.g. Fischer et al. 2012;
Scholz et al. 2013).

The observed K; LC during 2013 implies a decline rate
of ~1.57 mag yr~!. This rate implies that the duration of the out-
burst would not be longer than approximately 3 yr. VVV photometry
from 2014 July/August shows that this trend continued, returning
the object to a brightness close to the quiescent state of 2010. How-
ever, the 2015 photometry shows that the rate of decline has slowed
in the most recent data.

The spectrum for this object was obtained in 2013 April when
it was slightly below maximum brightness, based on inspection
of the LC. The spectrum shows the presence of strong H,O ab-
sorption bands at 1.3-1.4, 1.7-2, 2.3-2.5 pm and CO absorption at
2.29 um. In addition, the 1-0 S(1) H; line at 2.12 um is seen weakly
in emission. The spectrum lacks any other absorption features that
could be associated with a stellar photosphere (see Fig. 10).

The evidence presented above supports the scenario of VVVv322
being an eruptive YSO. However, the classification of this object
within the known classes of eruptive variables seems to be uncer-
tain. The 2013 spectrum resembles that of FU Orionis stars during
periods of high accretion, (see e.g. V900 Mon; Reipurth, Aspin &
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Figure 8. (top left) False colour WISE image (blue = 3.5 um, green = 4.6 pm, red = 12 um) of a 10 arcminx 10 arcmin area centred on VVVv270. The
location of the object is marked by the arrow. (top right) K image of a 10 arcmin x 10 arcmin area centred on VVVv270. The location of the object is marked
by the red arrow and green circle. In addition, blue circles and labels mark objects found in a SIMBAD query with a 5 arcmin radius. (medium left) SED of
VVVv270 along with Robitaille et al. (2007) YSO models that fulfil the criteria of ¥ — Xgesl < 3N, with N the number of data points used to generate the
fits. This image is generated by the fitting tool. (medium right) Near- and mid-IR photometry of VVVv270. Data arising from different surveys are marked
by different symbols which are labelled in the figure. The red arrow marks the approximate date of the spectroscopic follow-up. (bottom) FIRE spectrum of
VVV270. The spectroscopic features found for this object are marked in the graph.
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Figure 9. (top left) False colour WISE image (blue = 3.5 pm, green = 4.6 pm, red = 12 pm) of a 20 arcminx20 arcmin area centred on VVVv322. The
location of the object is marked by the arrow. The SFR Westerlund 1 is also shown in the image. (top right) K image of a 10 arcminx 10 arcmin area centred
on VVVv322. The location of the object is marked by the red arrow and the green circle. In addition, blue circles and labels mark objects found in a SIMBAD
query with a 5 arcmin radius. (botton, left) Near- and mid-IR photometry of VVVv322. The approximate dates of spectroscopic follow-up are marked by blue
(2013) and red(2014) arrows. (bottom, right) SED of VVVv322 along with Robitaille et al. (2007) YSO models that fulfil the criteria of X2 - xfm < 3N, with
N the number of data points used to generate the fits. This image is generated by the fitting tool.

Herbig 2012) and it would agree with the fact that the star was
observed at a point close to maximum brightness. However, the du-
ration of the outburst would seem to be much shorter than expected
for FU Orionis stars, but longer than for EXors. In this sense, this
object resembles more recently discovered objects which display
mixed characteristics of eruptive variable classes (see e.g. V1647
Ori, V2775 Ori; Fedele et al. 2007, Caratti o Garatti et al. 2011).
A second spectrum was taken in 2014,> which allows us to note
some interesting points about this source. The 2014 May spectrum
was taken at a time where the object has apparently faded by about

2 Two other objects, VVVv815 and VVVv699, have repeated spectroscopy.
Their characteristics are presented in Appendix A.

1.3 mag. By this time the H,O and CO features seem to have
weakened (see Fig. 10) but the H, line at 2.12 pm has become
stronger. The spectrum, as in 2013, does not show any apparent
photospheric features

We note that the weakening of the H,O and CO features by
2014 agrees with the fact that the luminosity of the star had faded
by this epoch. The lack of Bry emission in FU Orionis objects
has been attributed to the fact that for high accretion rates (M >
107 M yr™"), there is a breakdown in the magnetospheric accre-
tion model (see e.g. Fischer et al. 2012). It would be very interesting
to see that with VVVv322 returning to a quiescent state, the star
would show absorption features arising from a stellar photosphere
rather than the disc and Bry returning to emission in the spectrum
of the object.

MNRAS 465, 3039-3100 (2017)
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Figure 10. (top) Graph comparing the 2013 (blue) and 2014 (red) FIRE spectra of VVVv322, where we mark the observed absorption features of H>O and
CO, along with emission lines from Hj. (bottom) 2013 and 2014 observations in the region 2.10-2.13 pm comparing the 2.12 um 1-0 S(1) H, emission line.

The H, 2.12 um emission feature has become stronger between
2013 and 2014 (see Fig. 10), with the equivalent width increasing
by a factor of 3 to 4. The emission does not appear to be spatially
extended at either epoch. The presence of this feature could be asso-
ciated with shocks from molecular outflows linked to this particular
outburst event. While this is not certain, continuous monitoring and
high-resolution imaging could help clarify this picture. A direct link
between an outburst and an outflow has been observed in V2494
Cyg (Magakian et al. 2013).

5.4 Final remarks on classification

In the previous sections, we have shown that most spectra of our
young eruptive variables fail the classical FUor/EXor classification.
In fact, only one object in our sample would fall into the classical
FUor definition, VVVv721, which shows the characteristic CO ab-
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sorption as well as a long-lasting outburst, at least extending beyond
the coverage from VVYV, of these objects.

The majority of the remaining YSOs show characteristics which
are more commonly found in EXors, such as an emission-line spec-
trum. However, H, emission is common in our objects, and in some
cases, [Fe 11] emission is also present in their spectra. These features
were not observed in the sample of EXors studied by Lorenzetti
et al. (2009). In addition, the duration of the outburst is longer than
expected from this subclass, but also shorter than the long-lasting
outburst of classical FUors. Both VVVv322 and VVVv717, two of
the three objects that show strong, FUor-like, CO absorption, have
LC properties which are different to classical FUors.

The different characteristics of our sample to that of the known
classes of eruptive variables could be explained by the fact that the
majority of our sample is optically invisible and found at early evo-
lutionary stages. This is certainly true when we compare to classical
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EXor events (usually associated with instabilities in discs of class 11
YSOs). In addition, the classical FUors are often described as be-
ing at the boundary between T Tauri stars and protostars with an
envelope (see e.g. Audard et al. 2014), comparable to flat-spectrum
YSOs. Inspection of their SEDs reveals that none of the classi-
cal, optically visible FUors have steeply rising class I SEDs (see
Gramajo, Rodén & Gémez 2014).

Considering the arguments presented above, we are confident
that these 19 objects are new additions to the eruptive variable class,
with four more objects where it is unclear if variable accretion is
responsible for the observed variability. Of the 19 eruptive sources,
16 are classified as class I and 3 as flat spectrum sources, from
their value of «. 17/19 are optically very faint, defined here by
non-detection in the VVV Z-band images.

The characteristics of our sample are in line with what has been
observed in a small but increasing number of new members of the
eruptive variable subclass. For example, V1647 Ori went into out-
burst in 2003 and showed a near-IR spectrum with strong Bry and
CO emission (see e.g. Ninan et al. 2013). This object returned to
quiescence after 2 yr and then underwent a second outburst in 2008
(Aspin et al. 2009), but now showing CO weakly in absorption at
2.29 um. OO ser (Hodapp et al. 2012) is a deeply embedded object
which shows a featureless near-IR spectrum and an outburst dura-
tion of less than 10 yr. V2775 Ori (Caratti o Garatti et al. 2011)
went into outburst in 2011 and its near-IR spectrum shows the char-
acteristic H,O and CO absorption of FUors, but it is unclear if the
outburst duration is comparable to that for FUor objects. V723 Car
is a highly embedded class I object which went into outburst be-
tween 1999 and 2003 reaching peak magnitude of K = 12.9 mag.
The LC of the object after the outburst shows an erratic behaviour
with AK = 2 mag. The near-IR spectrum of V723 Car shows
H,, Bry and CO emission. Tapia et al. (2015) argue that these
characteristics make V723 Car different from EXors and FUors.
V1180 Cas is a flat-spectrum YSO which shows an outburst dura-
tion that is between that of both EXors and FUors (Kun et al. 2011)
and shows an emission-line spectrum during outburst (Antoniucci
et al. 2014). V512 Per is a class I object which went into outburst
in 1990 (Eisloffel et al. 1991) and has remained close to the maxi-
mum brightness ever since (Hodapp & Chini 2014), resembling the
duration of FUor outbursts. However, the object shows strong CO
emission during outburst (Eisloffel et al. 1991) and drives an H,
molecular outflow (Hodapp & Chini 2014). V2492 Cyg is a class |
YSO which went into outburst in 2010 and shows an emission-line
spectrum with an outburst duration of >3 yr (Covey et al. 2011;
Késpil et al. 2013). Covey et al. (2011) point out that this object
differs from FUors and EXors and resembles the characteristics of
V1647 Ori.

A label of some sort is likely to be useful to categorize these
eruptive YSOs which show a mixture of characteristics of FUors
and EXors. We propose ‘MNors’ (pronounced ‘emnors’) given the
resemblance with V1647 Ori, the illuminating star of the McNeil’s
Nebula (McNeil’s Nebular Object). Given the characteristics of our
sample and their similarities with some of the recent discoveries
from the literature, MNors could be considered as objects which:
(1) have SEDs of class I or flat-spectrum sources, (2) show out-
burst durations >1.5 yr but shorter than those usually associated
with FUors, (3) show spectroscopic characteristics of eruptive vari-
ables, i.e. CO emission, absorption and (4) usually have 2.12 pm
H, emission, most likely due to a molecular outflow. As excep-
tions to item (3), sources lacking CO emission or absorption may
still be MNors, e.g. if the spectrum is taken in quiescence or there is
strong veiling of the photosphere and the innermost parts of the disc

Spectroscopy of eruptive YSOs from VVV 3057

(e.g. see the individual discussions of VVVv800 and VVVv815 in
Appendix A).

Our definition of the MNor subclass includes sources with diverse
spectroscopic properties. The classification is therefore provisional,
pending further study. The most likely scenario is one in which the
known FUor, EXor and MNor subclasses are not different types of
objects but are instead different representations of the same phe-
nomena, i.e. episodic accretion. For example, Vorobyov & Basu
(2015) show that their disc fragmentation models, one of the mech-
anisms which is invoked to explain episodic accretion, can produce
isolated luminosity bursts, similar to FUors, or clustered bursts, i.e.
a succession of closely packed bursts, similar to EXors and the
majority of the objects in our sample.

The 19 new episodic variables approximately double the number
of the spectroscopically verified eruptive variable YSOs known so
far. These new additions increase the number of embedded members
of the class by a large factor.

Table 6 shows the classification of the objects according to their
LC, as well as their spectroscopic characteristics.

6 SUMMARY AND CONCLUSIONS

We have presented intermediate resolution IR spectra of 37 VVV
high-amplitude variable stars, 18 of which have eruptive LC classi-
fication from Paper 1. The observed systems generally have class I
or flat spectrum SEDs, typical of the full VVV photometric sample
of YSOs. In the following, we summarize the main points of our
work.

(i) From the sample, nine stars show characteristics which in-
dicate that they are AGB stars or novae rather than YSOs (see
Appendix C). Amongst the 28 YSOs, the incidence of Bry emis-
sion is high, as in normal YSOs, but the incidences of CO emis-
sion and especially H, are higher than in normal embedded YSOs.
The locations of the YSOs in the equivalent width diagrams of
Connelley & Greene (2010) are, in general, very different from
those of normal YSOs, especially for VVV sources followed up
during a bright state.

(ii) Three YSOs show the characteristic strong CO absorption
and lack of photospheric features which are associated with FUors,
though only one of these has an outburst of sufficient duration to be
considered a likely classical FUor.

(iii) Of the 25 other YSOs, we classify 16 as likely eruptive
variables. These show emission-line spectra with Bry, CO and/or
H, almost always present. The H, emission-line ratios are consistent
with shock-excited emission from molecular outflows. The latter is
not observed in classical EXors (see e.g. Lorenzetti et al. 2009).
They have LC which are characterized by large variations (AK; >
1.5 mag), with apparent durations of the bright state of 1-5 yr, which
is longer than the characteristic time-scale of EXors (Lorenzetti
et al. 2012). Of the 16 systems, 12 have eruptive LC classifications,
1 is a fader, and 3 are LPVs. We note that the periodicity in these
three is not perfect: such objects show short-term scatter and the
sparse sampling of the LC prevents precise period determination.
As noted in Paper I, some of the eruptive variables show repetitive
bursts (a quasi-periodic behaviour), so the distinction between these
provisional LC classifications is not clear cut.

(iv) Three objects show outburst durations that extend over the
5 yr period covered by VVV, which would be expected if these are
FUor-like outbursts. However, for two of these, the near-IR spectra
do not show the usual CO and H,O absorption characteristic of the
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Table 6. AKj, time-scale of the variability and main features observed in the spectra of VVV objects from our sample. The last column provides a likely
classification as eruptive, non-eruptive or non-YSO. For eruptive YSOs the time-scale relates to the approximate duration of the outburst (marked as Atzqy).
In non-eruptive YSOs, the time-scale corresponds to the duration of the observed large amplitude changes; in some cases, these could correspond to outburst
durations such as in objects marked as non-eruptive?. Finally, for non-YSOs, we provide the periods for AGB stars and the approximate duration of what could

be eruptions in novae.

Object AK Variability Spectrum Classification
YSO-eruptive
VVVv20 1.71 Aty ~ 2.5 yr Bry, CO, Na1, H, emission Eruptive, MNor
VVVv32 2.50 Atoye ~ 3.3 yr, periodic? Bry, CO emission Eruptive, MNor
VVVvo4 1.91 Aty > 3 yr Bry, CO, H, emission Eruptive, MNor
VVVvl118 4.24 Atoyr < 150 d, repetitive Bry emission, HoO absorption(?) Eruptive, EXor(MNor?)
VVVv193 1.26 Aty > 2 yr? Bry, CO, H, emission Eruptive, MNor
VVVv270 3.81 Atoyt > 3.5 yr, ongoing Bry, CO, Nai, Hp emission Eruptive, MNor
VVVv322 2.63 Atoyt ~ 3.5 yr CO, H,0 absorption Eruptive, MNor
VVVv374 2.41 Atoye > 3.5 yr, ongoing? Bry, CO, Nai, Hp emission Eruptive, MNor
VVVv452 2.46 Aty ~ 2.2 yr Bry, CO, H, emission Eruptive, MNor
VVVv473 1.50 Atoye ~ 275 d, periodic Bry, CO, H; emission Eruptive, MNor
VVVv562 2.79 Atoy > 2 yr? Bry, H, emission. Na1 absorption Eruptive, MNor
VVVv631 2.64 Atoyr > 4 yr, ongoing? Bry, CO, Na1 emission. H,O absorption Eruptive, MNor
VVVv662 1.83 Aty > 2 yr Bry, CO, Na1, H, emission Eruptive, MNor
VVVv665 1.63 Atoyt > 2 yr Bry, CO, Nai, Hp emission Eruptive, MNor
VVVv699 2.28 Atoy > 4 yr, ongoing Bry, CO, Na1, H, emission Eruptive, MNor
VVVv717 2.47 Atoyr > 2 yr, periodic? CO absorption Eruptive, MNor
VVVv721 1.86 Atoyt > 5 yr, ongoing CO absorption Eruptive, FUor
VVVv800 1.65 Atoyt > 3 yr Bry, Hy emission Eruptive, MNor
VVVv815 1.71 Atoyt ~ 1.8 yr H, emission Eruptive, MNor
YSO-Non Eruptive
VVVv63 1.44 At~ 1yr? Bry, Hs emission non-eruptive?
VVVv405 2.00 At>1yr Bry, H; emission non-eruptive?
VVVv406 2.06 At > 1yr H; emission non-eruptive?
VVVv480 1.70 At~ 1yr Bry, H; emission non-eruptive?
VVVv630 1.90 At > 1yr Bry, Ha, CO, Nai, Car1 absorption non-eruptive
VVVv625 1.46 At <100d Bry, H; emission non-eruptive
VVVv628 1.45 At <1yr Bry (?7), CO, Nai, Car absorption non-eruptive
VVVv632 1.51 At <100d Bry, Hy emission. Na1, Ca1 absorption non-eruptive
VVVv65 1.36 At <100 d Bry emission non-eruptive.
Non-YSOs
VVVv25 1.68 P ~ 2000 d? CO absorption Evolved star
VVVv42 2.16 P ~ 812 d, periodic cold CO absorption Evolved star? YSO?
VVVv45 2.32 P ~ 560 d, periodic CO absorption Evolved star
VVVv229 3.70 P ~ 978 d, periodic CO absorption Evolved star
VVVv235 1.26 P ~ 769 d, periodic CO absorption Evolved star
VVVv796 2.94 P ~ 796 d, periodic CO absorption Evolved star
VVVv202 1.61 P > 1000 d, periodic 12¢o, 3 CO, Na1, Cat absorption Evolved star
VVVv514 1.73 At > 500d? Bry, He 1(?) emission Nova
VVVv240 1.17 At > 500 d? Bry, CI emission Nova

FUor class (Hartmann & Kenyon 1996). Instead, they are dominated
by emission from CO, H, and Bry, which is typical in EXors.

(v) The predominance of outburst durations longer than EXors
but shorter than FUors, coupled with a mixture of EXor and FUor
spectroscopic characteristics, leads us to propose a new classifi-
cation, MNors, for these embedded eruptive variable YSOs. The
name follows V1647 Ori, the illuminating source of the McNeil
nebula, which is one of a small but growing number of such erup-
tive variables discovered in recent years (see e.g. Fedele et al. 2007;
Aspin et al. 2009). While these might have been considered rare
exceptions in the past, they now appear to represent the majority of
eruptive YSOs at earlier evolutionary stages. This designation is of
course provisional, given that these objects are heterogeneous and
so further distinctions and subclasses might be needed in future.
The paucity of EXor-like systems with short-duration outbursts ap-
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pears to be a genuine difference between optically visible class II
eruptive YSOs and their embedded counterparts. The small number
of FUor candidates is likely a selection effect given the short (2 yr)
duration of the data set used for the initial search. The fact that FUor
outbursts are seen in nearby SFRs amongst optically visible YSOs
with flat spectrum SEDs but MNor outbursts were not until recently
may simply be due to small number statistics.

(vi) Overall, we have classified 19/28 YSOs as eruptive variables.
Two or three of the remainder might also be eruptive systems ob-
served in quiescence. The results validate our contention in Paper I
that members of the VVV photometric sample with eruptive LC
are mainly bona fide YSOs undergoing episodic accretion, along
with some of the LPV-YSOs and faders also. The STVs and dip-
pers generally show weaker evidence for episodic accretion, as was
expected. The classification of one or two of the eruptive systems
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could be disputed but that would not affect our broader conclusion
about the properties of the eruptive population. The 18 spectroscop-
ically observed candidates with eruptive LC are fairly representative
of the 106 systems with this classification in the full photometric
sample, with only a moderate bias towards higher amplitude (and
brighter mean magnitude). Much work remains to be done to ex-
plore the full VVV sample of high-amplitude variables, particularly
sources in the other LC categories.

(vii) The accretion luminosities of YSOs estimated from Bry
emission show that those objects classified as eruptive and ob-
served at a bright state have higher L,.. than the remainder of the
YSO sample. These also show higher accretion luminosities than
normal low-mass class I YSOs and low- and intermediate-mass
class II YSOs, comparable to those of known Bry-emitting erup-
tive variables. The accretion rates of the Bry emitters are found to
be lower than those of FUors, which is unsurprising if we expect this
emission line to be quenched at the high accretion rates of FUors
(Audard et al. 2014). The variability amplitudes are also slightly
lower on average than those of classical FUors; the data none the
less support the view that episodic accretion events lasting a few
years are common amongst class I and flat spectrum YSOs. In this
context, FUors may represent the more extreme examples of a com-
mon phenomenon and there may be no clear distinction between
YSOs with relatively small (~1 mag) eruptions and the lower level
accretion variability commonly observed in long-duration stud-
ies of normal YSOs. A variability-based census of normal YSOs
in VVV will be invaluable to quantify the incidence of episodic
accretion.

(viii) For three objects, we have repeat observations which al-
lows us to study the spectroscopic variability of eruptive variables.
Object VVVv322 is of special interest. The LC of the object shows
a large outburst and its near-IR spectrum closely resembles those
of classical FUors. However, the duration of the outburst appears to
be ~3 yr, much shorter than expected for classical FUors. The spec-
trum of the object also shows variations as absorption features from
CO and H,0O become weaker as the star goes back into quiescence.
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APPENDIX A: INDIVIDUAL OBJECTS

(i) VVVv721: previously identified as a likely YSO in the Ro-
bitaille et al. (2008) catalogue of intrinsic red objects, the SED
and near-IR colours of the star are consistent with a class I
object. The star is found within 244 arcsec of the dark cloud
SDC G338.73440.584 (Peretto & Fuller 2009), molecular clouds
[RC2004] G338.74+0.6—72.1 and [RC2004] G338.7+0.6—62.2
(Russeil & Castets 2004) and Hu region GAL 338.74+00.64
(Brown et al. 2014), which measured radial velocities between
—62 and —72.1kms~!. The use of CO model templates yield
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vsr = —89.7 + 2.6kms~! for VVVv721. Other star formation
tracers are found within 300 arcsec of the source (H i region, YSOs)
and the WISE false colour image reveals the evidence of active star
formation in the area (Fig. B1).

The LC shows a slow rise with AK; = 1.9 mag between 2010
and 2014. The classical FUor V1515 Cyg is known for displaying
a slow rise in its LC and taking approximately 25 yr to reach its
maximum brightness (Kenyon, Hartmann & Kolotilov 1991). This
slow rise has been explained as arising from thermal instabilities
that spread from the inner regions towards the outer parts of the
accretion disc (see e.g Audard et al. 2014). However, VVVv721 is
detected in 2MASS with K; = 13.23 £+ 0.03 mag, thus being at
least 0.7 mag brighter than the first VVV epoch. The LC in Fig. B1
also shows the variability observed at 3.4 and 4.6 pm using the
photometry from the WISE (Wright et al. 2010) and NEOWISE
(Mainzer et al. 2011) surveys. The mid-IR data points also show
large variability with AW1 = 1.53 and AW2 = 1.02 mag, values
which agree with the expected change from variable accretion in
YSOs (Scholzet al. 2013). These changes do not appear to be related
to variable extinction along the line of sight.

VVVv721 is an optically invisible star, as it is not detected in
Z nor Y bands in VVV. The spectrum of the star (Fig. B1) rises
longwards of 1.3 um and it is nearly featureless, apart from the
deep CO feature characteristic of FUors. Absorption from H,O is
also present in the spectrum.

Some doubt will remain as to whether the duration of the outburst
is in line with the expected duration in FUor objects. Nevertheless,
this variable star is very likely a new addition to the FUor eruptive
variable class.

(i) VVVv717: this object has been previously classified as a
likely YSO by Robitaille et al. (2008), based on Spitzer and MIPS
photometry. The SED and near-IR colours are those of a class I
object. It is found within 5 arcmin of six IRDCs from Peretto &
Fuller (2009), whilst two other likely YSOs from the Robitaille et al.
catalogue are found within 30 arcsec from this object (see Fig. B2).
There are no distance estimates to objects around this source.

VVVv717 is an optically invisible star, not being detected in J
nor H bands in VVV. Fig. B2 shows a red rising, nearly feature-
less spectrum, with no flux at wavelengths shorter than 1.4 um.
The object shows strong and broad CO absorption and although it
does not show any absorption from H,O, we note that other deeply
embedded FUor objects have been classified as such even when
lacking this feature (e.g. OO Ser, PP13S; Hodapp et al. 1996; Aspin
& Sandell 2001). Bry is also apparent in this object, with relatively
weak emission that seems to be on top of a broader absorption
feature. This emission line is usually not observed in FUors as
this accretion-sensitive emission line is assumed to be quenched
by the very high accretion rate of these systems. VVVv717 also
shows weak H; 2.12 pm and a marginal detection of Mg1 2.28 pm
emission. Further follow-up of the system (Contreras Pefia et al.,
in preparation) shows that the H, 2.12 pm has become much more
evident.

The LC shows some possible periodicity with P > 400 d. It
was classified as a YSO with a long-term period in Paper I. It
rose in brightness during 2010, remained bright in 2011, showed a
drop in brightness in 2012, recovered in 2013 and then showed a
deeper drop in 2014. The object shows K max — K, min = 2.47 mag.
The 2013 data points reveal that this object was probably close to
maximum brightness at the time of the spectroscopic follow-up. The
mid-IR data points from WISE and NEOWISE seem to follow the
behaviour of the VVV photometry. The change in W1 of ~1.1 mag
agrees with that expected from large changes in the accretion rate
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of a YSO (Scholz et al. 2013). The changes in colour from WISE
and NEOWISE are also not consistent with variable extinction. The
fact that the object is highly variable over a somewhat short period
time (that could point to periodicity) is confirmed by the GLIMPSE
I detection of the object. The star shows [3.6] = 10.12 and [4.5] =
8.81, which are close to the maximum brightness observed during
the 2010-2014 period. In addition VVVvV717 is not detected in
2MASS nor DENIS, which makes the object fainter than at least K
= 15.3 at the epoch of the surveys (~1999). This is fainter than any
of the data points measured during the coverage of VVV.

While the observed emission lines should be sufficient to rule out
an AGB star classification, we also test that possibility by estimating
the distance to such an object using the Akari method, which is
further explained in Appendix C. VVVv717 was not detected at
9 um by the Akari survey, so we use the 8 um measurement from
Spitzer/GLIMPSE linstead. This should give similar results because
the two passbands are fairly similar (6.0-11.0 pm for Akari versus
6.5-9.3 um for Spitzer). VVVv717 shows [8.0]=6.8 mag or 0.12 Jy.
We use the K — [8] colour in equation A4 of Ishihara et al. (2011)
to derive the mass-loss rate of an OH/IR or carbon star with similar
colours to VVVv717.

This yields M = 107 M yr~'. According to equation A3
of Ishihara et al. (2011), an OH/IR or carbon star with this mass-
loss rate and 8 um flux would be located at 70735 kpc from the
Sun, where the large uncertainties reflect the large uncertainty in
the K;—[8] colour based on non-contemporaneous data as well
as the scatter in the distance versus colour relation. This distance
would place VVVv717 well outside the Galactic disc. We have
checked if extinction could explain the red colour of VVVv717;
Schlegel, Finkbeiner & Davis (1998) maps give Ax; = 2.16 mag
at the coordinates of the object, which implies E(K;—[9])~1 mag.
This value is within the uncertainties assumed in the K;—[8] colour
and it is not large enough to put the object within the Galactic disc.
We conclude that an AGB star interpretation is very unlikely.

The near kinematic distance derived from the radial velocity of
VVVv717, of d = 6.1 kpc, also contradicts the large distances
derived from the AGB scenario.

We conclude that this star is very likely an eruptive YSO. How-
ever, it is also impossible to place it within the original classification
for this type of stars.

(iii) VVVv631: also in an area rich in star formation, went into
outburst during 2010 and 2011 and has remained in outburst since
that time, though perhaps beginning to fade in 2015. Ithas AK; ~2.5
mag (Fig. B3). This star was detected in 2MASS with K = 14.11 £
0.12, suggesting that the object had been in a quiescent state prior
to the VVV coverage. The 2014 data show that the object was
at a bright state during our follow-up. The spectrum shows Bry
(2.16 um) and Pa B (1.28 um) emission as well as Na1, CO and
possible Mg1 (1.502 pm) emission. The Av = 3-1 CO bandhead
is more prominent than the Av = 2-0 bandhead (this is con-
firmed in the recent spectrum from the 2015 run; Contreras Pefia
et al., in preparation). This object also shows blueshifted 1.08 pm
He 1 absorption, probably from a wind. This feature is blueshifted
by ~2.5A (=70kms™"), but with a velocity profile extending to
~—220kms~!. This feature has been observed in FUors and EXors
but, on its own, is not a discriminant of FUor-like activity (Fischer
et al. 2012).

It is very interesting to see that the object displays absorption
from H,O. The object IRAS 06297+1021(W) in the sample of
Connelley & Greene (2010) shows a remarkably similar spectrum.
In that case, the authors had mixed feelings about classifying it as
an FUor-like object due to its rich emission spectrum. However,
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the observed photometric behaviour of our object makes it a very
strong candidate for being part of the eruptive variable class.

The fact that we are seeing both CO emission (assumed to arise
from the innermost parts of the disc) and H,O absorption would
suggest that two separate regions are contributing to the near-IR
spectrum. H,O is never seen in emission in the near-IR spectra of
YSOs, presumably because the innermost part of the disc is too hot
for the molecule to remain bound.

(iv) VVVv118: classified as a likely YSO by Robitaille et al.
(2008), VVVv118 is found 124 arcsec from IRAS 14477—5947, a
high-mass YSO candidate (see e.g. Guzman et al. 2012) and 94 arc-
sec from IR bubble [SPK2012] MWP1G317420—005582 (Simp-
son et al. 2012). The star is detected in 2MASS with K; = 12.49
4 0.04. Fig. B4 shows that the object displays large variations
(>2 mag) over short time-scales (with changes occurring on time-
scales less than 100 d). This short time-scale resembles that of
objects in the STV category of Paper I. However, both the short-
term changes and the total amplitude (AK; = 4 mag) are much
larger than those of all other objects in that category, allowing us
to definitely discard rotational modulation from hot/cold spots as
the driving physical mechanism for the variability of VVVv118.
In addition, colour changes (bluer when fainter) seen in the two
epochs of near-IR photometry disfavour the possibility of variable
extinction, so the LC was classified as eruptive in Paper I. This
large AKj over short time-scales is consistent with an eruptive vari-
able of the EXor type. However, the spectrum (Fig. B4) displays
not only weak Bry emission but also a probable detection of weak
H,0 absorption, the latter being commonly found in FUor variables
rather than EXors. The presence of CO absorption at 2.29 pm can-
not be confirmed. Assuming that water absorption is present, this
represents yet another example of eruptive variables in our sample
showing a mixture of characteristics between those of EXors and
FUors.

(v) VVVv800 is located in the vicinity of Hu region RCW120
(d ~ 1.4 kpc; Deharveng et al. 2009) and has already been classified
as a YSO by Martins et al. (2010) (source 76 of YSOs around
RCW120). The latter have obtained a near-IR spectrum of the object,
which shows a lack of absorption features and only has H, emission
at 2.03, 2.12, 2.22 pm. Our observation of this object (Fig. BS)
shows a similar behaviour, with several transitions from molecular
hydrogen present, as well as Bry emission. This object also shows
strong emission at 1.64 um from [Fe 11]. The variable star seems to
be driving a powerful outflow. VVV 2014 photometry shows that
our observations were taken close to the maximum brightness of the
object (see Fig. BS). We note also that this object is detected in both
2MASS and DENIS with K, = 10.82 £ 0.03 and K = 11.02 £ 0.08
respectively, suggesting that this object had gone into a bright state
prior to our VVV coverage. The accretion luminosity for this object
is at the low end of L, for eruptive VVV objects (see Table 5),
which is not expected given that this object was observed close to
the brightest point in the LC. The absence of CO emission may cast
some doubt on its eruptive nature but this could be explained by high
extinction towards the inner disc region, e.g. due to an edge-on disc.
Such a geometry would also be expected to veil the Bry emission
line: as noted earlier, we should not expect the individual estimates
from this line to be accurate in every case. We note that the spectrum
of VVVv800 resembles that of the eruptive variable GM Cha, an
object with a red-rising featureless continuum dominated by H,
emission (see e.g. Persi et al. 2007). The long duration of the bright
state appears to rule out rotational modulation by bright or dark spots
and the colour changes (bluer when fainter) seen in the two epochs
of JHK; colour data disfavour extinction as the cause of variability,
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leaving only accretion as the likely cause of variability. Given that
the LC is well described as an ~1 mag outburst with additional
short time-scale scatter, this object may be regarded at the low end
of what might be termed an eruptive variable. Rice et al. (2015)
observed lower level accretion variations in some YSOs on time-
scales of years, as well as shorter time-scales. Detection of objects
such as VVVv800 perhaps indicates that there is no clear distinction
in amplitude between normal low-level variations in accretion rate
and episodic accretion. The other eruptive variables in our sample
that were observed in a bright state have higher derived accretion
luminosities and amplitudes.

(vi) VVVv815: this object was discovered as a high-amplitude
variable in an early data release of VVV 2010 data and is not se-
lected in the 2010-2012 analysis (see Paper I). It was found to be
an intrinsically red object from mid-IR colours and classified as a
likely YSO by Robitaille et al. (2008). The star is likely associated
with an SFR (see Fig. B6) and its projected location is 79 arc-
sec from Hu region [WHR97] 14222—6026 (v sg = —44kms™',
d ~ 2.5 kpc; Walsh et al. 1997). Its SED is consistent with a class I
object (¢ = 1.58).

VVVv815 was observed in low resolution with FIRE on 2012
May. The spectrum shows no flux in the J or H bands and is dom-
inated by strong emission of v = 1-0AJ = —2 rovibrational tran-
sitions from molecular hydrogen, with the 1-0 S(1) 2.12 um being
the most prominent feature (EW = —200 A). The lack of higher
excited lines in the spectrum of this object points to the emission
arising from molecular shocks.

The 2013 medium resolution echelle spectrum from FIRE shows
very similar characteristics (see Fig. Al), although the equivalent
width of the 1-0 S(1) 2.12 um decreased to —119 A. The higher
quality of this spectrum allows us to derive a ratio 1-0 S(1)/2-1
S(1) of ~6 which agrees with models of emission arising from
molecular shocks (see e.g. Smith 1995).

(vii) VVVv699: Robitaille et al. (2008) finds the Spitzer IRAC
colours of this object to be consistent with those of a YSO and
it is thus classified as such in their study. The automatic search
for mid-IR detections within 1 arcsec of the source only yields a
GLIMPSE I (Benjamin et al. 2003) detection. Inspection of the
images arising from WISE show the possible presence of VVVv699
(Fig. B7) and there is one detection at 1.3 arcsec from the VVV
source. Comparison of the magnitudes from WISE W1, W2 with
Spitzer 11,12 shows an agreement between the two measurements,
which suggests that VVVv699 had been in quiescence previous to
the 2011 outburst. This is also supported by the fact that the source
falls below the detection limit in both 2MASS and DENIS surveys
(see Fig. B7). Thus, use of Spitzer photometry to build the SED of
VVVv699 is preferred given that the centroid of the detection is
closer to the VVV position. Our analysis shows the object as a class
1 YSO, with o = 2.08.

The LC (Fig. A2) shows an outburst between the 2010 and 2011
campaigns of VVV, with AK ~ 2.2 mag. The fact that the object
had been on a quiescent state prior to 2010 seems to be supported by
mid-IR information. In addition, the object seems to be displaying
some shorter term, lower amplitude variability (AK < 1 mag) during
2012 and 2013.

Fig. A2 shows that VVVv699 is located within 300 arcsec of sev-
eral indicators of active star formation, such as likely YSOs from
Robitaille et al. (2008), six IRDCs, and is within the broken
GLIMPSE IR bubble [CPA2006] S43 (Churchwell et al. 20006).
These IR bubbles are expected to be formed around hot young stars
in massive SFRs (Churchwell et al. 2006). Unfortunately, none
of the indicators have available distance information. The radial
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Figure Al. (top) K5 LC of VVVv815, where the arrows mark the dates
of the 2012 and 2013 spectroscopic follow-up. (middle) 2012 FIRE low-
resolution spectrum of VVVv815. (bottom) 2013 FIRE high-resolution
spectrum of VVVv815. In both spectra, the observed rovibrational tran-
sitions of Hy are marked at the top of each graph.

velocity of the object (see Table 4) suggests that VVVv699 is lo-
cated at a heliocentric distance of 4.9 kpc.

The 2013 follow-up (Fig. B7) reveals a rich emission line spec-
trum, with strong H; lines from several transitions and Bry emis-
sion. CO and Nar are also in emission. CO and Na1 emission are
usually attributed to a hot inner disc at a distance of a few astro-
nomical units from the central star. The observations from 2014
(Fig. A2) show a decrease in the strength of several lines, most
noticeable in the CO and Nar1 lines, with also an apparent decrease
in the intensity of the Bry emission. The H, emission on the other
hand seems to increase, an effect that is apparent in all of the ob-
served transitions. We do note that the changes in Bry and H, are
within the measurement errors and do not appear to be larger than
10 per cent.

Connelley & Greene (2014) have studied the spectroscopic vari-
ability of a sample of class I YSOs. They have found that tracers of
mass accretion, Bry and CO emission, are variable at all time-scales,
with CO being most variable (up to a factor of 3) on a time-scale
of 1-3 yr which corresponds to a spatial scale of within 1-2 au in
a Keplerian disc (Connelley & Greene 2014). These authors also
find that changes in mass flow on to the central star, as traced by
Bry, are coupled to changes in the disc surface temperature (which
gives rise to the CO emission), whenever there is a large change in
the CO emission and on long time-scales. The observed variability
in VVVv699 over a period of 1 yr seems to support the latter. We
observed a large variation of up to a factor of 2 in CO emission,
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the dates of the 2013 April 2013 (blue) and 2014 May(red) FIRE obser-
vations. (middle) Graph comparing the 2013 (red) and 2014 (blue) FIRE
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Figure A3. Accretion luminosity of VVVv699, estimated from the ob-
served flux of the Bry line in the 2013 observations and for the distance
range of IR bubbles from Churchwell et al. (2006). Ly is derived from the
Calvet et al. (2004) and the Muzerolle et al. (1998) relations. The red line
marks the estimated Ly for 3 < d < 6 kpc. Errors on L, are shown as
dashed lines. The accretion luminosity estimated using the distance from
radial velocities is marked by a blue star.
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accompanied by an apparent change in Bry emission. However, we
cannot rule out the possibility that changes in EWSs are affected by
changes in veiling.

Unfortunately, we are not able to estimate whether this relates
to a change in the accretion rate between the two epochs. We do
not have contemporaneous photometry to the spectroscopic mea-
surements and as we saw before, there seems to be a short-term
variability with AK ~ 0.5 magnitudes. Thus, trying to assign a
K-band brightness to the dates of the spectroscopic observations
from the LC of VVVv699 would yield unreliable results. Most im-
portantly, we have already stated the difficulties in deriving this
parameter in Section 5.2.

We can estimate a range of values for the accretion luminosity
from the 2013 observations. Following Section 5.2, we can derive
the flux of the Bry emission, Fy,, , using the measured equivalent
widths, the extinction A, to the system and the continuum flux from
K-band photometry.

In Section 5.2, we estimated the visual extinction to the source
by adopting a colour J — H = 3.5, which yields A, = 23. This can
be considered as a lower limit of A,. In this section, we attempt to
derive this parameter with a different method.

The visual extinction to the source can be estimated using the
H, 1-0 Q(3)/S(1) ratio, rops, since these lines originate in the same
upper state. We compare the observed ratio to the intrinsic one (0.7;
see Beck 2007, and references therein) and derive A, assuming the
Cardelli, Clayton & Mathis (1989) extinction law. Then,

1 1.61 1 1.61 0.7
0.404A, ( ) _<7> :log( ) (AD)
e Ascty Tobs

where we estimate A, = 42 and 23 mag for 2013 and 2014, respec-
tively. This change in A, would imply AK; ~ 2.2 mag, which seems
highly unlikely from the LC of this object. We note that Connelley &
Greene (2010) argue against this ratio as a reliable measurement of
the visual extinction, given the large discrepancies that they found
between the values using this method and those found through ei-
ther photometry or modelling of the continuum. They suspect that
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the closeness of the Q(3) line to a telluric absorption feature is likely
to affect the observed ratio. A, is also found to be variable in their
sample. The Schlegel et al. (1998) maps yield an upper limit of the
visual extinction of A, = 35.3 mag (30.8 mag in the revised values
of Schlafly & Finkbeiner 2011).

We then assume K = 14.1, which corresponds to the approximate
mean brightness in the 2013 epochs from VVV. From this, we obtain
the continuum level, F; for the Bry line at 2.1659 um. In addition,
we correct this value for the extinction along the line of sight to the
source, assuming A, = 32 (a simple mean of the values obtained us-
ing line ratios). The line flux is then estimated following Section 5.2.
We finally obtain Fg,, = (7.54 & 1.08) x 107" erg s™' cm™2.

In order to estimate the line luminosity, we take a range of values
for the distance of VVVv699 between 0.2 and 8.2 kpc, which cor-
responds to the distribution of near kinematic distances of Galactic
bubbles in Churchwell et al. (2006). The accretion luminosity is
derived from the Calvet et al. (2004) and Muzerolle et al. (1998)
relations. We obtain a large range in Ly, up to 20 and >100 L
from the Calvet et al. and Muzerolle et al. relations, respectively.
The peak distribution of the Churchwell et al. sample with known
distances is found to be at d = 4.2 kpc, a similar distance to that
estimated from the radial velocity of the object, with the majority
of the sample being located between 3 and 6 kpc. If we assume the
latter range for the distance of [CPA2006] S43, then the maximum
luminosities derived from the two relations reduce to 10 and 60 L,
respectively. Using the near kinematic distance from radial veloci-
ties y161ds Lacc, Calvet = 7.4 L@ and Lacc, Muzerolle = 38.9 L@ These
values are also higher than the ones obtained in Section 5.2. This is
due to the lower value of A, estimated from dereddening the / — H
colour of VVVv699 to the T Tauri locus in Section 5.2. However,
this particular value might not represent the true A, to the system
as VVVv699 is not detected in J nor H. Nevertheless, these values
of L,.. support the object being in a high state of accretion.

APPENDIX B: PLOTS FOR INDIVIDUAL
OBJECTS
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Figure B1. (top left) False colour WISE image (blue = 3.5 um, green = 4.6 um, red = 12 pum) of a 0244 x 0244 area centred on VVVv721. The location of
the object is marked by the arrow. (top right) K image of a 10 arcminx 10 arcmin area centred on VVVv721. The location of the object is marked by the red
arrow and the green circle. In addition, blue circles and labels mark objects found in a SIMBAD query with a 5 arcmin radius. (middle left) SED of VVVv721
along with Robitaille et al. (2007) YSO models that fulfil the criteria of x> — Xgesl < 3N, with N the number of data points used to generate the fits. This
image is generated by the fitting tool. (middle right) Near-IR (K;) and mid-IR photometry of VVVv721. Data arising from different surveys are marked by
different symbols which are labelled in the figure. The green arrow marks the time when the spectrum was taken. (bottom) FIRE spectrum of VVVv721. The
spectroscopic features found for this object are marked in the graph.
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Figure B2. Same as Fig. B1. In the top left, we present a 10 arcminx 10 arcmin WISE false colour image of the area near VVVv717.
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Figure B3. Same as Fig. B1. In the top left, we present a 10 arcminx 10 arcmin WISE false colour image of the area near VVVv631.

MNRAS 465, 3039-3100 (2017)

/T0Z ‘9 Afenuer uo a11usplojLBH 10 AsBAIUN 1 /BI0'S[euINopioxo'se.ul;/:dny wol) pepeojumod


http://mnras.oxfordjournals.org/

3068 C. Contreras Peria et al.

T T T T = 3
VVVv118 3 o T
"M -
F s ]
(] E i
10° 138 12F © e 3
b= F ° L 1
- S 13F s P, 8
» F 6ee : ° §
< = P ° .
g 10 ¢ - E 141 ‘ ) 1
% 15F -8 ]
o F B
8 9F Ww118 3
10t B E E ]
2 B DENIS K ]
= S 10F  e2mass K, E
2 [ ewWv K X A ]
c 11F wi -
1012 | 18 F w2 - - ]
= o =i i
12 A2 _:
13 - -
0 2000 4000 6000
Alnm) MJD-50209 [days]
H,0? H,0?

Br vy

B M‘W W (kdl S 1
W WWWW‘MMW “‘Mﬂ WWWWMWWWW Wt WMWMW‘.M'WM"M‘

Relative Flux

O L L L 1

1.6 1.8 2.0 2.2 2.4
Wavelength (um)

Figure B4. Same as Fig. BI. In the top left, we present a 10 arcminx 10 arcmin WISE false colour image of the area near VVVv118.
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Figure BS. Same as Fig. B1. In the top left, we present a 10 arcminx 10 arcmin WISE false colour image of the area near VVVv800.
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APPENDIX C: EVOLVED OBJECTS

In this section, we analyse the objects that show characteristics of
being from a different variable class, not related to YSOs. These
are found to be likely contaminants of our YSO sample and were
not included in the analysis in Section 4.

C1 Novae

Two objects are classified as likely novae. VVVv514 shows Bry,
Br10 (1.73 um) and He1 (2.058 um) emission. This object shows
a blue SED (¢ = —1.41) and was classified as a fader from its
LC in Paper I. Inspection of its LC in Fig. C1 shows that the
object went into outburst prior to 2010 and a second peak is
apparent at the end of the 2010 campaign. These spectroscopic
and photometric characteristics are similar to nova V1493 Aql
(Venturini et al. 2004).

The second object, VVVv240, is classified as an LPV (Mira-
like) in Paper 1. The poor sampling of the data probably led to
this classification. The object has a rich emission-line spectrum
(Fig. C1) which includes weak Bry and Ci1 lines (2.10, 2.29 um).
The presence of these carbon lines are characteristics of Fe n novae
(see e.g. V476 Scuti; Das et al. 2013).

‘We note that this classification is based entirely on some similar-
ities of our objects with novae. We do not discard the possibility of
these objects belonging to a different class of variable stars.

N
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VWVWv240

Relative Flux

0 . . .

1.6 1.8 2.0 2.2
Wavelength (um)

Relative Flux

1.6 1.8 2.0 2.2 2.4
Wavelength (um)

C2 AGSB stars

We find that seven VVV objects are more likely AGB stars. Most of
these display long-term periodic variability in Paper I, where five
are classified as displaying Mira-like LC, whilst VVVv202 is clas-
sified as YSO-like. VVVv25 was originally given an eruptive LC
classification. The spectra of these objects are dominated by strong
CO absorption and in many cases, a lack of other photospheric
absorption features, similar to FUors. These objects also show an
apparent association with SFRs, e.g. VVVv42 and VVVv45 are lo-
cated within the G305 star-forming complex (see Fig. C2 for other
examples). These characteristics lead to an early idea of these ob-
jects being (eruptive) YSOs because the LC are in some cases not
truly periodic. However, the recognition that the LC of dusty-AGB
stars can have additional trends due to variable extinction on time-
scales of years, superimposed on the periodic LC, revived our view
that these sources can be dusty AGB stars. Also, sources with Mira-
like LC tend to have SEDs that are less well fit by the YSO SED
fitting tool (see Fig. C2 and Appendix D) which cast doubt on a
YSO classification.

We study the AGB scenario following Contreras Pefia et al.
(2014), estimating whether an AGB star at the magnitudes of the
VVYV sources can be found within the Galactic disc. In Contreras
Pefia et al. (2014), we estimated this parameter by (1) Assuming the
source is a Mira variable star with My = —7.25 (Whitelock, Feast
& van Leeuwen 2008) and (2) from the observed K — [9] colour
of the star and following appendix A of Ishihara et al. (2011).
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Figure C1. FIRE spectra (left), near- and mid-IR photometry (right) of likely novae VVVv240 (top) and VVVv514 (bottom).
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Figure C2. (top) WISE false colour images of 10 arcminx 10 arcmin areas centred on objects VVVv229 (left) and VVVv235 (right). (bottom) Robitaille et al.

(2007) SED fits for the same objects.

We have shown in Paper I that Mira variable stars are very likely
to saturate in VVV, even when considering large distances and
extinctions towards the source. Then, evolved long period variables
in the sample are very likely AGB stars with thick circum-stellar
envelopes, which makes them fainter and thus able to appear at the
magnitudes covered in VV'V. Given this, method 1 above would not
be applicable to our sub-sample of periodic variable stars. This is
confirmed by the fact that the periods observed in this sub-sample
are not found within 100400 d, the typical period of Mira variable
stars.

The distance estimate from method 2 is subject to several sources
of error. The distance equation (A4 in Ishihara et al. 2011) depends
on the observed 9 um flux as well as the mass-loss rate of the
object. The latter is derived from the K — [9] colour of the star.
Given the high variability on our sample, this value can have errors
of about 1 mag. In addition, the log M—(K — [9]) relation shows
large scatter in fig. A2 of Ishihara et al. which is of the order of
Allog M (Mg yr~")] = £0.5 dex. These errors propagate into the
distance estimate which, for typical values of mass-loss rates and
Fy,.m fluxes of our sample, yield A(logd) ~ 0.2 dex.

When discussing the AGB scenario in the following, we will only
take into account the distance derived from K — [9] colours and
appendix A in Ishihara et al. (2011).

(i) VVVv202: the LC of this object was classified as LPV, but
YSO-like in Paper I. We note that the latter classification might
have been due to the star being saturated in some of the VVV
epochs. The projected location of VVVv202 is found in an area of
active star formation (see Fig. C2), being 96 arcsec from H 11 region
[CH87] 327.759—0.351 (visg = —75kms™'; Brown et al. 2014)
and 202 arcsec from dense core [PLW2012] G327.721—-00.383
—075.1 (visr = —95 to —55km s~ !; Purcell et al. 2012). The radial
velocity of VVVv202 (v sg = —84.2km s7!, see Table 4) agrees
with those of the star-forming regions. We are unable to compare
its distance from radial velocity to that of an AGB star given that it
is not detected in Akari nor GLIMPSE.

The spectrum of VVVv202 shows strong CO absorption, with
Na1 and Car1 also in absorption. In addition, this object shows ab-
sorption features from '2CO v = 3-0, 4-1 bandheads in its H-band
spectrum, as well as strong absorption from *CO v = 2-0, 3-1 at
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2.3448 and 2.3739 um. Absorption from '3CO is usually observed
in the spectrum of K-M giant and supergiant stars (see e.g. Wallace
& Hinkle 1997). The '3C/'C ratio increases as a consequence of
the first dredge up during the star’s ascent through the giant branch.
The appearance of this feature (in emission) has also been proposed
to help distinguish evolved Be from Herbig Ae/Be stars by Kraus
(2009). This is very likely an evolved star.

(i) VVVv25: this object is optically invisible and shows a very
similar SED and spectrum to object GPSV15 (Contreras Pefia
etal. 2014). WISE and VVV images with SIMBAD sources overlaid
reveal possible association with SFRs.

It is unclear whether the LC is periodic: if so, then the period
indicated by the Lomb-Scargle fit from Paper I is very long at
~5100 d. However, and as noted in Section 4, our analysis of possi-
ble periods in Paper I shows that a period of 400-500 d (typical of a
carbon star) is amongst the possibilities consistent with the sparsely
sampled LC. VVVv25 brightened from 2010 to 2012 and remained
stable in 2013. The 2014 photometry shows a small decline which
appears to have continued into 2015, based on the K datum from
the second epoch of VVV multicolour data. In addition, the DENIS
(K = 10.99 £ 0.06) and 2MASS (K; = 10.59 % 0.02) photometry
indicates that this object had been in a bright state previously. How-
ever, the LC of the object (until 2014) is consistent with that of an
eruptive YSO.

The potential classification as an AGB star is discussed based
on similar arguments used for the previous object. A carbon- or
oxygen-rich AGB star losing mass at a rate of ~107*% M yr~!
(estimated from the K — [9] colour of VVVv25) would be located at
a heliocentric distance of 297 || kpc. The radial velocity of VVVv25
indicates d ~ 10.9 kpc.

The resemblance of the spectrum with likely eruptive variables
from the GPS and its apparent strong association with an SFR would
favour a YSO interpretation. However, the radial velocity distance
is not far off from the lower end of the distance to an AGB star. In
addition, the 2015 spectrum of the object reveals the presence of
an absorption bandhead at 1.76 pm, which is more likely from C,.
This is generally observed in carbon stars, making VVVv25 more
likely an evolved object.

>iil)) VVVv42: the star is 1.5 arcsec from IRAS source
IRAS 13063—6233 which is classified as a stellar object in SIM-
BAD. The object is located within 300 arcsec of five IRDCs and is
in the vicinity of the G305 star-forming complex. The spectrum of
the object is very red and does not show any features that could be
associated with a stellar photosphere. The source resembles GPS
variable GPSV3 as it is dominated by absorption of low temper-
ature rotational transitions from CO (see Appendix E). However,
doubts regarding a YSO classification arise given its periodic LC
(see Appendix F) which led to a ‘Mira-like’ LC classification in
Paper I.

The object is detected at 9 um in the Akari mission with Fo ., =
7.53 Jy. The K — [9] colour would correspond to a dust-enshrouded
AGB star losing mass at a rate of 107*6 Mg yr~! in the work
of Ishihara et al. (2011). A star with that observed flux and mass-
loss rate would be located at a distance of ~14"] kpc according to
equation A3 of Ishihara et al. which would place VVVv42 within
the Galactic disc. The distances estimated from the radial velocity
of VVVv42 are dye,r = 4.0 and dp,, = 6.1 kpe. We see that dieqr
places this object within the G305 SFC, but dy, does not completely
disagree with the distance from Akari.

This object is very likely an evolved star. However, some doubt
remains given the near-IR spectrum of the object. To our knowl-
edge, dust-enshrouded AGB stars have not previously been seen
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with the cold CO signatures observed in VVVv42. However, this
feature could be explained if we are observing the circum-stellar
dust rather than the stellar photosphere, with CO arising within the
circum-stellar envelope at 7 ~ 1000 K. AGB stars show acetylene
absorption in the L band which can be explained by a similar effect
(see e.g. van Loon et al. 2008).

(iv) VVVv235: the variable star is likely associated with OH
maser OH 330.93—0.14 (Sevenster et al. 1997) which is located
1.4 arcsec from the VVV object. This source is also located 164 arc-
sec from several masers (see Fig. C2) that form the maser cluster
OH 330.953—0.182 which is associated with massive star formation
(Caswell et al. 2010).

The K, LC of VVVv235 is also classified as Mira-like in Pa-
per I, which is confirmed by the mid-IR information from WISE
and NEOWISE. We used the phase dispersion minimization (PDM;
Stellingwerf 1978) in IRAF to estimate a period in between 760—
790 d. Given this, we have to consider the possibility that the maser
emission is not related to star formation but rather to an evolved
star. Galactic OH/IR stars are characterized by the presence of this
type of maser emission. In addition, the SED of the object does not
appear to be fit by the YSO models, having the largest x2 in the
sample (Table D1).

We find that a dust-enshrouded AGB star with the measured 9 um
flux from the Akari survey could be located at d ~24.7f$4 kpc,
which is within the Galactic disc edge (located at ~20.8 kpc at
this longitude). However, this distance is much larger than the one
estimated from radial velocities. The radial velocity of the ob-
ject is found to be v sg = —92.8 £ 0.3km s (dpear = 4.8 kpc,
dry = 10.6 kpc). The radial velocity agrees with the veloci-
ties found for masers in the maser cluster OH 330.953—0.182
(—80to —100 km s~!; Caswell et al. 2010). However, the separation
of VVVv235 with respect to the maser cluster is large (164 arc-
sec). In addition, the far kinematic distance is not too dissimilar
to the lower limit of the distance from the Akari flux. Schlegel
et al. (1998) maps show a large value of the extinction towards
VVVv235, with A, = 178 mag. This large value would have a strong
effect even at 9 um, bringing the distance into agreement with the
kinematic distance and thus making an AGB classification more
likely.

The classification of this object is very likely that of an evolved
object.

(v) VVVv796: this star has been previously identified as a YSO
in the area of Hu region RCW 120 (d ~1.4 kpc) in the work of
Deharveng et al. (2009). These authors identify it based on near-
and mid-IR colour-colour selection and it is estimated to be a class
I or class II object; our value of « identifies this star as a class I
object. Images from VVV (with SIMBAD sources overlaid) and
WISE show a concentration of YSOs around VVVv796. We note
that these are likely YSOs associated with RCW120, classified
as such based only on near- and mid-IR colours in the works of
Zavagno et al. (2007) and Deharveng et al. (2009).

This is a deeply embedded, optically invisible star which is only
detected at H and K in VVV. Accordingly, the spectrum of the
object lacks any flux at J band. Some flux can be observed at
wavelengths greater than 1.5 um and some H,O absorption could
be present. The spectrum steeply rises beyond 2 um showing deep
12CO absorption. We note that '*CO could also be present in the
spectrum of the object.

The LC shows AK; = 2.6 mag and it is also a Mira-like LPV in
Paper 1. Near- and mid-IR photometry from other surveys proves
the high variability of this object. VVVv796 is detected in 2MASS
with K, = 9.69 £ 0.02 and in DENIS with K = 11.47 + 0.11.
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The WISE and NEOWISE photometry is contemporary to VVV.
The data show AW1 = 1.5 and AW1 = 1.3 mag, where changes in
colours show that extinction might be involved. The variability data
from WISE also seem to support the periodic variations.

We use ppM in IRAF to determine a period of P ~ 780-820 d,
with some difficulties in phase folding the LC. The object is de-
tected in the Akari survey and has Fy., = 3.1 Jy. Using similar
arguments as before, we find that a dust-enshrouded AGB star with
that flux would be located at a distance of 1820 kpc, which puts it
within the Galactic disc. The radial velocity yields dye.r = 5.1 kpc,
dry = 12.1 kpe.

First, we can see that the radial velocity of the object shows that
VVVv796 is not associated with RCW120. This was to be expected
given the large separation from RCW120 (~30 arcmin). Inspection
of the Hi-Gal 70 um image shows some diffuse emission around
the object, but does not conclusively prove an active area of star
formation.

The far kinematic distance agrees within the errors with the
distance estimated to a dust-enshrouded AGB star. The LC of
VVVv796 and the possible '*CO absorption also supports the latter
interpretation.

The object seems more likely and evolved object.

(vi) VVVv45: this object is located within several star formation
indicators associated with the G305 star-forming complex (see e.g.
Faimali et al. 2012). VVVv45 is source 33941 in table 2 of the
study of YSOs towards the G305 star-forming complex of Baume,
Carraro & Momany (2009). This object is selected based on its
near-IR colours, but no information can be found whether the au-
thors consider this as a likely YSO and/or a member of the complex.

The SED of this star is consistent with a class I object, with
o = 1.26. This is an optically invisible object which is not detected
at J nor H bands in VVV photometry. The spectrum of the object
resembles that of deeply embedded FUor stars, with no flux at
wavelengths shorter than 1.9 um and steeply rising in the K band,
with deep CO absorption at 2.29 um. This object does not show
any absorption from H,0. We note that '*CO at 2.34 um might be
present in the spectrum of the object.

The LC of VVVv45 looks clearly to be periodic resembling the
LC of AGB variable stars and with an amplitude of AK; = 2.2 mag.
This object had also been detected in 2MASS with K, = 13.53 £+
0.04 mag. The photometry from the WISE surveys also shows the
object to be highly variable at mid-IR wavelengths, with AW1 =1.4
and AW2 = 1.6 mag. The colour change does not seem consistent
with variable extinction. The WISE data also support the periodic
variability. We use pbm within IRAF to search for a period in the
K, LC of the object. We find P ~ 520-530 d, although with some
difficulty in phase folding the data. This object has an LPV-Mira
classification from paper L.

VVVv45 is detected at 9 um in the Akari mission with Fo,, =
0.52 Jy. The K — [9] colour would correspond to a dust-enshrouded
AGB star losing mass at a rate of ~107*% M yr~! in the work
of Ishihara et al. (2011). A star with that observed flux and mass-
loss rate would be located at a distance of 44.6*7¢ kpc according
to equation A3 of Ishihara et al. The estimated distances to a dust-
enshrouded AGB star are much larger than the distance to the Galac-
tic disc edge. However, we note that the large extinction towards
this source, with A, ~ 137 mag from Schlegel et al. (1998) maps
could put the object within the Galactic disc. The radial velocity of
VVVv45 (see Table 6) places the object at d ~ 11.6 kpc

The spectrum of this object points to an embedded YSO classifi-
cation. However, the distance derived from its radial velocity places
it outside the G305 star-forming complex and if the *CO is present

Spectroscopy of eruptive YSOs from VVV 3075

in the spectrum, then this object is more likely to be an evolved ob-
ject. The periodicity of the LC also supports an AGB interpretation.
This object is more likely an evolved star.

(vii)) VVVv229: the projected location of this star is within
300 arcsec from several indicators of active star formation. The
star is not detected in both J and H bands in VVV and its spec-
trum shows the lack of flux at these wavelengths, rapidly rising
towards 2 um and only showing CO absorption at 2.29 um. This
is all in agreement with a FUor classification. However, there are
several characteristics that point towards a different classification
of the star. The LC is clearly periodic with an amplitude of AK =
3.7 mag, making it the most extreme in the spectroscopic sample
and the second most extreme in the whole VVV sample, with the
first being VVVv360, an OH/IR star. Its K — [12] colour (using
WISE filter W3) is 14 mag (see Fig. 1), which is typical of dust-
enshrouded AGB stars (see the discussion on these type of variable
stars in Contreras Pefia et al. 2014) and larger than any other object
in the spectroscopic sample. The star is clearly not well fitted by the
YSO models of Robitaille et al. (2007), having the second largest
x? of the spectroscopic sample (see Appendix D).

The observed 9 um flux is also the largest of the sample, with
Foum = 37.8 Jy. An OH/IR star with this flux can easily be found
within the Galactic disc at a distance of 8.675 kpc and show up in
VVV. Distance which somewhat agrees with dp,. of 11.4 kpc from
the radial velocity of the source.

Thus, this object is much more likely an evolved star rather than
aYSO.

APPENDIX D: SED FITS

We use the command-line version of the SED fitting tool of
Robitaille et al. (2007) to provide a rough estimate of the physi-
cal properties of objects in the sample. We note that in our analysis,
this tool is used as a measurement of how well the SED of our
objects can be fitted by that of a YSO and we do not take the val-
ues of physical parameters as reliable estimates for our variable
stars. Nevertheless, these results do allow us to make some general
remarks about the likely characteristics of the sample.

For the SED fits, we use photometry arising from VVV (JHK;
Paper I), WISE W1 — W4 (Wright et al. 2010) or (when necessary)
Spitzer IRAC I1 — I4 and MIPS 24 um data from the GLIMPSE
and MIPSGAL surveys (Benjamin et al. 2003; Carey et al. 2009).
We note that this process is unreliable given that the Robitaille et al.
fits might not be able to describe these highly variable sources.
In addition, the near- and mid-IR photometric measurements are
not contemporaneous. To minimize the latter problem, we combine
the contemporaneous VVV JHK; data from 2010 with WISE data
taken in the same year, in preference to Spitzer data from the ear-
lier GLIMPSE survey. If a WISE detection is lacking due to source
confusion which occurred for seven sources, Spitzer GLIMPSE pho-
tometry is fed to the fitting tool. The effect of using Spitzer data taken
in 2003 and 2004 is discussed below. A 2 arcsec cross-match radius
was used for WISE and MIPSGAL matches to each VVV source,
whereas a 1 arcsec radius was used for GLIMPSE data. In an addi-
tional attempt to minimize the effect of using non-contemporanoues
data, we also feed the tool with larger uncertainties for the data.
Typically, we used 0.2 mag for near-IR (JHK;) observations and
0.4 mag for mid-IR data from WISE or Spitzer. Far-IR fluxes are
estimated from Hi-GAL PACS and/or SPIRE photometry (Molinari
etal. 2010). Detections at 70 wm are given as data points to the tool,
whilst detections at longer wavelengths are given as upper limits. If
the objects are not detected at these wavelengths, then we provided
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Table D1. Parameters derived from the Robitaille et al. models SED fitting as explained in the text.

C. Contreras Peria et al.

Object M, log Mem, log Mdisc log Age d log Liol X,fesl/N Nsits Nits2
M@) Mg yr™h) Mg yr™h (yo) (kpe) (Lo)

VVVv20 3.0£27 ~5.7+0.7 —-81+15 52+06 25739 15+12 0.09 10 000 9715
VVVv32 25+£22 ~-57+08 —83+ 1.4 53£07 31138 13+ 1.1 0.01 10 000 8169
VVVv63 22+ 16 —6.6+ 1.0 -87+£16 63£05 34+33 1.0+ 1.2 0.01 10 000 4572
VVVv65 1.8+ 17 -63+£1.0 —9.0+ 1.4 6.0£0.6 21729 07+12 0.01 10 000 5152
VVVv94 24£15 -73+038 84+ 1.4 6.3+ 0.4 09703 1.1£09 0.01 6200 3303
VVVv1I8 25£2.1 7209 —9.0£ 1.6 6.2+ 0.4 L5137 L1£12 0.04 10 000 3647
VVVv193 17+15 —6.7409 91413 6.0+0.5 L1t} 0.5+0.9 0.01 10 000 6563
VVVv270 23+18 5409 —8.0+ 14 53+ 10 3.5+£33 13+£08 0.01 10 000 8190
VVVv322 15014 ~52+07 —81+14 50+08 3.6+32 0.9+09 0.01 10 000 8613
VVVv374 42421 ~7.7+04 8.6+ 1.4 6.6+03 12413 23+06 0.35 610 26

VVVv405 4.8 +4.1 —-53+09 —69+ 1.6 47+13 37758 23£12 0.05 2154 1846
VVVv406 28£26 -52+06 -8.0+ 1.7 50£07 22139 1.6+ 1.0 0.01 10 000 9300
VVVv452 21£18 ~-5.6+09 -85+£15 55£09 28+27 12+ 1.0 0.02 10 000 8171
VVVv473 15134 —58£06 -87+13 52£1.0 0.5707 0.7+ 1.1 1.17 4222 3053
VVVv480 14£13 —6.5+ 1.1 —9.0£15 6.1£0.7 42£39 0.5+ 1.1 0.04 10 000 5324
VVVv562 28+20 —63+1.0 87+ 14 6.1£0.7 28731 14£12 0.01 10 000 5946
VVVv625 0.8%59 ~7.4£09 -102+14 6.1£04 03703 0.0 +0.7 0.08 10 000 4348
VVVv628 0.7%0 ~73£1.0 -103£17 62+0.5 10758 —04£1.0 0.11 10 000 3456
VVVv630 0.7%0% ~73£1.1 —11.1£22 62+0.5 04153 -04+£0.8 0.01 10 000 2742
VVVv631 18+ 17 ~54£0.6 -83+14 51+£06 257348 1.0£09 0.01 10 000 8986
VVVv632 27+2.1 ~5.6+08 8115 54+1.0 25+24 1.5£09 0.22 4769 3667
VVVV662 03703 5.9+ 04 —9.1+13 5.1£04 0302 -02+04 0.03 2934 2890
VVVv665 18+ 1.1 ~7.6+£0.7 88+ 14 62+0.5 04£03 0.8+0.7 0.20 1230 539
VVVv699 56+24 ~7.8+£0.7 73+ 1.1 6.5+03 51+£35 2.7+07 0.02 1960 50

VVVV717 29£22 ~7.6+0.8 -84+15 6.3 £ 0.4 1.8739 14£12 0.03 9474 2988
VVVv721 24+21 ~54+08 -80+15 52£09 29+28 14£1.0 0.03 10 000 8186
VVVv800 45+£39 5409 -70+£ 15 47+ 1.1 38743 22£12 0.18 1573 1389
VVVv815 28425 —54409 ~71415 45+ 1.1 3.073) 1.6+ 1.0 0.48 4336 4011

Non-YSOs

VVVv25 77+49 ~75+08 ~72+15 6.4+03 27134 3.1+09 0.60 1214 2

VVVv42 84 +5.1 - -80+19 6.4+03 20£19 32+£09 1.59 139 0

VVVv45 6.6+3.7 75+ 1.1 79+ 1.4 6.5+03 24+23 29+08 2.48 3464 39

VVVv202 28423 —68+1.0 94415 62404 1.0%22 12+ 1.1 0.38 6090 2879
VVVv229 7.5+24 - —-8.1£09 6.4£02 0.5+04 33+04 3.01 62 0

VVVv235 100+ 1.8 - -84+03 6.4£0.1 1.3£05 37+£03 3.61 3 0

VVVv240 6.8+3.2 - ~74+12 6.4+03 L6+ 15 3.0+07 0.40 1180 0

VVVv514 04703 ~7.7+09 —127£19 6.4+ 0.4 03£02 0.7+ 0.6 0.01 10 000 2319
VVVV796 9.5+4.1 - ~75+ 16 63£02 27£20 35£07 0.15 430 0

the fitting tool with upper limit fluxes from Elia et al. (2013). The
interstellar extinction and distance to the objects where left as free
parameters, with A, = 1-50 mag and d = 0.1-13 kpc.

Table D1 shows the weighted mean values for different param-
eters of the spectroscopic sample. The weights are taken as the
inverse of x2, so results from the best fits are given greater weights
when estimating the mean value. The values are determined using
the models for which x? — xZ2, < 3N (as suggested in Robitaille
et al. 2007), where N is the number of data points used for the fits.
These physical parameters include the stellar age, mass, M., enve-
lope infall rate, M.y, disc mass accretion rate, My, luminosity of
the system, L, and distance to the system, d. We also provide in-
formation regarding the x 2 per data point of the best-fitting model,

MNRAS 465, 3039-3100 (2017)

Xios/N and the number of fits used to derive the weighted mean
values, Ng. We note that the envelope infall rate is derived only
using those models which had a non-zero value for this parame-
ter. The number of models which fulfil this condition are given by
Ny in the table. In this table, we have divided objects according
to the final classification given in this work, i.e. between objects
with characteristics of YSOs and those that are more likely evolved
objects, such as AGB stars and Novae.

The values of x2/N provided in Table D1 are small in many cases.
This might suggest that the error bars are overestimated (which
is a result of our attempt to minimize the effect of using non-
contemporaneous data), or alternatively that the fitting tool has so
many free parameters and such a large library of model results that
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Figure D1. Comparison of the distances from SFRs taken from literature
sources, dspr and those provided by the results from SED fits. Objects later
classified as more likely non-YSOs are marked by red circles. The dotted
line marks the identity line. For the sake of simplicity, we do not give errors
on dspr because this is difficult to do accurately.

it can often find a perfect fit between YSO data and a given YSO
model, with suitable reddening and inclination of the system. Given
this, and as mentioned before, the values obtained from SED fits are
only used to make general remarks regarding the likely properties
of the spectroscopic sample.

We studied the effect that using photometry from a different
survey or giving a narrow range in distance had on the final values
of physical parameters presented in Table D1. In both cases, we find
that although the weighted means suffer a change, these variations
are always smaller than the errors on the estimation of the physical
parameter. Thus, we always prefer the use of WISE photometry
given that these observations overlap with VVV (or at least occur
a few months apart). Due to the possibility of misassociation with
an SFR due to chance projection, we prefer the use of a range
0.1-13 kpc for all the fits.

From Table D1, we first see that objects which are classified as
Mira-like from their LC in Paper I, and also have other character-
istics that support an AGB classification as discussed later on this
work, tend to have poor fits to the model grid. In fact, we see that
26/28 YSOs show x2/N < 0.4, whilst the majority of non-YSOs
(6/9) show x2/N > 0.4. The three non-YSOs with x>/N < 0.4,
VVVv202, VVVv514 and VVVV796 are classified as non-YSOs
based on their spectroscopic and photometric properties (see
Appendix C).

The use of a large range in distance allows us to check whether the
distance provided by the fitting tool, dg, agrees with that of the SFR
to which the object appears to be associated with. Fig. D1 shows the
comparison of dy, with the literature based estimate dsgr, for objects
where dsgr is available. It is hard to see a correlation between the
two measurements, even considering only the likely YSOs (black
circles in Fig. D1). However, in most cases, the distances agree
within the (large) errors estimated from the SED fits, so the apparent
lack of correlation may well be due to the large uncertainties. The
dspr values will also be uncertain or simply wrong in cases of
chance projection. Fortunately, both methods agree that distances
for most of the YSOs are larger than 2 kpc. The stellar masses and
luminosities of most of the objects are also found to be larger than
the ones observed in the UKIDSS GPS sample of Contreras Pefia

Spectroscopy of eruptive YSOs from VVV 3077

etal. (2014). This agrees well with our suggestion in Paper I that the
VVV is detecting a larger number of more distant, higher luminosity
YSOs than UGPS due to the mid-plane location of the VVV sample.
The fitted masses typically correspond to intermediate-mass Y SOs
but they span a wide range. The possibility that some of the highly
variable YSOs in the full VVV photometric sample may be high-
mass objects is the subject of a separate paper (Kumar et al. 2016).

The disc accretion rates indicated by the SED fits are typically a
few x 1072 M yr~. This is lower than the expected level for low-
mass EXors in nearby SFRs during outburst (e.g. Audard et al. 2014)
and lower than the 107 to 107® M yr~! seen in the accretion
events of FUors. As we have shown, the sample is dominated by
emission-line objects with EXor-like spectra rather than FUors, but
these accretion rates still appear low for relatively luminous YSOs
at distances of a few kiloparsecs. However, we use 2010 photometry
for the SED fits, an epoch in which the majority of the objects, from
the inspection of their LC, appears to be at quiescent states (with the
exception of some objects that show fading LC such as VVVv562,
see Section 4.3). In Section 5.2, we estimate accretion luminosities,
L., using the Bry emission line observed in most of the YSOs.
The accretion rates derived from L, for these objects show higher
values than those from SED fits and more in line with the values
expected in eruptive variables. The spectra were typically taken
when the sources were brighter.

APPENDIX E: CO MODEL

In this section, we present a first attempt to determine the temper-
ature of the region responsible for the CO emission/absorption in
some of our objects. This is based on the modelling of the CO band
emission from MCW 349 (a peculiar B[e] star) done by Kraus et al.
(2000). A brief explanation of the basics of the model is presented
below.

The energy of the rovibrational states (v, J) of a diatomic molecule
are expanded in the following way (from Dunham 1932)

k
Ew. )= Y (v + %) 2+, (E1)
k.l

with Y, ; the Dunham coefficients which, for CO, are taken from
Farrenq et al. (1991). Now, assuming that the gas is in local ther-
modynamical equilibrium, then the levels are populated according
to

—E(,J)

Mg = @+ De (E2)

where n and T are the total number density and temperature of CO
molecules and Z corresponds to the partition function. The latter
has been derived by summing over vibrational levels up to v = 15
and rotational levels up to J = 110, where the states with larger
quantum number contribute little to the partition function due to
their low-level populations.

The absorption coefficient is calculated from

Cznl'JAvJ:,v’J’ 2J +1 My g/
8rrv? 20"+ 1 ny

Ky = - 1) o(v), (E3)
with v and J the indices for the upper energy level, whilst v’ and J'
are for the lower energy level. ¢(v) is the line profile function and
A, .y the Einstein A coefficient which are taken from Chandra,
Maheshwari & Sharma (1996).

The absorption coefficient is assumed to be constant along the
line of sight; in this way, the optical depth is simply the product of
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Table E1. Temperature, 7, and column density, Nco, esti-
mated from fitting the CO model to the observed spectrum

of VVV objects.

Object T (K) Nco (cm™2)
Emission

VVVv32 2500 3 x 1020
VVVv193 2500 1 x 10%
VVVv270 2700 1 x 1020
VVVv665 2900 6 x 102
VVVv699 2900 5 x 1020
Absorption

VVVv25 1800 2 x 102
VVVv42 1100 9 x 10¥
VVVv45 2100 5 x 1020
VVVv229 1600 3 x 1020
VVVv235 2100 5 x 1020
VVVv322 2700 2 x 1020
VVVv628 3200 1 x 1020
VVVv630 3100 1 x 1020
VVVv717 1600 2.5 x 102
VVVv721 2200 1 x 1020
VVVv796 2800 2 x 10%

the absorption coefficient per CO molecule times the CO column
density, i.e.

T =Neox 3 =2 (E4)
lines n
The line profile function is assumed to be Gaussian (neglecting
disc rotation) of the form

_ c 2 (v—1y 2
¢(V)—mexp [_vé< . ):|7 (ES)

with v, the width of the Gaussian profile, where the dominant
broadening mechanism corresponds to the instrumental resolution.
In these preliminary calculations, we assume v, = 50kms~', the
instrumental resolution of the FIRE spectrograph.

Finally, the flux of the absorbing CO gas will be given by

I, =B\, T ™, (E6)
and
I, =B, T)(1—-e™), (E7)

for the emitting gas.

In these preliminary calculations, we assume that this is the emis-
sion/absorption arising from a non-moving cloud of gas. We intend
to include the effect of rotation and inclination of an accretion disc
as well as the varying of the temperature and density profiles with
distance to the central star (following e.g. Najita et al. 1996). In
addition, in these preliminary attempts the best models are obtained
by manually varying the temperature and column density of the gas
until obtaining a model that best described the observations.

In the case of CO emission, we find that objects that show this
characteristic can be fitted by models with temperatures between
2500 and 3500 K and column densities in between 9 x 10" and
6 x 10%° cm~2 (see Table E1). The range in temperatures agrees
with those expected to give rise to CO emission in gaseous discs of
YSOs. Fig. E1 shows the results of applying the model (7=2900 K,
Neo = 6 x 10 cm™2) to VVVv665. Here, we observe that the
observed profile of the v = 2—0 bandhead seems to be broader than
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Figure E1. Observed spectrum (black line) and CO model (red line)
for VVVv665. The model is derived using 7 = 2500 K and Nco =
6 x 1020 cm—2.
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Figure E2. Observed spectrum (black line) and CO model (red line) for
VVVv42. The model is derived using 7= 1100 K and Nco =9 x 10" ecm =2,

the one produced by the model. Increasing the values of the column
densities produces a broadening of the bandhead profile (Kraus
et al. 2000). However, even with high values of N¢o, the broad CO
profile of VVVv665 cannot be reproduced. Rotation in Keplerian
discs have been shown to produce broadened CO bandhead profiles
(see e.g. Najita et al. 1996; Davies et al. 2010). Although this needs
a more detailed investigation, the observed broadened profile might
give the evidence of the presence of an accretion disc in VVVv665.

We also estimate temperatures for objects showing CO absorp-
tion, a sample mainly composed of the FUor candidates that were
shown in previous sections. One particularity interesting case is
VVVv42. Here the absorption seems to arise from cooler CO gas
given the lack of prominent bandhead absorption and stronger ab-
sorption from low-J transitions of the CO v = 20 state. The ob-
servations are best fitted by models with 7 ~ 1100 K. The ob-
ject resembles likely eruptive variables GPSV3 and GPSV15 in
Contreras Pefia et al. (2014). Applying the model to these objects
yield similar results (7" ~ 1100-1800 K). Contreras Pefia et al.
(2014) have argued that absorption in these objects might be arising
from an ejecta (as in GPSV15) or from outer parts of the disc. Davies
etal. (2010) shows that the CO absorption observed in W33A is due
to cool gas (~30 K) in the envelope of the massive YSO. Then it is
possible that we are observing a similar effect in our VVV object.
Fig. E2 shows the results of applying the model to VVVv42,
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APPENDIX F: SPECTRA AND LC OF VVV
HIGH-AMPLITUDE VARIABLES

Here we show the 37 Magellan/FIRE spectra and the 2010-2015
VVV LC for all the high-amplitude variables discussed in this pa-
per. We mark some of the most prominent features observed in the
spectra. The preliminary LC classifications from Paper I are indi-

Spectroscopy of eruptive YSOs from VVV 3079
cated for each source. Note that these were based on the 2010-2014
photometry only, not including the final datum from 2015, and a
few of these initial classifications were found to be incorrect after
consideration of the spectra and other data; see the main text. The
final classifications for the objects are also indicated in each figure.
In the LC plots, the date of spectroscopic follow-up is marked with
a blue dashed line.
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Figure F1. FIRE spectra and K LC.
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Figure F2. FIRE spectra and Ks LC.
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Figure F3. FIRE spectra and K LC.
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Figure F6. FIRE spectra and K LC.
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Figure F7. FIRE spectra and K LC.
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Figure F8. FIRE spectra and K LC.
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Figure F9. FIRE spectra and K LC.
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Figure F10. FIRE spectra and K LC.
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Figure F11. FIRE spectra and K LC.
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Figure F19. FIRE spectra and K LC.

were downloaded from the Vista Science Archive and correspond to
images from the first epoch of contemporaneous colour photometry
In this section, we present finding charts for the 37 objects analysed in 2010. The designation of each object is shown at the top left
in this work. The images are 1 arcminx 1 arcmin K cutouts which corner of the images.

APPENDIX G: FINDING CHARTS
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Figure G1. 1 arcminx 1 arcmin K images of VVV high-amplitude variables analysed in this work. The object designation is shown in the top left corner of
the images, whist the right ascension and declination of the object is shown in the individual subcaptions. In the images, north is up and east is to the left.
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Figure G2. 1 arcminx 1 arcmin K images of VVV high-amplitude variables analysed in this work. The object designation is shown in the top left corner of
the images, whist the right ascension and declination of the object is shown in the individual subcaptions. In the images, north is up and east is to the left.
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Figure G3. 1 arcminx 1 arcmin K images of VVV high-amplitude variables analysed in this work. The object designation is shown in the top left corner of
the images, whist the right ascension and declination of the object is shown in the individual subcaptions. In the images, north is up and east is to the left.
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