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1 INTRODUCTION

ABSTRACT

We present initial results of the first panoramic search fghtamplitude near-infrared
variability in the Galactic Plane. We analyse the widelyaeped two-epoch K-band
photometry in the 5th and 7th data releases of the UKIDSSdBalRlane Survey. We
find 45 stars wittA K > 1 mag, including 2 previously known OH/IR stars and a Nova.
Even though the mid-plane is not yet included in the datasefind the majority (660)

of our sample to be within known star forming regions (SFRajh two large concen-
trations in the Serpens OB2 association (11 stars) and thaudyX complex (12 stars).
Sources in SFRs show spectral energy distributions (SER$stupport classification as
Young Stellar Objects (YSOs). This indicates that YSOs daatd the Galactic popu-
lation of high amplitude infrared variable stars at low lmsities and therefore likely
dominate the total high amplitude population. Spectrogcfglow up of the DR5 sam-
ple shows at least four stars with clear characteristicsropteze pre-main-sequence
variables, two of which are deeply embedded. Our resultpauiphe recent concept of
eruptive variability comprising a continuum of outburseats with different timescales
and luminosities, but triggered by a similar physical metsa involving unsteady ac-
cretion. Also, we find what appears to be one of the most vigriclbssical Be stars.

Key words: infrared: stars — stars: low-mass — stars: pre-main-seguerstars: AGB
and post-AGB — stars: protostars — stars: variables: T Teleribig Ae/Be.

at infrared wavelengths (see e.q. Tisserandletal. |2004;

The Galactic Plane Survey (GRS, Lucas et al. 2008) is part of
the UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al.
2007). The GPS has covered the entire northern and equatoria
Galactic plane that is accessible to UKIRT, surveying 186@ d
and providingJ H K photometry for~1 billion stars. The sur-
vey includes two epochs of K band photometry, with the aims of
(1) finding examples of brief and rarely observed phasesetf st
lar evolution via detection of high amplitude variabilitgda(2)
providing a proper motion catalogue. There has not prelfous
been a panoramic survey for variability in the Galactic plan
near-infrared wavelengths, so even a 2 epoch survey repisese
an opportunity for new discoveries. This study providesra{fo
taste of the results that will come from the multi-epoch syrv
Vista Variables in the Via Lactea (VVV,_Minniti et £l. 201Q) i

the southern plane.

High amplitude variability in the near-infrared can be
produced by several physical phenomena. Evolved giant
and supergiant stars such as R Cor Bor stars, Mira vari-
ables and OH/IR stars are known to display large variability
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Whitelock, Feast, & Catchpolel 1991; Jiménez-Esteban et al
2006). Active Galactic Nuclei (AGN) can show up as point
sources in the search through the GPS catalogues, and these
objects are also variable in the near-infrared (EnyaletGD22

Cioni et al.| 2013). Other known classes of infrared variable
stars include symbiotic stars (Corradi et al. 2008), Cgtawnic
Variables/Novae | (Saito etlal. 2013) and Classical Be stars
(Dougherty & Taylar 1994) (see also Catelan et al. 2013, for a
discussion on classes of near-infrared variable stars).

Eruptive pre-main-sequence (PMS) are also among stars
where high amplitude variability has been observed. Thiety
of variable stars suffer episodic outbursts due to an akinipt
crease in the mass accretion rate on to the central stardoya f
of up to 1000. The sudden rises in luminosity, of up to 6 magni-
tudes, can persist from months+d 00 yr (Hartmann & Kenyon
1996). Theoretical models of PMS evolution of sun-like star
generally assume that they accrete matter from their circum
stellar discs in a continuous fashion (see discussion ofsaim
the recent models in_Stamatellos, Whitworth, & Hubber 2012)
They are assumed to gradually descend Hayashi tracks on the
Hertzsprung-Russell (HR) diagram until they approach taexm
sequence. However, two problems with this simple pictukeha
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persisted for~20 years. The first is that HR diagrams of PMS
clusters typically show a wide scatter about the best fitting
isochrone. The second is the “luminosity problem” (see e.g.
Kenyon et al.| 1990] Evans etlal. 2009; Caratti 0 Garatti et al.
2012) which is that the typical luminosities of PMS stars in
clusters are lower than expected 1 Ly) for sun-like stars
that should be above the main sequence. If eruptive variabil
ity is common amongst PMS stars it can resolve both prob-
lems: low average luminosity would be due to the great ma-
jority of the cycle being spent in the slowly accreting state
whilst the scatter would be due to the lingering effects of
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pected to produce variability larger th&rs mag, whereas varia-
tions larger thari mag are usually associated with eruptive vari-
ability (see Scholz et &l. 2013, and references thereinjghen
incidence of K bandpass variations1 mag ¢ 13% + 7%)

has recently been reported in Class | YSOs in the Braid neb-
ula within Cygnus OB7/(Rice et al. 2012), which might be ex-
pected if fluctuations in the accretion rate are higher irs¢he
less evolved sources, which have a higher average accrat®n
than the Class Il and Class Il YSOs that dominate the other
studies. Two sources from_Rice et al. (2012) and one source
froml|Alves de Oliveira & Casall (2008) were identified as poss

the more dramatic accretion events on the location of each ble eruptive variables, pending spectroscopic follow up.nate

star in the HR diagram_(Baraffe, Chabrier, & Gallardo 2009;
Baraffe, Vorobyov, & Chabrier 2012). If correct, this hasise

that variable extinction along the line of sight can prodizzge
change in the magnitudes of YSOs, such as the ones observed

ous consequences for the body of mass estimates of PMS starsn UX Ori-like or AA Tau-like variables (see e.g., Grinin df a

in the literature. Baraffe et al. (2012) estimate that maisselld
be overestimated by 20% to ~ 40% for brown dwarfs and
low-mass-stars witi/ > 0.04M .

These eruptive YSOs have been classically divided into
two sub-classes (see el.g. Herbig 1989): (1) FU Orionis vari-
ables (FUors), which show large increases in flux followedby
slow decay over-10 yrs. While in outburst they present strong
CO absorption at 2.28m with H,O absorption also present in
their near-infrared spectrum. (2) EXor variables that haeeir-
rent short-lived €1 yr) outbursts and quiescent periods of 5-
10 yrs. The IR spectrum is dominated by strongy Br emis-
sion, with CO bands showing in emission while in outburst
and as absorption features while in quiescent states (gee e.
Hartmann & Kenyon 1996; Fedele el al. 2007; Lorenzetti et al.

2001 Bouvier et &l. 2013).

This paper presents initial results of an ongoing project
to perform an unbiased search for high amplitude near+iedra
variables in the 2-epoch GPS data. The main focus of thig/stud
will be the analysis of YSOs, specifically likely young eriupt
variable stars of the FUor/EXor class. The paper is divided a
follows: Section 2 describes the methodology of the seawsch f
high amplitude variables in the 5th and 7th data releases-(he
after DR5 and DR7 respectively) of GPS and how these objects
represent a very small fraction of the stars in the studied-sa
ple of the survey{ 1 every 262000 stars). We then go on to
describe the locations and properties of the objects fonradif
searches. In addition we discuss how YSOs are likely the domi
nant population of high-amplitudé\(K > 1 mag) infrared vari-

2009). Both classes commonly power outflows seen as Herbig- ables. Starting from Section 3 we focus on the detailed aigly

Haro objects and near IR-Hemission, although a direct con-
nection between outbursts and the propagation of the jets-is
clear.| Magakian et all (2013) show that V2494 Cyg would be
the first FUor object to show such direct connection. Thepe (o
tically defined) classifications struggle to include sonterime-
diate objects and exclude younger protostars that haveshigh
accretion rates but are too deeply embedded in circumstella
matter to be observed in the optical. Just three opticallisin
ible protostars have been confidently identified as eruptvie
ables, withK bandpass variability in excess of 2 magnitudes:
OO Ser |((Hodapp et al. 1996; Kospal etlal. 2007), V2775 Ori
(=[CTF93]216-2) |(Caratti 0 Garatti etlal. 2011) and GM Cha
(=ISO-Cha | 192)[(Persi et al. 2007).

A recent study of protostars in Cygnus OB7 found
two more candidates that are currently under investigation
(Rice, Wolk, & Aspin [ 2012), whilst five more possible out-
bursting protostars are identifiedlin Scholz, Froebrich, &/
(2013).

of objects arising from DR5 of GPS (the detailed analysis of
DR?7 objects will be the subject of a future publication). fige
fore Section 3 describes follow up observations of DR5 dbjec
in Section 4 we detail the results of follow up spectroscopg a
photometry, in Section 5 we present a brief discussion aid Se
tion 6 presents a discussion on variable stars not assdeidtte
star forming regions.

2 CANDIDATE SELECTION FROM GPS

2.1 Search method and spatial bias

We searched the GPS for high amplitude infrared variabks-id

A few others have been proposed as embedded FUor-like tified via the two epochs aof band photometry, which provide

objects based only on their spectral characteristics,RP4.3S
(Aspin & Sandell 1 2001) and AR6A+B | (Aspin & Reipurth
2003). At present only~10 FUors and 14-18 EXors
are known |[(Reipurth & Aspin_2010; Lorenzetti et al. 2012)
but spectroscopic and -H studies of PMS stars sug-
gest that eruptive variability may be common or universal
(see e.d Hartmann & Kenyon 1996; Reipurth & Aspin_1997;
Connelley & Greeng 2010).

Most PMS stars have been observed to show a low level
near-infrared variability due to various physical proesséuch
as rotation or hot spots, see e.g. Lamm &t al. 2004; Parilzdr et
2009), but with a mean peak-to-trough variability of 0.150
mag in the K band (see elg. Carpenter, Hillenbrand, & Ski&itsk
2001; Alves de Oliveira & Casali 2008; Scholz 2012; Dorrlet a
2013), with variations only very rarely exceeding 1 mag in K.

a minimium time baseline of 2 years. We used SQL queries of
the WFCAM Science Archive (WSA, Hambly et/al. 2008) to se-
lect stars (objects with image profile classifieergedClass=-1L
that varied byAK > 1 mag, havingk' < 16 mag in at least
one epoch and for which no serious post-processing photomet
ric errors are foundX: 2ppErrBits < 256). The magnitude
cut was designed to reduce the number of false positivesngiv
that the faintest stars in crowded fields are the most likely t
have incorrectly deblended fluxes. The cut used “apermag3”,
the default 2 diameter aperture. In order to further decrease the
number of contaminant sources we also made additional outs o
the ellipticity of the detectionsK; 2 Fll < 0.3) and in astro-
metric offsets between the observations (the detectioroth b
epochs were required to be withins” from each other). The
queries returned a large number of candidates and in order to

YSOs are also known to vary at mid-infrared wavelengths (see move false positives, images of each candidate were irespect

e.g Vijh et all 2009) and the same physical processes arehot e

visually. Most false positives arose from bad pixels, diftion
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Figure 1. UKIDSS GPS two epoch&” band photometry coverage up to DRjtdy), with areas covered in DR5 shown in red. The locations of the
45 high-amplitude variables found in our searches are rdank#h black circles (DR7 search) and triangles (DR5 searthg higher concentration

towards Serpens OB2 (& 18°) and the Cygnus-X complex ¢ 78° — 80°)

spikes from bright stars or a small number of fields with bad
astrometryl]

Two epoch data were only available for a small proportion
of the Galactic plane at the time of the searches, as indicate
in Figure[d. The figure shows that the area covered is mostly
located at Galactic latitude® < |b] < 6°. In other words,
two epoch data for the mid-plane were largely excluded from
the available data releases. This is for historical schegukta-
sons. This spatial bias in the initial results reported heile

is already apparent.

the absolute value of the peak-to-trough difference whémgus
all of the available data from this work and the literaturi@aifly,
the number of epochs used in the calculation of the lai¥er,

is given in columnl1, whilst the data release from which the
objects arise is given in columi2.

The initial search was performed in the first tranche of two
epoch GPS variability data, which was released as part of DR5
on 28th of August 2009 and covered 31 8éagthe first Galactic
quadrant. The search yielded 672 candidates. After ingpect

be eliminated in future searches as the dataset becomes moreyf the images to remove false positives, only 17 stars regaiin

complete. The fact that the mid-plane is not covered, irsplie
that relatively few star formation regions or young stefap-
ulations with similarly small scale heights will be inclutléen

our search. To be more specific, most star formation regions
at heliocentric distanceg,>3 kpc will be excluded, assuming

a scale height of~ 67 pc for molecular clouds located near
R=Rg (e.g..Knapp 1987). In addition, massive SFRs are also
excluded (OB stars scale height of 30 — 50 pc, e.g/ Reed
2000 Elias, Cabrera-Cafo, & Alfaro 2006).

2.2 Search results

Table[1 presents the parameters for the variables selectbd i
searches to be described below. Coluhgives the source num-
ber sorted by ascending right ascension of the objects n@oiu
presents the original designation given to the sourcesdatih
thors. This designation is maintained throughout the ramgi
of this work. Column3 corresponds to the full UKIDSS GPS
designation for the source. Coordinates for the objectgiaen

in Columns4 and5. The K band magnitude of the source is
presented in Columf, whereK; represents thé&” band epoch
with contemporaneoug and H photometr. The correspond-
ing J — K andH — K colours are given in columrigands re-
spectively. Colum9 gives theK band magnitude difference be-
tween the 2 GPS epoch&, — K7 . Column10 presentsA K,

1 These fields with bad astrometry were corrected for the Sta Ba-
lease and the pipeline has now been made more robust agadhseis
rors.

2 For the sources in this sampl€> represents the earlier epoch, but
this is not true for all GPS sources.

© 2002 RAS, MNRASD00,[1H25

with magnitude variations up td Kqps = 3.75 mag (where
AKgps is the absolute difference between the two GPS K band
magnitudes). We conducted a second, similar search fagragtr
infrared variables in DR7, which was released on the 10th of
September 2010 and covered 155 abus delivering an ex-
tra 124 deg of two epoch data (the DR5 catalogue is embed-
ded within the DR7 release). The query returned, after ramnov
of candidates from DR5, 3365 candidates. The removal of fals
positives by visual inspection of the images yielded 28 vadt
ables.

Adding the results from the DR5 and DR7 searches yields
a total of 45 high amplitude infrared variables. We note that
the amplitude of the variations are always observed to behmuc
larger than individual errors. The amplitudes observed.at 2
pm are also larger than the expected difference that ariees fr
comparing different photometric passbands, e.g. UKIDSS
vs 2MASS K5, when ancillary data is available for the stars.
Just to emphasize how rare these events are within the sdvey
area of the Galactic plane, we note that when excluding the
AK > 1 mag condition in our searches, 11.8 million stars
are selected from the DR7 catalogue (which includes the DR5
release). This implies that high amplitude variability occin
~ 1 out of 262000 stars in GPS.

The colours and magnitudes of the 45 stars found in the
analysis are shown in Figurgk 2 dnd 3, and listed in Tdble &. Tw
of the 17 variables in DR5 show blue colours. One of them was
identified via SIMBAD as Nova Sct 2003 (Nakano et al. 2003)
corresponding to GPSV17 in Talilé 1. The other 16 stars from
DR5 are unknown in the literature, except GPSV13, which is
listed in the Witham et all (2008) catalogue ofileémission line
stars. Also, some have previous detections in the Deep Mear |
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frared Survey of the Southern Sky (DENIS) or the 2 Micron All  star forming complex (see below). Its near infrared col@amd
Sky Survey (2MASS). Two stars arising from DR7, GPSV38 SED are also consistent with a YSO interpretation (see figure
and GPSV45, present exceptionally rél— K colours and [AT]in Appendix A).
AK > 2 mag. These correspond to the known OH/IR stars, e GPSV19 is only 318 from SFR G35.20-1.75 in the
GLMP755 (Jiménez-Esteban etlal. 2006) and IRAS 18396-0807 |Avedisova [(2002) catalog (see below). Its colour is coasist
(Hashimoto 1994). OH/IR stars typically represent the neast with a YSO classification and it is an unusually red object €com
treme oxygen-rich Asymptotic Giant Branch (AGB) starsiwit  pared to its loca x 6’ field. The lack of mid-infrared data for the
mass loss rates greater than ¥0Moyr—!. They are thought object does not allow us to confirm this interpretation tigtoits
to be the extension towards longer periods and higher lumi- SED. However, the spectrum of the object showserhission at
nosities of Mira variables_(Whitelock etlal. 1991), beingrso  2.12 um, probably associated with a molecular outflow, angl Br
evolved and in some cases perhaps in the process of becomingzmission, both of which support a YSO classification (Coase
planetary nebulae. Given the higher mass loss rate, these ob Pefia et al, in prep.).
jects are deeply embedded, being only detectable towaais ne
infrared wavelengths. Thus these stars will likely be a ceaf
“contamination” in our search for eruptive PMS variablese(s
discussion below). However, these are still interestingab.
The mid-infrared colours of two sources detected here pmrth
at the red end of the sequence of colours predicted for O-rich
AGB stars with increasing mass loss (Bedijn 1987) in the work
of Jiménez-Esteban etlal. (2006), implying that theses siee
about to leave the sequence to become planetary nebulae.
From the DR5 sample, eight of the stars appear very red
in colour-magnitude diagrams (CMD, see left panel of Elg. 2)
i.e. redder than the giant branch plotted for stars in thitic
Five of the remaining stars also appear quite red, beingpregl
against the giant branch. These 13 “red” stars have coladis i
cating aK band excess due to hot dust in our colour-colour di-
agrams, a common property of pre-main-sequence (PMS) stars
with accretion discs. In fact, most of them are consisterh wi
being reddened T Tauri stars (Fig. 3). We note that 4 of these a
located in the boundary between reddened T Tauri and main se-
guence stars, however some of their properties favour treifi T
interpretation. Three of them (GPSV9, GPSV3 and GPSV15)
have larger K-band excesses, which could point to the abject
being Class | YSOs. The results of the DR7 search are similar

to those of DR5, in that most of the variables have redder ( tai [ rich and lex SERs. Th f FU
K) colours than normal dwarf branch or giant branch stars in a contain several rich and complex . S. € Presence o or
outbursts would not be new for this region (see e.g. Ricelet al

6x6 arcmin field centered on the variable objects (see[Hig. 2). Y - ]
There are some extreme cases: GPSV28 is extremely red an0201“\}vMagak'?1n eZdI.h2013). tall in the YSO redion i |
it may correspond to IRAS source IRAS 20226+4206. Gem- € note that 4 other stars fall in the region in colour-

ini NIFS spectroscopy also shows that the object has a #ipatia cc;lour plots but lack a spatialdassociat(;(?n with dknown SFRs.
extended H outflow (Contreras Pefia et al., in prep.). Fidgure 3 These are GPSV15, 36, 40 and 43. As discussed in sécfibn 4.3,

shows the near-infrared colours of the selected candiddtasy GPSVlS displ;ays sevir_al characteristicsdassocri]ated i €
of the objects fall in the region dominated by disc emissian, tive YSOs, and DR7 objects GPSV36 and 43 show SEDs sim-

between the reddened sequence of main sequence stars and tH'la'fjlr to YS_O?' (see AppendixlA). GPSV.A'O.iS a faint object, and
T Tauri locus of_Meyer et al! (1997). Some candidates show a very red in its local CMD. However, mid-infrared data are not

larger excess, which would usually suggest classificat®ml a available to conflrm Its YSQ thure. . . .
Class | YSO, i.e. a dise envelope system. In order to verify the significance of this spatial assooiati

Strong evidence to support the YSO interpretation is given with SFRs, we performed a Monte Carlo selection of many sam-

by the apparent high concentration of our sample towardsSFR PI€s Of 45 real GPS sources in the 2 epoch area, using the same
We performed the search for a possible association of treepu ~ CUS @s the variable star selection, exceptddt > 1 mag. We
using SIMBAD and thé Avedisova (2002) catalog of SFRs. The find that only 10% of randomly chosen sources would be within

, . OE .
main condition for the stars to be flagged as likely assogiate 300’ 0f @ known star forming region, i.e. 4-5 stars in our sample
with a SFR was that evidence of star formation would show up would be near SFRs by chance. However, as noted above, 4 stars

in a 300’ radius search, centred on the star, in SIMBAD (i.e. in our sample have characteristics of YSOs but are not diyatia
PMS stars. dark clouds, HIl regions) and the’Avedisova (002 associated with known SFRs. This indicates that chance asso
catalog. Four stars failed this main condition but are ﬁaUgéd ciations have little effect on the proportion of variabl@9/45)

as likely associated with SFRs for the following reasons: that would be classified as YSOs primarily on the basis ofiabat
association. In view of this, we believe that the strong eoAc

e GPSV5 and GPSV10 are within the large concentration of tration of high amplitude variables in SFRs found in our gtud

Using our search criteria, it was found that 12 of the 17 DR5
variables present an apparent spatial association withikistar
forming regions. GPSV1 through 11 are located in an area of
1 ded that is coincident with the Serpens OB2 association, a
loose association of PMS stars locate@ kpc away |(Forbées
2000) and which contains several molecular clouds. Theicand
dates do not appear to be located in the regions of most recent
massive star formation that can be identified by the brigh8
emission in Figur€l4. Two objects, GPSV3 and GPSV9, are ac-
tually within the 8uum nebulosity and they have the reddest near-
infrared colours of the Serpens OB2 objects. However, theey d
not seem to be Class | objects (see Sedfioh 4.3). The variable
object GPSV16 is found to be within 170" of the SFR listed
as G71.52-0.39 (Scoville etlal. 1987) in the Avedisova (2002
catalog (Fid.#).

We find 17/28 DR7 variables likely associated with a
known SFR. Three stars (GPSV19,GPSV21 and GPSV22) are
likely associated with SFR G35.20-1.75 _(Zhang et al. 2009),
GPSV42 is in SFR G26.35+1.83 (Hunter, Thronson, & Wilton
1990) and GPSV44 in SFR G28.96+3.54 (Crutcher & Chu
1982). Twelve of our candidates are distributed along the
Cygnus X star forming complex (Fifl 4), which is known to

high amplitude variables in an area of 1 dabat is coincident is sufficient evidence on its own that most of the high amgétu
with the Serpens OB2 association (see below) and have solour variables are YSOs. Confirmation for the majority of the DR5
consistent with a T Tauri interpretation (see Fig. 3). Initdd objects (based on SEDs and spectra) is discussed at length in

GPSV5 is close to a bright Bm emission feature in Figutd 4.  sectior 3. Supporting evidence for the DR7 objects, in thefo
GPSV10 (discussed in more detail in Secfiod 4.4) also shaws a of SEDs, is given in AppendikJA. Spectra for a subset of the
SED that is consistent with a YSO classification. DR7 objects will be included in a future paper focussing ryain

e GPSV26 is part of the sample that is within the Cygnus X on the Cygnus X region (Contreras Pefia et al., in prep.)inikre

© 2002 RAS, MNRASD00,[1H25
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Figure 2. Colour-magnitude diagrams of 66’ regions centered on each of the variable candidates. Thigesented for candidates in DRBff) and
DRY7 (right). The arrow marks candidates for whidhK colours represent lower limits. Numbers relate to the nebdesignation of the objects given
by the authors in colum® of table[. Errors are plotted only for objects that presatificant uncertainties on their measurements.
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Figure 3. Colour-colour diagram for GPS-selected candidates in D&% @nd DR7 (ight). The objects are divided between those associated with
SFRs as described in the tefitléd circleg and objects not found within such areapén diamonds The two OH/IR stars found in the DR7 sample
are marked with filled triangles. The classical T Tauri lootiMeyer, Calvet, & Hillenbrand (1997) is presentdong-dashed linpalong with intrinsic
colours of dwarf and giants (solid lines) from Bessell & Bi@988). Reddening vectors df;, = 20 mag are shown as dotted lines. The arrows mark
stars for which colours represent lower limits. Errors dogted only for objects that present significant uncertagbn their measurements.

inary inspection indicates that most of them show emission o cluding any extreme outliers) and then calculated an egtimia
absorption features that support a YSO classification. the maximum extinction that they could have by assuming that

Despite the strong evidence that the sample is dominated by (€Y have the intrinsic colours 6f0.1, corresponding to early B
YSOs, we still need to discuss other classes of high amglitud  IYPE Stars. We then derive the distance at which a typical AGB

variable stars that could have the observed red colours ayd m  Star (Assuming typicaM = —7.25 mag,(J — K) = 1.25
account for those objects which are not in known SFRs. mag, Whitelock, Feast, & van Leeuvi/en 2008) would have to be

. . . located in order to have the apparent magnitude of the icidali
The faint K band magnitudes of the stars in our sample Sug- |4 rjaple source being considered (using the lotalestimated
gests that they are too faint to be R Cor Bor variables or loomsn before). In each case a typical AGB star would have to be lo-

AGB stars, such as Mira-type variables. To verify this, wetfir  cateq well beyond the Galactic disc edge at Galactocersfic r
derive the approximate extinction towards background(nbjm dius Re = 14 kpc (see e.d. Minniti et &l. 2011), indicating that
the local CMD of each of our sources. To do this, we noted the there are no typical Mira variables in the sample.

typical J — K colour of the reddest sources in the local field (ex-
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Serpéens 0B2

Figure 4. (top) False colour Spitzer GLIMPSE3D image (blue=3.61, green=4.pm, red=8.Qum) of the Serpens OB2 association. The projected
location of 11 candidates found within this region are mdrkg the arrows with the corresponding source number fronteTabpottom lefy False
colour WISE image (blue=3.axm, green=4.6m, red=12Z:m), the arrow marks the position of GPSV16; SFR G71.52-0r88n fAvedisova|(2002)
catalog is clearly observed at the centre of the imagégdm righy MSX6C 8 um image of the Cygnus-X star forming complex. Projectedtiocaof

12 sources found within this area are marked by arrows wiélhr ttorresponding GPSV designations.

AGB stars with high mass loss rates, such as OH/IR stars or AGB stars are located & <10 kpc (Ishihara et al.2011). For
extreme carbon stars (see €.g. Volk, Kwok, & Laigill 1992¢, a  a typical inner disc sight line dt= 45° this corresponds to a
deeply embedded in circumstellar material and can suffglt hi  maximum heliocentric distancéd,~ 14 kpc. (Beyond this dis-
extinction. These stars may only be observable at neaaradr tance, the Galactic latitudes of our survey (~ 1.5 — 5.5°)
wavelengths and appear fainter than typical AGB stars (see e  would place most sources a few scale heights above the plane,
van Loon et al. 1997). Therefore they can show up in our sam- so very few AGB stars should be found). An area of 1%d&igng
ple and in fact two of them are present in the DR7 sample, as thisl = 45° sightline encompasses a conical volume of 1.kpc
discussed above. Olivier, Whitelock, & Marang (2001) stady  out to d=14 kpc. After allowing for the effect of scale heigimt
complete sample of nearby dust-obscured AGB stars, spreadthe source density this is equivalent to an effective voluhe
over ~ 3/4 of the sky, that are undergoing heavy mass loss 0.12 kp¢ in the mid-plane. Then, 1.12 dust-enshrouded AGB
(M > 10~Mgyr™'). They find 30 stars within 1 kpc from  stars deg? should be contained in this volume. However, we
the sun (the completeness limit of the study) with a scalgtttei expect to detect only a small fraction of them in a 2-epoch sur
of 236 pc. This implies a space density of 9.35 kpcMost vey. In fact, we find that onl27% should be detected, based
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on a Monte Carlo analysis using a large sample of randomly
generated sinusoidal curves with different amplitudes jp&d
riods, similar to the sample of Olivier etlal. (2001), when-ra
domly selecting two epochs separated by 3 years. In addition
only 2/30 stars in the Olivier et al. sample would have simila
magnitudes to the brightest stars in our GPS sample, if they a
located atRe <10 kpc (the remaining stars would almost cer-
tainly saturate in UKIDSS even at these large distancegs@h
two stars correspond to the first and third highest massdosin
AGB stars in thé_Olivier et al. samplé{ > 10~ *®Mgyr1).

9 are real. The approximate completeness limit of theirystud
only reaches to abouk’ 15.2 mag (although some ob-
jects are still detected at fainter magnitudes). To compatte

our GPS sample, we must first correct for the fact that the
Kouzuma & Yamaokal (2012) high amplitude variable sample
will not include most AGN that were fainter at the less séwsit
2MASS epoch and then allow for our fainter magnitude limit.
We find a factor of 1.6 for the first correction (using the pnepo
tion of highly variable AGN that were fainter in UKIDSS rathe
than in 2MASS) and we conservatively estimate a factor of 4

AGB stars with this extremely high mass loss rate, such as the more quasars arises from olf = 16 mag limit, using Table
OHI/IR stars in the DR7 sample and the extreme carbon stars in 7 of[IMaddox et al.|(2008). After applying these correctiond a

Volk et all. (1992), show a steep rise of their SEDs towards the
mid-infrared, characterised by a very r&d— [12] colour, dis-
playing K — [12] > 9 mag.

scaling to our survey area we find that we should expest— 4
high-amplitude AGNs in the area covered in DR7. We note that
the LAS covers areas of low extinction, so if we allow for the

When we apply the expected detection ratio (0.27) and the higher extinction in the Galactic plane (typically O to 1 miag

fraction of AGB stars with high mass loss rates that wouldisho
up in our survey (2/30) we end up with 3.1 dust-enshrouded

AGB stars in the area covered by our study. This number is re-

markably close to our actual detection of two OH/IR stars in
DR7. Only two objects from the remainder of the sample have
K — [12] colours similar to extreme AGB stars (GPSV3 and

GPSV15) but we are confident that they are YSOs rather than

AGB stars, see sectign 4.8.1. Despite this, it is reasortalzg-
pect that we will find more very red AGB stars in future data
releases, some of which may be previously unknown objects.

the K band) then this estimate should be considered an upper
limit.

2.3 Concentration of extreme variables in SFRs

When we add the results of our searches of DR5 and DR7, we
find that 29 out of 45 variables are likely associated with §FR
thus representing-66% of our sample. As discussed above, 4
other stars show characteristics of YSOs but do not seem to be
associated with a known star forming region (a discussion on

Symbiotic variable stars can be located in the same area asthijs point is presented below). Thus, the fraction of vagatin

most of our variable stars in the JHK colour-colour diagraeeg(
Figure 2 in_Corradi et al. 2008). The D-type symbiotic stars i
particular have the fairly re(H—K) colours found among most
of our sample. However, D-type symbiotic stars have AGB star

SFRs could increase.

In view of the spatial bias against star formation regions in
the mid-plane in this initial sample (see Section 2.1) itlesac
that YSOs must dominate the Galactic population of high am-

companions, most of which can be expected to saturate in the pjitude infrared variables witt\X > 1 mag, at least in the

GPS K band data (see the earlier discussion in this section).

Corradi et al. [(2010) note that the space density of syntbioti
stars is very uncertain but it is clear that they are a smdt¢ia
population. As an illustration of their rarity, Corradi éi (2008)
selected a large number of possible symbiotic stars based on

magnitude range that this search has explo&d~ 11.5 to

16 mag). The question then arises as to whether YSOs domi-
nate the total population of high amplitude infrared vaéab
Inspection of the General Catalogue of Variable Stars (GCVS
Samus et al. 2010) shows that Mira-type variables are the com

Ha and brqad bandpass colour selection. Spectrqscopic.follow monest type at bright magnitudes. These very luminous atars
up <‘C0rl’adl et all 20:.0) showed that most of their candidates genera”y saturated in the GPS’ except for a t|ny minoritshwi

were in fact T Tauri stars, despite their attempt to reduae co
tamination by avoiding spatially clustered candidatesn{By
otic variables, like AGB stars are expected to be found itaiso
tion). It is unlikely therefore that there are many symhiatiars
in our sample but it is conceivable that some of the isolated o
jects with bluer(H—K) colours (after allowing for extinction)
might be S-type symbiotic stars.

Active Galactic Nuclei (AGN) can also show up in our

exceptionally high extinction and mass loss rate, suchexsith
OHI/IR stars in our DR7 sample. We note that the high variabil-
ity OH/IR phase is only expected to last 1700lyr (Lewis 2000),
thus we do not expect to find many of these type of variables.
The GCVS data indicate that 67% of Miras ha¥& > 1 mag.
(Note that theK to V' amplitude ratio has an average value
of 0.2, see Lebzelter & Wood (200%); Soszynski etlal. (2005))
Ortiz. & Macie! (1996) calculated a space density of 265 kbc

searches as point sources, with a wide range of near infraredfor a complete sample of AGB stars within 1 kpc of the Sun,

colours.| Maddox et al! (2008) finds an expected density-of
40 quasars down td& = 16 mag in their study of 12.5
ded of the early data release of the UKIDSS Large Area sur-
vey (LAS, Dye et all 2006), which implies- 470 quasars in
the area covered in our study. However, the fraction of high-
amplitude AK > 1 mag) variable AGNs appears to be
much lower than %. For example, none of the 116 quasars
in the sample of Cioni et all (2013) displaysK > 1 mag.
Kouzuma & Yamaokal (2012) searched for near-infrared coun-
terparts of AGNs in the UKIDSS Large Area Survey (DR6,
covering ~ 1850 degd) and 2MASS catalogues. They identi-
fied 1920 AGN viaK band variability between the two epochs
(UKIDSS and 2MASS), using several catalogue data quality
cuts to remove most erroneous variables. Their sampledediu
15 candidate high amplitude AGNAK > 1 mag) and they
provided the coordinates to us at our request. Only 9 of thse
have a point source profile-classificationdrgedclass = —1)

in UKIDSS, and visual inspection reveals that only 6 of these

© 2002 RAS, MNRASD00,[1H25

with a scale height of 330 pc. Ishihara et al. (2011) perfarme
the search for AGB stars complete out to 8 kpc and they found a
similar space density for sources located at Galactoceratdii
3 < R¢ < 8 kpc, after correcting for colour-based incomplete-
ness (see figure 9 of that work). They also showed that most
O-rich AGB stars, which dominate the numbersiax 90°,
are located at Galactocentric radili; <10 kpc. A typical inner
disc sight line ai = 45° with an area of 1 degencompasses
avolume of 1.11 kpc® at Re <10 kpc. After allowing for the
effect of scale height, the effective volume comes to 0.2¢ Rp
at these distances. This volume should conta® AGB stars
deg 2.

Only a small fraction of AGB stars are expected to be Mira
variables, which are at the end of the thermally pulsatirasph
of their evolution. Cioni et al.[ (2001) give the fraction a.8
Combining this with the 67% fraction of Miras with k' >
1 mag then implies a source density=R.7 deg? for typical
sightlines in quadrants 1 and 4 of the Milky Way. This is bigad
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consistent with an estimate of 0.5 deg™? in the Galactic plane
obtained from inspection of the GCVS: the GCVS only includes
Mira variables with known periods so we expect it to provide a
somewhat smaller space density.

The 29 YSOs imply a source density a/155
0.19 deg?. However, the true number is higher because: (1)
with only two epochs most high amplitude variables will be
missed; (2) the source density rises towards our magnitutle ¢
(see Fig[h), indicating that most distant, low luminosityl®
variables will be undetected; and (3) the present datasides
the mid-plane and is therefore strongly biased against $des
SectioriZ.1). The Avedisova (2002) catalogue indicatestira
(3) excludes 60% of Galactic SFRs (and the true fraction is un
doubtedly higher since the catalogue is incomplete foradist
SFRs in the mid-plane). The effect of item (2) cannot be bglia
quantified, but it is likely to raise the source density byessit
an order of magnitude. E.g. typical members of our sample wit
K =14.8 magd=1.4 to 2 kpc (sources in Cygnus X or Serpens
OB2) would be below ouk'=16 magnitude cut at > 3.4 kpc.
The overwhelming majority of Galactic SFRs lie at greater di
tances than this. The study of the spiral structure in thexdal
by|Russeil|(2003) is said to be complete for star forming com-
plexes with excitation parameters, U, brighter than 60 pctm
We find that 85% of these are found to beiat 3.4 kpc. Also,

C. Contreras Pga et al.: Extreme Infrared Variables from UKIDSS I.

tion of high-amplitude variables increases with extendinge
baselines.

It is possible then that high-amplitude variability in the i
frared, studied over a long baseline such as the one in GRS, ca
also effectively trace low mass PMS stars and thus evidefice o
star formation. This could be supported by the finding of the
four objects with YSO colours and not associated with known
SFRs. Only marginal and inconclusive evidence for any assoc
ation to star formation could be found for three of these cesir
The projected location of GPSV15 is at the edge of the dark
cloud LDN 667 (Lynds 1962; Dutra & Bica 2002), GPSV36 is
within 2 arcmin of reflection Nebula GN 18.08.8 _(Magakian
2003) and GPSV43 is located in a highly reddened field near
the edge of the W40 HII region_(Quireza etlal. 2006). A search
for low-amplitude near-infrared variability in the GPS ndzese
sources does not reveal the presence of a PMS associatien, ho
ever a more statistically thorough study is necessary tayfirm
discard the presence of such an association.

3 FOLLOW UP OBSERVATIONS

The high variability of the candidates, along with the okedr
colours and the possible association with SFRs for many of

most PMS stars are less luminous than those in our sample butthem, makes the stars strong candidates for eruptive Veriab

presumably can still have high amplitude variability, judgby
the rising incidence to faint magnitudes. Finally, item i€lpe-
lieved to cause approximatel% incompleteness: our analysis
of high-amplitude variables arising from the 2010-2012 VVV

classification.

This study will focus on the analysis of the eruptive vari-
able candidates arising from DR5 of GPS; the analysis of DR7
objects will be presented on a later paper (Contreras Ptedig e

data (with at least 14 epochs of K band observations for each in prep).

variable) reveals that only 25% of such variables would be de-
tected when comparing the magnitudes of two epochs separate
by ~ 2 years. Adopting factors of 4, 6.7 and 2.5 for items 1, 2
and 3 respectively, our observed surface density of 0.19 deg
rises to 12.7 deg’. If we assume that 5 YSOs in our sample
are actually chance spatial associations of other typesudf v

3.1 VLT/ISAAC

Spectroscopic and photometric follow-up observations5obfl
the DR5 candidates were obtained in visitor mode during two
consecutive nights in June 30th/July 1st 2010. The data were

able (seg2.2), and also remove the 4 stars that did not pass our acquired at the Very Large Telescope (VLT) in Cerro Paranal,

300’ criterion for SFR association but were still included, the
surface density still remains high at 8.7 dégThis figure is of
course highly uncertain, and the figure of 2.7 dgdor Miras

in quadrant 1 sight lines is also quite uncertain (by pertaps
factor of two given that the space density of AGB stars has a
~50% uncertainty in Ishihara et al.(2011) and the error on the
8% fraction of AGB stars that are Mira variables is not clear i
the literature). Nonetheless, we conclude that PMS highliamp
tude infrared variables are likely to be the commonest type o
high amplitude infrared variable in most parts of the MilkayV
except in the Bulge where AGB stars have higher densities. Th
true incidence will no doubt be established more precisetiie
near future using data from VVV_(Minniti et al. 2010).

Optical surveys have been used effectively to identify low

Chile with the ISAAC imager and spectrograph.

Observations were carried out with the short-wavelength
(1-2.5 um) arm of ISAAC, equipped with a Hawaii Rockwell
1024x 1024 array The imaging mode has a scale of 0147
with a field of view of 152 x152".

Low-resolution (0.8slit, R=AA/\ ~ 700) K, spectra
were obtained in two different positions along the directad
the slit (positions A and B), in an ABBA sequence with individ
ual integration times of 120 s. In order to remove tellunek,
main sequence F-type stars were observed consecutivétyiat s
lar airmass with the same instrumental setup. Filament iamp
ages were taken for purposes of flat-fielding of the data,evhil
Xenon-Argon lamp images were acquired for wavelength cali-
bration and to model the slit curvature. In addition a setdf 1

mass PMS stars even in regions where molecular gas, a com-STARTRACE images were downloaded from the ESO archive

mon tracer for SFRs, has dissipated (Bricefio gt al. 1200B). A
though the near-IR variability of such objects has beenttess
oughly studied, previous surveys show that the majority 80¢
are variable at these wavelengths due to different phypieal

to correct for the tilt of ISAAC spectra.

Flat-fielding, wavelength calibration, tilt correctionchex-
traction of the spectrum for each object and the correspgndi
F-type calibrator were performed with the usual tasks in the

cesses (see e.g. Rice etlal. 2012). However, peak to peak amNOAO/TWODSPEC package in IRAF. Finally, the calibrator

plitudes have been found to be low, with a mean of 0.17 mag
in the work of e.gl_Carpenter etlal. (2001). Only a small frac-
tion show larger amplitudes, e.g. only 3% of stars with discs
showAK > 0.5 mag in the sample of Scholz (2012). The frac-
tion seems remarkably higher(50%) in the recent time se-
ries study of Class | protostars Rice et al. (2012) (see Qddfi
which suggests that infrared variability surveys can masilg
pick out the parts of molecular clouds where star formatias h
occurred very recently. Scholz (2012) also shows that the- fr

spectrum was divided by a blackbody curve of similar tempera
ture to that of the star and used to correct the target spectru
Photometric observations for each target consisted of 12
images inJs, H andK s with typical exposure times of 5 s. Each
image was observed in a different position within 4 ¥de jit-
ter box. The seeing & varied between 0.65-1!for the first
night and 1.0-2.04 for the second night of observations.
Dark images and sky-flats were obtained for bias subtrac-
tion and to correct for pixel-to-pixel variations in the eetor
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Table 1. Parameters of the high-amplitude variables from UKIDSS GfBthe description of the columns see Sediioh 2.1

n° Object ID GPS Designation « é Ky J—Kiy H-K; Ky—K; AK,; Nk DR
(J2000) (J2000) (mag) (mag) (mag) (mag) (mag)

1 GPSV36 UGPS J1811406:352954.2 18:11:40.30 -15:29:54.27 12.20(0.02) 2.56{0.0D5(0.02) 1.43 176 4 DRY
2 GPSV37 UGPS J181219-450304.3 18:12:19.43 -15:03:04.30 15.80(0.04) 1.14{0.080(0.04) 1.14 114 2 DR7
3 GPSV1 UGPSJ181452.415748.7 18:14:52.94 -11:57:48.77 15.11(0.02) 2.72{0.0421(0.03) 3.75 375 3 DR5
4 GPSV8 UGPSJ181556:414113.8 18:15:56.91 -11:41:13.82 12.79(0.02) 1.94{0.025(0.02) -1.07 1.17 6 DR5
5 GPSV10 UGPSJ181612.413809.1 18:16:12.83 -11:38:09.17 13.99(0.02) 3.36§0.0%6(0.02) -1.28 150 6 DR5
6 GPSV7 UGPSJ18170#115142.5 18:17:07.12 -11:51:42.55 14.15(0.02) 2.71{0.029(0.02) -1.00 1.00 4 DR5
7 GPSV9 UGPSJ181717315854.3 18:17:17.38 -11:58:54.30 16.43(0.05)>2.30 >2.56 -1.16 116 4 DR5
8 GPSV5 UGPSJ181727113531.4 18:17:27.11 -11:35:31.49 15.53(0.02) 2.08{0.047(0.03) 1.05 1.05 4 DR5
9 GPSV4 UGPSJ181753:820116.6 18:17:53.51 -12:01:16.61 15.53(0.02) 2.01{0.0485(0.04) 1.07 107 4 DR5
10 GPSV38 UGPSJ181758-591831.4 18:17:58.57 -09:18:31.40 14.38(0.02)>5.43 >4.62 -2.68 268 4 DR7
11 GPSV11l UGPSJ181802:115424.8 18:18:02.14 -11:54:24.85 15.84(0.03) 3.55(0.1%9(0.07) -1.34 262 5 DR5
12 GPSV6 UGPS J181809-215519.6 18:18:09.24 -11:55:19.61 16.37(0.05) 1.88(0.0%7(0.07) -1.00 100 4 DR5
13 GPSV3 UGPS J181844-113651.9 18:18:44.74 -11:36:51.92 12.47(0.02)>7.00  3.56(0.02) 1.28 172 6 DR5
14 GPSV2 UGPS J181933:412800.8 18:19:33.64 -11:28:00.80 14.47(0.02) 1.95(0.0272(0.02) 1.94 245 6 DR5
15 GPSV39 UGPS J182126-321224.7 18:21:26.31 -12:12:24.75 15.12(0.02) 1.03{0.085(0.03) 111 111 2 DRY
16 GPSV40 UGPS J182206-123254.9 18:22:06.71 -12:32:54.95 16.67(0.09) 3.39]0.3Z78(0.21) -1.10 1.10 2 DR7
17 GPSV41 UGPS J182642.062747.3 18:26:42.18 -06:27:47.30 17.31(0.11) 1.28(0.038(0.14) -1.34 134 2 DRY
18 GPSV42 UGPS J183135:821424.2 18:31:35.31 -02:14:24.21 13.99(0.02) 3.55§0.080(0.02) 145 145 3 DR7
19 GPSV43 UGPS J183237:6023102.7 18:32:37.67 -02:31:02.70 14.60(0.02)>2.06  1.90(0.02) -1.06 118 4 DR7
20 GPSV44 UGPS J183321-445726.0 18:33:21.45 -04:57:26.06 13.46(0.02) 4.66{0.24.8(0.02) 2.30 230 2 DR7
21 GPSV45 UGPS J184221.980459.6 18:42:21.94 -08:04:59.68 11.37(0.02) 7.78(0.26.1(0.03) 2.01 201 4 DRY
22 GPSV18 UGPS J184834-553518.3 18:48:34.53 -05:35:18.36 15.18(0.02) 1.83(0.050(0.02) -1.10 1.10 2 DR7
23 GPSV17 UGPS J184937693350.9 18:49:37.60 -09:33:50.94 17.77(0.16) 0.36(0.020(0.18) -2.35 235 2 DR5
24 GPSV12 UGPS J185318-894329.1 18:53:18.82 -09:43:29.15 15.77(0.03) 0.78(0.036(0.03) 1.10 129 3 DR5
25 GPSV19 UGPS J190003.3+010528.7 19:00:03.34 01:0%28%.19(0.02) 5.27(0.18) 2.27(0.03) 2.08 2.08 2 DR7

N
o

GPSV20 UGPS J190028.064918.7 19:00:28.02 -06:49:18.77 13.52(0.02) 0.54j0.026(0.02) 1.04  1.04 4 DR7

27 GPSV13 UGPS J190122.5+115203.2 19:01:22.50 11:52:032.92(0.02) 0.29(0.02) 0.14(0.02) -1.02 123 4 DR5
28 GPSV21 UGPS J190146.8+011349.3 19:01:46.89 01:1F493.27(0.09) >253 1.86(0.18) -1.81  1.81 2 DR7
29 GPSV22 UGPS J190147.0.021228.0 19:01:47.07 01:1B288.40(0.02) 4.89(0.04) 1.86(0.02)  1.72 1.72 2 DR7
30 GPSV15 UGPS J190332.1+120557.2 19:03:32.11 12:0%572.21(0.02) 6.23(0.02) 2.93(0.02)  1.03 138 4 DR5
31 GPSV14 UGPS J190815.0+124021.4 19:08:15.06 12:4@:2118.98(0.03) 0.88(0.03) 0.25(0.03) 2.08  2.08 2 DR5
32 GPSV23 UGPS J191557.0.022906.7 19:15:57.05 01:2F:06.3.78(0.02) 0.61(0.02) 0.16(0.02)  1.01 1.63 3 DR7
33 GPSV16 UGPS J201310.3+333128.1 20:13:10.31 33:37:28.3.46(0.02) 3.20(0.02) 1.47(0.02) 2.21 221 3 DRS
34 GPSV24 UGPS J201613.5+415436.5 20:16:13.50 41:54:36.5.83(0.02) 2.73(0.02) 0.99(0.02)  1.07 1.07 2 DR7
35 GPSV25 UGPS J201924.8+410503.0 20:19:24.83 41:05:03.0.82(0.02) 2.33(0.02) 0.97(0.02)  1.22 1.22 2 DR7
36 GPSV26 UGPS J202038.9+405606.8 20:20:38.91 40:5G06.8.48(0.02) 3.13(0.02) 1.19(0.02) 1.36 1.48 3 DR7
37 GPSV27 UGPS J202117.2+403825.1 20:21:17.28 40:3®28.4.73(0.02) 3.28(0.08) 1.15(0.03)  1.14 114 3 DR7
38 GPSV28 UGPS J202421.3+421605.6 20:24:21.37 42:1808.6.88(0.02) >7.92 2.62(0.02) 1.00 156 3 DR7

w
©

GPSV29 UGPS J202504.2+403332.6 20:25:04.23 40:33326.76(0.02) 1.14(0.02) 0.38(0.02)  1.42 142 2 DR7
GPSV30 UGPS J202605.3+420932.9 20:26:05.36 42:0%3259.38(0.02) >4.42 2.86(0.11) 151 151 2 DR7
GPSV31 UGPS J202759.3+415255.7 20:27:59.34 41:5B588.60(0.05) >3.20 1.37(0.09) -1.16 116 2 DR7
GPSV32 UGPS J203117.5+413242.5 20:31:17.58 41:32425.87(0.03) 2.86(0.10) 1.06(0.04) -1.00  1.00 2 DR7

H A D
N~ O

43 GPSV33 UGPS J203352.9+413844.9 20:33:52.90 41:38:44.6.41(0.04) 2.59(0.14) 0.81(0.07) -1.13 113 2 DR7
44 GPSV34 UGPS J203427.1+421353.3 20:34:27.13 42:13:533.48(0.02) 4.58(0.02) 1.82(0.02) 1.74 211 3 DR7
45 GPSV35 UGPS J204142.0+393852.0 20:41:42.01 39:3@526.84(0.05) >2.96  >2.16 -1.79 279 3 DR7

@ For GPSV43 the J band image is not contemporaneous to H an@ien the red H-K colour we regard the J-K
colour as a lower limit.

response. The latter consisted-0f10-15 images in filters/, of the same area covered by ISAAC, yielded typicall$y0-100
and H with exposure times 0% s. K, images were not taken  matches.

for this project so suitable images were acquired from th® ES By taking the average (after removal of outlying sources)
archive, taking care to select images that were observeld wit ¢ A, — Muykipss — mrsaac, we obtain the offset that will

the same instrumental setup, exposure time§ and a simiar ob pa applied to the ISAAC instrumental magnitudes. This psece
serving date. Source magnitudes were obtained through aper js gyfficiently accurate for both, and H, given the similarA A
ture photometry, performed on final sky-subtracted imagss, and)\. for the UKIDSS and ISAAC filters, howeveR ;s 4 ac

ing APPHOT in IRAF. The calibration of the final magnitudes differs from Ky x1pss, being similar to 2MASSK, filter pro-
was obtained with the process described below. file.

To study the differences between UKIDSS and 2MASS
we cross-matched our local standards with the 2MASS catalog
for the same area, finding around 20-40 stars. The diffeence
Firstly, a set of 180 local standards from the IRAF aperture between UKIDSS and 2MASS are plotted in Hijy. 6, here it can
photometry results were selected, corresponding to bsigins, be seen that magnitudes are similar in both systems, efipecia
with low photometric errors, no processing errors and with n  for brighter sources. Thus the selection of either systemthie
close companions. Cross-match with the UKIDSS GPS catalog calibration would not have a severe effect on the calibratad-

3.1.1 Photometric Calibration

© 2002 RAS, MNRASD00,[1H25
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nitudes. This was found to be true for each of our objectseGiv
the greater number of UKIDSS stars found, and the greater pre
cision of UKIDSS magnitudes for the fainter stars, we detide
use UKIDSS photometry for th&; calibration. A magnitude
correction, however, needs to be applied for our sampleg-esp
cially the case of the reddest stars where most of its flug fall
the K -band. Using the reduced spectrum of the object, a correc-
tion factor was derived by comparing the ratio of the totak flu
of the star in UKIDSS and ISAAQK filters, to the same ratio
for a blackbody spectrum at T = 9700 K (which is appropriate
for these Vega-based magnitudes). The correction factbeis
given by

AK = —2.5 % log F.ukipss/Fx1saac

1
Fyw,ukipss/Feb, 15440 @

This correction was largest for the reddest stars in our sam-
ple but never exceeded 0.05 mag.

3.2 Magellan Baade/FIRE

Follow up of the two reddest objects in the DR5 sample, GPSV3
and GPSV15, was performed on May 8th, 2012 with the FIRE
spectrograph mounted on the Magellan Baade Telescope at Las
Campanas Observatory, Chile. The observations were darrie
out in the high-throughput prism mode which provides a con-
tinuous coverage fror.8 — 2.5 um at low resolution ofR ~

250 — 350 with a 0.6 slit.

The objects were observed in the usual ABBA pattern along
the slit, with individual exposures of 148 s and at airmasses
of 1.1 and 1.4 for GPSV3 and GPSV15 respectively. Observa-
tions of spectroscopic calibrators were carried out foppaes
of telluric correction and flux calibration; the calibratowere
observed at similar airmass as the objects and with the same
instrumental setup. Quartz lamp images were obtained for fla
fielding of the data, they consisted of high-voltage (2.2v} i
ages that provide data for the z/J bands but saturate thended e
of the spectrum, and low-voltage(1.1V) that generate coimt
H/K but are too faint for the blue end. Additionally, NeNeAca
lamp images were acquired for wavelength calibration.

The images were reduced using the longslit package of the
FIREHOSE software. Using the NeNeAr lamp image, FIRE-
HOSE generates an arc solution, which had typical uncéieain
of 0.4 pixels or~ 2.7 A. The second step consisted of creating a
flat image; this is done by combining the 2.2V (blue) and 1.1V
(red) with a smooth weighting function spread oved 50 pix-
els centered on a transition pixel defined by the user. Kitlad
software traces and extracts the spectrum of the objeduritel
correction and flux calibration were performed in the stadda
mode using NOAO/TWODSPEC package in IRAF, in a similar
process to that described in Secfion 3.1.

Unfortunately, the selected exposure times saturatedpart
the K-band data of both objects, more noticeably in GPSV15.
However, the data still provide useful information for ounaé
ysis, particularly at the shorter wavelengths not covengthb
ISAAC or NIFS spectra.

3.3 Gemini North/NIFS

Additional K-band spectroscopic data of four variablesnaby
GPSV3, GPSV8, GPSV15 and GPSV16, were acquired in Au-
gust 2012 using the Near-infrared Integral Field Spectteme
(NIFS) of Gemini North telescope, Mauna Kea, Hawaii. The in-
strument has a field of view of’ x 3" with a pixel scale of
0.1" across image slices arid04” within image slices and a
resolving poweR ~ 5300 at 2.2um.

The observations are part of the queue mode programme

© 2002 RAS, MNRASD00,[1H25
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GN-2012B-Q-102. Observations of GPSV16 consisted of 4 in-
tegrations of 8 minutes, 2 of which were on source. The other,
brighter objects were observed with two 8 minute integratio

one on source and one sky offset. Main sequence F-type stars

were also observed for telluric correction and relative ftak-
bration. For each object a standard set of calibration data w
acquired, consisting of flat images, XeAr lamp and its corre-
sponding dark images and Ronchi calibration mask to correct
for the spatial distortion of integral field unit.

Data reduction was performed in the standard way using
the tasks of the GEMINI/NIFS package in IRAF.

3.4 UKIRT/WFCAM

With the aim of investigating the presence of molecular outfl
around eruptive variables candidates in Serpens OB2, near-
infrared K band and 2.12um (1-0)S(1) K narrow band imag-

ing data were obtained on August 7th 2012 using the Wide Field
Camera (WFCAM,_Casali et al. 2007) mounted on UKIRT. The
instrument has four Rockwell Hawaii Il arrays (2048048 pix-

els) separated by 90% of a detector width, with a pixel schle o
0.4’ /pixel. The standard 22 tiling pattern was used to cover

a continuoud).9° x 0.9° region containing 10 of the 11 erup-
tive variables candidates in the Serpens OB2 associatioa. T
total integration times were 2 minutes K and 25 minutes at
2.12um. The observations consisted of 24 imageK’irwith ex-
posure times of 5 si{) and 20 images at 2.12m, with 75 s ex-
posures. A X2 microstepping pattern was used to fully sample
the spatial resolution in both filters, yielding a 0 @ixel scale in

the reduced images. Data reduction and photometry were done
by the Cambridge Astronomical Survey Unit (CASU) using the
standard reduction pipeline.

Difference H2, — K) images are built in order to reveal
emission line regions possibly associated withjets and out-
flows. The continuum subtracted images are built with the-sta
dard procedure (see el.g. loannidis & Froebrich 2012).

3.5 VST/OmegaCam VPHAS-

VPHASH (Drew et al, in prep.) is an ESO public survey, collect-
ing u, gl, 7', i and narrowbandd o photometry of the south-
ern Galactic Plane and Bulge. It is in execution on the VLT-Sur
vey Telescope (VST), using the 1 square-degree imager, &meg
Cam. The camera is constructed aroundk@&4nosaic of 2k 4k
CCDs. The pixel size projects to 0/2bn the sky, permitting
good sampling of the 0.8-1/0point-spread function achieved.
The exposure times for the data used here Werel50 S,g/Z
30s, i:25s,andHa 120 s.

To ensure more uniform seeing conditions, finally, across
the full filter set,u', g,, r exposures are obtained as a contem-
poraneous group, separately from: and Ha exposures. At
each field pointing, each filter is exposed twice (or threeeim
in Ha) at different offsets to compensate for gaps between the
CCDs making up the mosaic. The data are reduced and cali-
brated by the Cambridge Astronomical Survey Unit (CASU),
on the basis of nightly standards. In principle this shou&ldy
an accuracy oft0.03 magnitudes. The scale set should be re-
garded as provisional, as it is too early to establish a ¢lcdla
ibration. All magnitudes and colours are referred to Vegthas
zero-magnitude, zero-colour reference object.

The Serpens OB2 region, relevant to this study, was ob-
served as part of VPHAS on the nights of June 10th 2012’(

i and H «) and November 11th 2012/(, g/, r/).

© 2002 RAS, MNRASD00,[1H25

3.6 Public Surveys

In addition to UKIDSS and ISAAC near-infrared photometry,
we search for detections withirf’ Iof our objects in other near-
and mid- IR surveys in the IPAC science archive, nansglitzer-
GLIMPSE3D (Benjamin et al. 2003)SpitzerGLIMPSE360
(Whitney et al. | 2011), WISE| (Wright etal. 2010), MSX6C
(Egan et al.| 2003),Akari (Murakami etal.| 2007), 2MASS
(Skrutskie et all 2006) and DENIS (Epchtein etial. 1994). We
also searched for counterparts in the initial data reledse o
IPHAS (Drew et al.l 2005, Gonzalez-Solares et al. 2008). We
note that all of our sample lies outside the area of Spézer-
GLIMPSE survey of the mid-plane but the 11 sources in the
Serpens OB2 region are included within GLIMPSE3D, whilst
GPSV16 is included within GLIMPSE360, a post-cryogenic
Spitzermission which only uses filters 113.6]) and 12 (4.5])
(Whitney et all 2011).



Table 2. Photometric measurements for DR5 objects.

Dataset  IPHAS/VPHAS DENIS 2MASS GPS VLT/ISAAC UKIRT Spitzer/IRAC WISE MSX6C Akia
filter ‘i He 13 Ke o J H Ko He K¢ K& J  H Ko K [212] [3.6] [45 [5.8] [8.0] [3.4] [4.6] [12] [22] [8.28] [12.13] [14.65] [9.0] [18.0]

(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (magpag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)agim (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) gima
50 Limit 21.8 21 20.8 185 165 145 17 163 155 198 19 181 181 219 1®W5 173 174 154 149 136 13 166 156 113 80 6.9 3.5 334 4.2

GPSV1 nd nd nd nd nd nd nd nd nd 17.83 16.32 15.11 18.86: 17.98 16.49 15.3%& nc 15.26: 14.47: 13.33: nd nd nd nd nd nd nd nd nd nd
- (0.04) (0.02) (0.02) (0.55) (0.05) (0.03) (0.04)— - (016) (0.35) (0.34) - - - - -
GPSV2 20.92: 19.06 20.04: 18.14 16.06 13.98 15.72 14.59 61316.43 15.19 14.47 16.41 17.79 16.06 15.08 14.30 14.28 132128 11.40 10.42 13.61 11.53 7.92 6. 00nd nd nd nd nd
(0.10) (0.04) (0.12) (0.18) (0.24) (0.22) (0.08) (0.07) O@). (0.02) (0.02) (0.02) (0.06) (0.05) (0.03) (0.04) (0.020.02) (0.08) (0.06) (0.07) (0.05) (0.07) (0.04) (0.05) 1€). - - - -
GPSV3 nd nd nd nd nd 12.28-16.62-16.39 13.28 nd 16.03 12.47 13.75 nd 17.24 13.81 12.09 12,51 9.25 7.60 6.30 5.30 9.27 7.02 4.449:34£32 3.43: 3.39: 4.77 3.39
- - - - - (013 - - (0.04) - (0.02) (0.02) (0.02) -  (0.04) (0.0§).02) (0.02) (0.05) (0.05) (0.03) (0.03) (0.03) (0.02) O@). (0.16) (0.11) (0.18)  (0.20) (0.47) (0.11)
GPSV4 nd nd nd nd nd nd nd nd nd 17.54 16.48 15.53 16.60 17.80 16.87 16.26 16.42 16.428 nd nd nd nd nd nd nd nd nd nd nd nd
- - - - - - - - - (0.04) (0.03) (0.02) (0.07) (0.06) (0.04) (0.06).02) (0.04) — - - - - - - - - - - - -
GPSV5 nd nd nd nd nd nd nd nd nd 17.61 16.30 15.53 16.58 18.19 16.85 15.97 15.55 15.628 nd nd nd nd nd nd nd nd nd nd nd nd
- - - - - - - - - (0.03) (0.02) (0.03) (0.07) (0.05) (0.04) (0.08).02) (0.02) — - - - - - - - - - - - -
GPSV6 nd nd nd nd nd nd nd nd nd 18.25 17.04 16.37 15.36 17.98 16.89 16.18 15.77 15.8d nd nd nd nd nd nd nd nd nd nd nd nd
- - - - - - - - - (0.07) (0.04) (0.05) (0.03) (0.04) (0.03) (0.040.02) (0.02) — - - - - - - - - -
GPSV7 nd nd nd nd nd nd nd nd nd 16.86 15.44 14.15 13.15 16.53 15.00 13.82 13.30 13.48 111833110.96 9. 80 11. 20 10 71 8.425.20 nd nd nd nd nd
- - (0.02) (0.02) (0.02) (0.02) (0.04) (0.03) (0.040.02) (0.02) (0.07) (0.10) (0.09) (0.04) (0.03) (0.03) O). - - - -
GPSV8 19 85 18 16 18 85 16 70 14. 29 12. 03 1459 13.12 12472113.54 12.79 11.72 14.71 13.53 12.89 12.88 12.96 11.2891®.80 8.72 12.06 11.08 7.87 5.62 nd nd nd nd nd
(0.04) (0.02) (0.04) (0.11) (0.11) (0.10) (0.04) (0.03) O@. (0.02) (0.02) (0.02) (0.02) (0.04) (0.03) (0.04) (0.020.02) (0.05) (0.05) (0.05) (0.03) (0.04) (0.03) (0.06) 4®. — - - - -
GPSV9 nd nd nd nd nd nd nd nd nd nd ndl6.43 15.28 nd nd 16.19 15.77 16.08 13.52: 12.73nd nd nd nd nd nd nd nd nd nd nd

- - - - - - - - - - (005 (002) - - (0.05) (0.02) (0.03) (0.19).14D — - - - - - - - - -
GPSV10 nd nd nd nd nd 13.04-16.56 14.60 13 10 17.36 15.55 13.99 12.71 17.15 15.39 14@1114.36 11.05 10.40 9.71 8.75 12.16 10.78 8.52 4. ]tﬁ:i nd nd nd nd
- - - - - (018) - (0.08) (0.05) (0.03) (0.02) (0.02) (0.02) 04). (0.03) (0.04) (0.02) (0.02) (0.03) (0.06) (0.03) (0.03)0.04) (0.03) (0.10) (0.08) - - - - -
GPSV11 nd nd nd nd 16.06 nd 16.05 14.80 14.39 19.38: 17.53 15.84 14.49 20.28: 18.3P9164.37 14.40 13.02 12.45 11.51: 10.30id nd nd nd nd nd nd nd nd
- - - - (024 -  (013) (0.13) (0.13) (0.18) (0.06) (0.03) 2.0 (0.2) (0.12) (0.08) (0.02) (0.02) (0.09) (0.11) (0.16) .1@ (0.08) (0.06) (0.15) - - - - - -
GPSV12 nc nc nc nd nd nd 16.26: >16.75>16.36 16.55 15.93 15.77 16.87 16.32 15.77 15.58 nc nc nc nc nc nd nd nd nd nd nd nd nd nd
- - - - - - (0.12) - - (0.02) (0.02) (0.03) (0.08) (0.04) (0.03D.04) - - - - - - - - - - - - - - -
GPSV13 13.98 13.38 13.45nc nc nc 1246 12.13 11.90 13.21 13.06 12.92 11.90 13.33 13.21 13nt2 nc nc nc nc nc 13.23 13.29-12.30-8.66 nd nd nd nd nd
(0.02) (0.02) (0.02) - - - (002) (0.02) (0.02) (0.02) (0.020.02) (0.02) (0.03) (0.02) (0.04) - - - - - - (0.03) (0.04) - - - - - - -

GPSV14 nd nd nd nc nc nc nd nd nd 16.88 16.23 15.99 18.07:nc nc nc nc nc nc nc nc nc nd nd nd nd nd nd nd nd nd
- - - - - - (0.02) (0.02) (0.03) (0.23) - - - - - - - - - - - - - - -
GPSV15 nd nd nd nc nc nc >17 21 14. 50 11.61 17.45 14.14 11.21 12.24 18. 29 15.39 1211':9 nc nc nc nc nc 841 643 3.72 251 4.07 2.87. 295 4.07 2.67

- - - - - - - (0.04) (0.02) (0.02) (0.02) (0.02) (0.02) (0.04) .02 (0.03) - - - - - - (0.02) (0.02) (0.02) (0.02) (0.11) (P.17 (0.20) (0.25) (0.21)
GPSV16 nd nd nd nc nc nc nd nd nd 16.66 14.93 13.46 15.67 16.90 15.12 13.8% nc 11.73 10.75 nc nc 12.2010.80 7.97 5.25 nd nd nd nd nd
- - - - - - - - - (0.02) (0.02) (0.02) (0.03) (0.07) (0.04) (0.04)— - (003) (003) - - (0.03) (0.02) (0.03) (0.04) - - - - -

GPSV17 nc nc nc nd nd nd nd nd nd 18.14 17.88 17.78: 15.43nc nc nc nc nc nc nc nc nc nd nd nd nd nd nd nd nd nd
- - - - - - - - - (0.05) (0.08) (0.16) (0.02) - - - - - - - - - - - - - - - - - -

a 2008 observations.

b 2005 observations.

nc Not covered in the observations.

nd Not detected in the observations.

> The values represent upper limits.

: Represent uncertain values in the photometry as explamtitext.
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4 RESULTS
4.1 Near- and mid-infrared photometry

Table[2 shows the results of the 2010 ISAAC and 2012 UKIRT
photometry, along with the magnitudes found for targets in
other near- and mid-IR surveys. The errors are typicallylsma
(< 0.08 mag), although given the faintness of some of our ob-

ation of the parameters (in logarithmic scale) shown in &bl
were determined using the models for which— x2 ., < 3N

(as suggested in_Robitaille et al. 2007), wheig,, is the x*

of the best-fitting model an@ represents the number of data
points used in the fitting process. The last column of Téble 3
shows the number of models that fulfilled this condition facle

of the objects in our sample. The discussion on the resuttseof

jects and significant source confusion in some fields, some of fits can be found in the analysis of the individual objects- pre

the detections in 2MASS, and WISE have moderate to poor sig-

nal to noise ratios (SNR). Detections with SNR10 or errors
larger than the typical values are marked with “” in TdQl&\&
also note that even though errors in DENIS photometry are in
the rangeD.07 — 0.24 mag, the photometric quality flag had a
value of 100 for all of the detections in Talhle 2 and are coensid
ered to be reliable measurements. Only one measuremeftt is le
out of the table and it corresponds to a VPHAS detection of
GPSV8 withg' = 22.84 4 0.15 mag.

SpitzeiGLIMPSE detections yield more evidence that most
of our objects are PMS stars. Figuré 7 shows the location
of our sample on colour-colour diagrams often used for YSO
classification when only near-infrared and IRAC 3.6-3.M

fluxes are available (see elg. Hartmann et al. 2005). For com-

parison we show the sample of YSOs in young stellar clusters
of IGutermuth et al.| (2009), the classification scheme shawn i

sented below.

4.3 Eruptive Variables

Given the faintness of many of our objects, the low resofutio
VLT/ISAAC spectra were of insufficient quality to clearly -de
tect characteristics of eruptive variables. The subseq@em-
ini/NIFS and Magellan/FIRE spectroscopy included onlyarel
tively bright sources whose ISAAC spectra suggested alplessi
eruptive variable classification. The following analysistien
divided between stars where spectral characteristicsupttiee
variables could be found and those for which there is only-non
spectroscopic evidence for a YSO or eruptive PMS varialale-cl
sification.

Four stars are defined as likely to be eruptive variables.
These correspond to GPSV3, GPSV15, GPSV8 and GPSV16.

the diagrams is the same as the one used by these authors. Due

to the high variability of our sample, the location of the extip
will be affected in the two lower panels, which ugeand K
photometry. The latter are not contemporary with GLIMPSE3D
(~ 2006), GLIMPSE360+ 2010-2012) nor WISE~ 2010).

Therefore we use the closest epoch with simultaneous obser-

vations in these two bands, i.e. GREand K; (~ 2008) for
the Serpens objects, and VLT/ISAAE and K (2010) for both
GPSV15 and GPSV16.

FigurdT shows that most of our objects fall in what appears
to be an area of transition between class | to class Il ohjests
pecially on the diagrams based purely 8pitzerphotometry.

Two sources stand out as they are located in the region where
Class | objects are found: these are GPSV3 and GPSV15. How-

ever, the latter is not covered I8pitzersurveys and filter§V' 1
andi¥ 2 of WISE are used instead. The use of these filters should
not have much effect on location in the diagrams as differenc
between WISE and IRAC filters are only observedifot > 14
magnitudes ant@’2 > 13 magnitudes (Cutri et &l. 2012), which

is fainter than the measured magnitudes for GPSV15.

4.2 |Robitaille et all. SED fits

Spectral energy distributions are constructed with the fodl
data from public surveys.

Fits to stars in TablE]3 were performed with the SED fit-
ting tool of|Robitaille et al.[(2007), which explores the pare-
ter space of Class 0 to Class Il YSOs at all system inclimatio
In order to perform the fits we did not include every available
data point, and in general we only used the information aris-
ing from UKIDSS JH K, SpitzerI1 — I4 and WISE22um.
We note that these are not contemporaneous observatiathg so
fits could be unreliable due to the variability of our objedts
addition we are not certain whether Robitaille et al. models
accurately describe highly variable YSOs, since theirdisay
have an unusual structure.

The distances are set to vary between 1-5 kpc dnd
within 0-30 mag. We note that varying the distances in themiv

4.3.1 GPSV3and GPSV15

These two objects are the reddest stars in our DR5 sample (see
Fig.[d), with GPSV3 in fact not being detected Jnband in

any of the near-infrared surveys nor in our ISAAC imaging.
Both stars also show a largé/ ¢ K') excess in colour-colour dia-
grams (Fig[B), beyond what is observed for Classical T Tauri
stars and in agreement with what is expected for deeply em-
bedded Class | YSOs. The colours are also similar to those
of the deeply embedded FUor-like objects PP13S and AR6B
(Aspin & Sandell 2001; Aspin & Reipuiih 2003), and the deeply
embedded outburst sources OO Ser and GM Cha (Hodapp et al.
1996 Persi et al. 2007). THE band light curves of both objects
show similar behaviour, with repetitive increases in magte
(Fig.[9).

Their ISAAC spectra (Fid._10) also show a remarkable re-
semblance, where we observe a featureless continuumdbat ri
steeply toward longer wavelengths. This is similar to theref
mentioned embedded object OO Ser, and not too dissimilar to
PP13S and AR6B, which differ only in that they show a strong
v=2-0 CO absorption trough in the 2.8n region (see Fig. 5 in
Hodapp et al. 1996). The same steep rise is observed in tHe FIR
spectra of the sources, where GPSV15 is detectéfl fimnd but
with no sign of the HO absorption that is observed in a number
of FUor and FUor-like stars.

NIFS higher resolution spectra reveal a more complicated
structure in the CO region. The spectra of the objects ordwsh
clearly thew 2 — 0 bandhead (stronger in GPSV15) with
strong absorption that can be identified with the lévines of
the P and R branches of the = 2 — 0 transition. The weak-
ness of the bandheads, relative to the lower J transitionds, i
cates that we are observing gas that is somewhat cooler than
is typical of M-type stellar atmospheres, so that only thedo
energy levels are populated. Moreover, the spectra in f[iire
strongly indicate that the photosphere is obscured fromv gied
that the K band spectra are dominated by circumstellar matte
This is seen especially in the Magellan/FIRE spectra (upgbt

range instead of using the known distances for the Serpens ob panel of Fig['ID), with a lack of flux at wavelengths shortemrth

jects or GPSV16, had a negligible effect on the measuredrpara
eters, i.e. the change in the values were never larger than th
estimated errors. The weighted mean values and standaird dev

© 2002 RAS, MNRASD00,[1H25

~ 1.5um (where the stellar component would be expected to
contribute to the observed flux of the system) and steeply ris
ing flux at longer wavelengths, in agreement with where a disc
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Figure 7. Colour-colour diagrams of GPS candidates base8mitzerand UKIDSS photometry. Young stellar objects from Gutetmeital. (2009) are
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GPSV3 and GPSV15 are located in the Class | region of the tworayraphs, however SEDs of the sources show a flatterhliih than expected
for Class | objects (see Figuré 9). Errors are plotted onyfijects that present significant uncertainties on theasugements.

Table 3. Parameters derived from the Robitaille et al. models SEdiths explained in the text. The
standard deviations are shown in brackets and they are lafga

Object log M« log Mgisc log Meny logLiot  X7..,/Ndata Nyits
(M)  (Mpyr™t) (Mgyr™')  (Lo)
GPSV1 0.06[0.43] -7.62[1.32] -3.80[1.05] 1.17[0.75] 0.07 2187
GPSV2 -0.23[0.44] -7.91[1.50] -4.95[0.61] 0.74[0.53] 0.2 333
GPSV3 0.79[0.17] -8.54[1.83] -0.13[0.82] 3.00[0.56] 1.64 473
GPSV7 0.21]0.43] -8.99[1.93] -1.12[1.95] 1.42[0.62] 0.12 1829
GPSV8 0.35[0.26] -8.54[1.60] -2.40[2.41] 1.46[0.46] 0.14 518
GPSV10 -0.01[0.52] -7.02[1.25] -4.44[0.93] 1.26[0.64] 6D. 237
GPSV11  -0.01]0.45] -7.81[1.54] -3.70[1.33] 1.15[0.60] 4®. 1073
GPSV15  0.92[0.14] -9.56[1.53] 0 3.49[0.47] 0.86 94

GPSV16  0.07[0.53] -7.82[1.83] -4.38[1.35] 1.26[0.69] 0.5 349

following a T < 1200 K blackbody distribution is expected to  higher than the NIFS velocity resolution of 60 km/s. Sinca-fe
begin contributing to the system. tures in excess of the continuum are not observed in between
every pair of adjacent CO absorption lines we cannot be cer-

We removed the slope of the higher resolution spectra by tain of this interpretation. However, the wavelengths wehee

fitting a straight line to the 2.18-2.2@m region and extrapolat-  see no excess above the continuum are mostly located close to

ing towards the CO region. The results are shown in[Eify. 11. In one of the higher order bandheads (3-1, 4-2 and 5-3) where the

GPSV15 we see numerous features rising above the normalisedclose proximity of numerous CO absorption lines disfavalrs

continuum level in between the CO absorption lines. Thiddcou  servation of weak rotationally broadened emission feafusie

be due to emission from the rapidly rotating hot portion & th  this spectral resolution. Observations at higher speoésdlu-

inner disc, which would show as the wings of rotationallydso tion are therefore desirable in order to resolve the profitet-

ened emission lines in between the stronger but narrowerabs  tionally broadened lines from the disc and verify their eige.

tion lines. Rotation velocities would be of the order of 200/&

within a few stellar radii of a low mass YSO, which is slightly The presence of any such features in GPSV3 is marginal

© 2002 RAS, MNRASD00,[1H25
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Figure 8. Spectral energy distributions of 10 out of 13 DR5 objecthinistar forming regions. Errors are plotted only for obgatiat present significant

uncertainties on their measurements.

and strongly dependent on the choice of wavelengths used fortion was interpreted by Hartmann et al. (2004) as arisinmfro

the removal of the slope of the continuum. However, several
emission lines are observed in the high resolution spectiim
GPSV3 (see figid1, right panel). These lines can be identi-
fied with atomic features observed in the photospheric @bsor
tion spectra of K-M dwarf stars (see e.g., Wallace & Hinkle
1997). Specifically we detect lines of Mg I, Na I, Ca I, Fe |,
Si I, Al l, and perhaps S | and C I, most of which have rarely
been reported in emission. A temperature inversion is redui
to observe lines in emission, which could occur in a hot disc
or wind near the star, making these features of circumstella
origin. One of the strongest lines is observed~at2.28 um
(also observed in GPSV15, see fig] 11), this is identified @s th
4d* D321 — 6f°F5 5 4 transition of Mg | (Kleinmann & Hall

1986). Emission at this wavelength has also been observed in

an ejected dense and low temperature shell G0 K). We note
that the 40 km s* blueshift seen in GPSV15 is too small to sig-
nificantly affect our discussion concerning the presenaetaf
tionally broadened emission features in between the atisorp
features.

In summary, the observed CO structure of GPSV15 could
be explained by an emission component from an inner disc; com
bined with absorption by a cooler gas arising in an ejected.sh
It is also conceivable that cooler parts of the disc at largdii
are contributing to the absorption (which could also be teec
in GPSV3). However, the presence of both emission and absorp
tion components in an individual object is more readily unde
stood in terms of two separate structures.

The SEDs of GPSV3 and GPSV15 are exceptionally red

a sample of embedded protostars_by Davis et al. (2011) but thein the 1 to 5um region, with.J-W2>11 mag. This is consis-

authors mark this feature as unknown in their analysis. &hwie
for the presence of a hot inner disc in GPSV3 is given by the
observed emission of the Na | doublet revealed in the NIFS
spectra. This characteristic is observed in EXors when tr ou
burst phase and is explained as arising from a hot inner siése (
e.g., Lorenzetti et al. 2012). However, it is unclear whetlie
are observing emission arising from a hot inner disc, wind or
combination of both.

In the case of GPSV15, blueshifted absorption~of40
km s™! is observed in the CO bandhead and individual lines.
Blueshifted CO absorption has been observed previouslyen t
FU Ori objects V1057 Cygd (Hartmann, Hinkle, & Calvet 2004)
and ARGA [(Aspin & Reipurth_2003). In the latter, it was sug-
gested that the blueshift might be caused by rotationaldsroa
ening, as described by Naijita et al. (1996), but this wasaancl
In V1057 Cyg, the observed (50 knT¥) blueshifted absorp-

© 2002 RAS, MNRASD00,[1H25

tent with a Class | YSO classification but at longer wavelkagt
their SEDs become roughly flat (from5-12 ym) and then de-
cline towards 23:m, as measured Akari and WISE. The SED
flattening and lack of cold dust emission is consistent withe:
cretion disc.

We find that for GPSV15, only a relatively small number
of models could be used to estimate the values of the parenete
in Table[3. In addition the,> per data point for the best-fitting
model of GPSV3 was found to be larger than the derived values
for the remaining objects. Thus, the parameters derivedby t
fits for GPSV3 and GPSV15, shown in Table 3 can be considered
as highly unreliable. However the Robitaille et al. fits soqp
our impression from inspection of the SEDs that GPSV3 and
GPSV15 are not systems with optically thick envelopes given
the lack of emission of cold dust at longer wavelengths.

Even though both sources show clear YSO characteris-
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Figure 9. K-band light curves for the same DR5 objects in figure 8, wiegrers are plotted only for objects that present significargertainties on

their measurements.

tics, the fact that GPSV15 is not associated with any stamfor
ing region raises the doubt that these stars could actually b
highly reddened post-AGB stars, or OH/IR stars similar tisth
mentioned in Section 2.2. Using K band photometry Akdri

9 um observations Ishihara etlal. (2011) were able to determine
mass loss rates and distances for carbon- and oxygen-riéh AG
stars in the Galaxy. The [K]-[9] colours for both GPSV3 and
GPSV15 would correspond to AGB stars with very large mass
loss rates, as high as 16! Mgyr=! according to Fig. A.2 in
Ishihara et al.[(2011). However, using these values and obei
served fluxes at @m in Eq. A.2 of Ishihara et al. (2011), yields
distances larger than 25 kpc from the Sun, which at their&ala
tic latitude ¢ ~ 2—3°) would put them 800 pc above the Galac-
tic plane and well beyond the Galactic disc ed@e~ 14 kpc,

see e.g. Minniti et al. 2011), thus ruling out a post-AGB sias
fication for both GPSV3 and GPSV15.

4.3.2 GPSV8and GPSV16

K band photometry of GPSV8 shows that the star was brighter
during 2MASS and GP %, observations in 1999 and 2005 but
faded by the epoch of GPR; in 2008 and remained at that
state during ISAAC and UKIRT observations in 2010 and 2012
(see FiglP). The fading is also apparent when compajitzer
11,12 (~ 2006) with WISEW1, W2 (~ 2010) photometry,
where the difference of bothl — W1,12 — W2 are larger than
the typical difference of- 0.2 mag found for field stars with a
similar magnitude to GPSV8. The ISAAC spectrum of GPSV8
(Fig.[Z0) shows strong Bremission along with CO absorption,
with Na | and Ca | also in absorption. The same spectroscopic
characteristics can be observed in the recent 2012 NIF$repec
scopic data. They are typical of EXor variables in the guéaesc

statel(Lorenzetti et &l. 2012) and consistent with the K Bigyhd
curve.

GPSV8 is also detected in VPHAS Direct comparison
of its ' — il,rl — Ha colours places it in thédd o emitters
region of Witham et al. (2008). We do note that their actual se
lection of H o emitters depended on the magnitude of the source
and field where it was located. The aforementioned coloss al
place it near the unreddened mid M star colours in Figure 6 of
Drew et al. (2005). However this classification is not pagsib
given its observeg/ — r/7 7 —i colours and the SED of the star
does not agree with a mid M star classification. TheEla colour
implies emission with maximum equivalent width of 40-B0
for the case of a heavily veiled YSO or object with a continuum
that is free of TiO bands. With near-infrared-Bemission as
well and a low mass Class Il YSO fit with the Robitaille et al.
models (see Tablg 3) an accreting YSO scenario for GPSV8 is
well supported.

The light curve of GPSV16 (see Figl 9) supports an out-
burst scenario with the star still close to maximum brighthe
at the moment of our ISAAC observations (2010). Further evi-
dence to support this scenario is given by the fact that the ob
ject is not apparent in the 2MASS (1999) images. The ISAAC
spectrum shows Bremission as well as CO in emission. These
emission features are much more clearly seen in the 2012 NIFS
spectrum of the source (F{g.]10). These are characteristias
EXor variable in outburst. The fact that the spectrum of GB&V
has not changed noticeably between the 2010 and 2012 observa
tions suggests that the star was either at a bright stateesr be
fortuitously observed during two separate outbursts.

The SED of GPSV16 shows a strong rise towards; 2
and a flat distribution towards longer wavelengths, simitar
what is observed in classical T Tauri stars (CTTS). Suppgrti

© 2002 RAS, MNRASD00,[1H25
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Figure 10.2.2 um ISAAC (top leff and NIFS botton) spectra for the four likely eruptive PMS variables. Spadeatures usually found for these type
of variable stars are shown in the bottom of each of the plbis.readily apparent that the R=5000 NIFS spectra reveahfare information than the
R=700 ISAAC spectrat@p right) FIRE 0.8-2.5um spectra of red sources GPSV3 and GPSV15.

a YSO scenario is the fact that the star is located at a pegject
distance of- 170’ from the star forming region G71.52-0.39 of
thel Avedisoval (2002) catalog (see Figlite 4), and although it
not conclusive this could be evidence for a possible assogia

SED fitting of GPSV16 with the tool of Robitaille etlal. (2007)
suggests a classification as low mass Class Il YSOs (see Tableedge-on system orientation can produce a similar effechte

B).

4.4 Young stars in Serpens OB2

In addition to GPSV3 and GPSVS8, the rest of GPSV1 to

GPSV11 are also located in the Serpens OB2 region.

The SEDs of GPSV1, GPSV2, GPSV7, GPSV10 and
GPSV11 are consistent with them being YSOs, rising unti typ
ically 3.6 um and then showing flatter SEDs towards longer with CO absorption bandheads in the 8\ region (Fig[IP)
wavelengths. We note the cases of GPSV7 and GPSV10, whichand no sign of By emission. However, its peak-to-trough am-

© 2002 RAS, MNRASD00,[1H25

show a dip in their SEDs in the mid-infrared before rising to-
wards24um. YSOs with this type of SED have been interpreted
as having optically thin or evacuated inner holes and an opti
cally thick edge at a radius @10 AU (Hartmann et al. 2005).
Alternatively, extinction of the hot inner parts of the disg an

that the GLIMPSE3D catalogue photometry flags indicate that
contamination from a nearby source may have affected the pho
tometry of GPSV7. The same source is probably responsible fo
the non-detection in 2MASS and DENIS and may well have af-
fected the WISE data.

From the aforementioned sources, only GPSV7 shows in-
teresting spectral features in our low resolution ISAACcérze
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and is discussed in the teRightAtomic lines identified in the NIFS spectrum of GPSV3.

plitude in K barely exceeds 1 magnitude, making its eruptive ~ *F L~~~ T T~ T T T T T T T T T "

nature questionable. 1 W%

GPSV1 and GPSV11 correspond to the most interesting gL
cases. The magnitude of GPSV1 rose by 3.75 mag between the e
two epochs of GPS, then declined by 0.26 mag in our ISAAC 8 Gpsvi
photometry. The fact that the star is not visible in the 2MASS -
image provides some support for a possible recent outbcest s WMWWWWM%
nario. Unfortunately even at its brightest state the stastils
faint for our ISAAC spectroscopic observatiors ¢~ 15.4 mag)
and no characteristic features for FUor/EXors could betifled
from the spectrum of this object. However, the flat slope ef th
spectrum rules out a normal main sequence classificatigraand 4L epsvio
noted above, the SED rises steeply towards;Br§ consistent e e e p e\ e SO
with a YSO interpretation. If the variability is due to a YSQte L
burst, the rate of decline between GRS and ISAAC is~0.01 L

Relative Flux

mag/month and the star would return to its pre-outburst mag- Y

nitude (assuming the first epoch of UKIDSS GPS photometry

as the pre-outburst state) 4130 yrs. This falls in the expected " VLT/ISAAC

timescale for an FUor outburst (see ¢.9. Kospal et al./[p011 R T
GPSV11 shows similar magnitudes in both 2MASS (1999) 2.1 .2 2.3 2.4

and the first epoch of GPS (2005), followed by a strong decline Wavelength (um)

towards the GPS K(2008) and ISAAC (2010) epochs ef 2.5 Figure 12. Spectra for stars discussed in Secfiod 4.4. Spectral &satur
magnitudes. The recent UKIRT observations (2012) show that ysually found for eruptive variable stars are shown onlyG&ISV7, the
the object has returned to a magnitude level similar to that 0 only object where CO absorption bands can be identified. t&pfar the
2MASS. The magnitude change in this source is probably not other four objects are dominated by noise.

related to variable extinction along the line of sight (seloty).

It is unfortunate however that the spectrum, also dominbted

noise, makes it impossible to observe any spectral chaistats

that could clarify the nature of the object, however the ol ability of the former is more likely related to variable exttion
slope in the spectrum of GPSV11 goes against a main sequencen the line of sight (see below). Similar to GPSV8, GPSV2 is
star classification which supports the YSO scenario forstas also detected in VPHAS and is located on the lower envelope

GPSV2 and GPSV10 are also highly variable objects with of the H« emitters distribution from Witham et al. (2008). The
variations of 2.4 and 1.5 mag respectively. However, thé var case for line emission is also marginal when comparing te Fig

© 2002 RAS, MNRASD00,[1H25
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ure 6 inDrew et 81.[(2005). The — i andr’ — Ha could be
compatible with an unreddened mid-M star. The slope of the ob
served K band spectrum is incompatible with this scenafie T
observed SED also goes against the mid M classification. Then
the Ha equivalent width could be 30-48 if the underlying
SED is free of TiO bands. This supports a YSO classification.
The slope of the ISAAC spectrum and the SED of GPSV10 are
inconsistent with a normal main sequence star and suppert th
YSO classification.

GPSV9 is a very red (and faint) object. Its relatively low

observed amplitude of 1.16 magnitudes makes an eruptive Yso™

classification questionable, similar to objects GPSV4, &S
and GPSV6. However, the apparent spatial association séthe
objects with Serpens OB2, makes them likely YSOs. Spectra
of the four candidates did not help in the classification efth
objects.

5 DISCUSSION
5.1 Physical Mechanisms

We note that for two of the objects discussed as probable erup
tive variables above, GPSV8 and GPSV15, peak-to-trough K-
band amplitudes do not exceedl.5 mag, bringing some con-
flict with one of the main characteristics used to define erup-
tive variables, which is an increase of brightness largan tht
least~2 magﬂ. Although this is probably due to the incomplete
coverage of the light curves, we want to discard other ptessib
physical mechanisms that could be causing large varigbilit

Several physical mechanisms can explain the near-infrared
variability observed in YSOs. Some of these mechanisms are
cool spots induced by magnetic activity, hotspots formethiey
accretion flow (see e.g. Scholz eilal. 2009), magnetic fi¢t-in
action between the disc and the star (Romanoval et all 2083) an
accretion driven wind and outflow _(Bans Konigl 2012). How-
ever, these mechanisms often produce short-term vatiabith
amplitudes that are not expected to exceed 1 magnitude in K
band. Changes in the extinction along the line of sight can pr
duce larger changes in magnitude and on longer timescaes (s
e.g. the long-lasting deepening of AA Tau, Bouvier et al.301
In this case the colour of the star would be expected to move
along the reddening vector in colour-colour plots.

The fact that we us@A K = 1 mag to select our candi-

T
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Figure 13. J — H, H — K colour-colour plot comparing the 2MASS

dates already discards some of the mechanisms stated .before(blue), GPS greer) and ISAAC ¢ed) colours for some of the objects in
The changes in colour of the sources discussed above[{Big. 13our sample. The errors are plotted only for objects thatgresignificant

) can provide further information on the nature of the olgect
EXor variables for example are expected to have bluer colasir
their magnitude increases. However, this is not observexliin
sample. We note that due to the limited coverage we are net abl
to directly compare colours from quiescent and bright statée
can only discard variable extinction as a possible explandie-
cause the stars do not move along the reddening vectorgtexce
in the case of GPSV2.

Carpenter et al.| (2001) find 1235 variable stars in their
study of the Orion molecular cloud. Visual inspection ofithe
light curves yields 20 variables witk" peak-to-trough ampli-
tudes> 1 mag. The variability of most of these stars is of the
order of days and is likely to be explained by the physicat pro
cesses discussed above. However, a handful of stars plaggnt

3 This is the limit usually found in the literature. We notettttze orig-

inal classification for these type of objects was done in thtical and

amplitudes are usually smaller in the infrared. Thieband amplitudes
of the (new detections) EXor sample from_Lorenzetti etlaD1?) (see
their Table 1) show a limit oA K > 1.2 mag, with the majority of the
sample havingA K > 1.95 mag.

© 2002 RAS, MNRASD00,[1H25

uncertainties on their measurements.

variability (up to 1.7 mag) on longer timescales, driven bga
points in the light curves and resembling what one would epe
to observe in eruptive variables. We note that Carpentdr et a
(2001) do not claim to have observed any FU Ori type outbursts
We want to determine the likelihood of detecting any of
the 20 high-amplitude_Carpenter et al. (2001) variablegubly
observing two epochs and as a function of a defined amplitude
cut. In order to do so, we selected two random points of the
light curve of each star in the high amplitude Carpenter.et al
(2001) sample, determine the magnitude difference betwesen
two points and marked a detection if the difference was large
than the defined amplitude cut. The process was iterated a few
thousand times. The likelihood of the detection of each istar
then defined as the number of detections divided by the number
of iterations. The sum of the expected detections over the 20
variables from the Carpenter el al. sample was multipliethby
ratio between the number of OB stars in Serpens OB2 and those
within the region of Orion studied hy Carpenter et al. (2001)



20

C. Contreras PRa et al.:

40

30

20

10

90

60

30

AK [mag]

Figure 14.top Expected number of stars to be observed in Serpens OB2
as a function of amplitudes6lid line). The results are also divided in
stars with short-term variabilitydashed ling and long-term variability
(dotted ling. bottomPercentage of detections as a functiodX com-
paring short-term variablesldshed lingwith long-term and more likely

to be accretion-related variablegoted ling.

The described process yields the number of variable stars
we would expect to have selected in Serpens OB2 as a function
of the amplitude cut (see Fig.114 ). Even though there are a num
ber of caveats to this analysis, we find that for an amplitude c
of AK = 1 mag, we should detect 7 variables, which is remark-
ably close to our actual number (11). At this amplitude cut, a
large part of our sample would be formed by stars which vari-
ability is explained by other processes than abrupt chaingae
accretion rate. However, we observe that /oK > 1.1 mag,
the sample is mostly formed by stars which vary over longer
timescales driven by a few points in their light curves (edtt
line in Fig.[14), and thus more likely associated with adoret
related variability. Even though our analysis uses souines
Serpens OB2, we can assume that the observed photometri
changes in YSOs in our sample which pres@ril’ > 1.1 mag
are more likely related to this type of variability.

5.2 Molecular Hydrogen outflows

The visual inspection of the UKIRH: — K difference images
reveals the presence of only one pair of brightrhblecular out-
flows in the area of Serpens covered by our study. We identify
them as the previously discovered emission features MHD220
and MHO2202, which are associated with the deeply embedded
luminous YSO IRAS 18151-1208 (Varricatt ef lal. 2010). There
is also widespread diffuse Hemission in parts of the region,
but no other jet-like features that can be associated withghes
star. This suggests that the observations were not deemlenou
to detect jets associated with low mass YSOs.#poutflows
could be observed near the eruptive variable candidate/&PS
to GPSV11. Similarly, there is no sign of an outflow in the NIFS
integral field data for the four objects spectroscopicadyified
as eruptive variables (GPSV3, GPSV8, GPSV15 and GPSV16).
Most FU Orionis objects are known to be associated with
Herbig-Haro objects (Reipurth & Aspin 1997) and drive melec
ular outflows |[(Evans et al. 1994), whilst EXors generally do
not show evidence of shocks as a major mechanism of excita-
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tion (Lorenzetti et &l. 2009). FU Orionis itself, althougaving
massive winds, does not drive a molecular outflow (Evansl et al
1994) which could be explained by the lack of organization of
magnetic fields required for jet launching and collimatiortie
binary scenario of (Reipurth & Aspin 2004) or by previous-out
flows having cleared up the remnant envelope evidencing the
lack of swept up material which constitutes the molecular ou
flows (Evans et al. 1994).

From the objects associated with the deeply embedded sub-
class of eruptive YSOs, OO Ser is associated with fainsirbck
fronts (Hodapp et al. 2012), corresponding to MHO 3245 in the
catalog ofi Davis et al.l (2010). GM Cha is the driving source
of a CO outflow and shows & band spectrum dominated by
H2 emission with several shocked; lémission knots observed
along the CO flow/(Persi et al. 2007). Finally, V2775 Ori is not
associated with any outflows norldhock emission.

Given the limitation imposed by the sensitivity of the
dataset and the fact that outflows are not ubiquitous in erup-
tive variable YSOs, the lack of observable ldmission near
our somewhat more distant candidates is not a strong argumen
against their eruptive variable classification.

5.3 Eruptive variable classification

Although four stars in our sample show strong charactesif
eruptive variability, it is difficult to classify them as bér of the
two known classes of this kind of variables.

GPSV3 and GPSV15 show similar spectra to known
deeply-embedded FUor-like objects and that of OO Ser. How-
ever, the amplitude and time-scale of the variation, withatvh
appear to be repetitive outbursts, are not in line with the ob
served behaviour of OO Ser itself and the outbursting ptatos
[CFT93]216-2|(Caratti o Garatti etlal. 2011). In fact, theth
metric behaviour of both candidates is similar to that obeser
for deeply embedded objects V371 Ser (Hodapp let al.l 2012) and
source 90 in the study from Varricatt, Davis, & Adamson (2005
of SFR 173.58+2.45. The latter has large infrared coloudsitan
is the driving source of an Hmolecular outflow. Its variability
was first thought to be of the FU Orionis kind but this classi-
fication was discarded because of the shorter time scaleeof th
variation/! Varricatt et al! (2005) still conclude that i@riability

Cprobably arises from variable accretion. V371 Ser is clashi

as a Class | object, also driving a IFholecular outflow. Its vari-
ability is periodic (P = 543 d) and is thought to be explained by
periodic variation of the accretion rate, modulated by thesp
ence of a close companion (Hodapp et al. 2012). A binary com-
panion in an elliptic orbit is a possible explanation for Figor

and EXor phenomena, given that some repetitive EXors have
been seen (though not FUors). Hodapp etlal. (2012) proposed
that V371 Ser represents an extension of eruptive varigldi
shorter periods.

The spectrum and photometry of GPSV8 from 2010-2012
is consistent with an EXor during quiescent states. Howdker
star appears to have been at a bright state during 1998-2005 (
though this conclusion is based on only two epochs of observa
tions), if so the time-scale is inconsistent with EXor valés.

The spectrum of GPSV16 shows strong emission linesy,(Br
CO) during 2010 and 2012 observations, which is usually ob-
served in EXor variables during bright states. Howeverptie-
tometric data of the object would point towards an FUor type
outburst given the longer timescale of the variation.

A number of stars in which the observed eruptive variabil-
ity is thought to be accretion related have shown charatitesi
that can be associated with both sub-classes of eruptive var
ables. e.g. V1647 Ori, V2775 Ori and OO Ser. These objects
have been proposed to be intermediate objects between EXors
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and FUors or being the extension of the phenomenon towards the Tillinghast Telescope (FAST, _Fabricant et al. 1998)hwai

lower luminosities.

This raises the scenario where eruptive variability can-
not be simply divided in two distinctive sub-classes but it
is instead formed by a continuum of outburst events of dif-
ferent luminosities, amplitudes and time-scales, butgaigd

by a similar physical mechanism (see e.g. Fedelelet al. 2007;

Caratti o Garatti et al| 2011; Kospal et al. 2007; Gibb et al
2006).

spectral resolution b\ ~ 6 A, covering the wavelength range
3500-7500A. The equivalent width (EW) of the tdemission is
9.7A, and the spectral typing of the object yields a B5 spectral
type based on the EW of the Hel 4471, and just resolved but
weak Mgll 4481 absorption lines. The reddening is estimsted
be Ay = 3.00 £ 0.15. Assuming a B5V classification yields a
distance of~ 2.8 kpc.

The 2004/2005" —i',r" — Ha colours of GPSV13 allow

Thus, our results seem consistent with this scenario, where us to estimate the EW of theddemission as~20-22A, which

GPSV3 and GPSV15 would be new additions to the deeply-
embedded extension of the FUor phenomenon.

Future photometric monitoring of the sources will allow
us to better constrain the timescales of the observed variab
ity. Also, spectroscopic analysis of sources in later delisases
from GPS (DR7,DR8), with addition of future searches in the
multiple K band epochs data from VVV will help us in our
effort to characterise and understand the subclasses ptiveru
variables.

6 VARIABILITY OUTSIDE STAR FORMING
REGIONS

is higher than the measured value of 2009 and consistent with
the photometric behaviour of the object under the clas®eal
interpretation described below.

Classical Be stars show variability over long timescalas th
can be attributed to the dissipation of the disc (Porter &irfir
2003). During this process, the star will go from having an
emission line spectrum to a normal B type star spectrum (see
e.g/McSwain et al. 2003; McSwain, Huang, & Cies 2009). This
process could explain the observed behaviour of the speaifu
GPSV13. In addition, dissipation of the disc could expldia t
large (1.2 mag) decline in brightness in the K band from 2005
to 2010. Inspection of Figure 9 of Carciofi & Bjorkmen (2006)
shows that the dissipation of a pole-on disc in the modelsexfe
authors just reproduce the observed amplitude of the change

Five stars from our DR5 sample are marked as variables not This scenario also explains the apparent lack of IR excet®in
associated with SFRs. GPSV15 has already been discussed a2010 WISE W1, W2 magnitudes.

length and has been classified as a probable eruptive \ariabl
in our analysis. From the remaining four stars, GPSV13 and

GPSV17 correspond to blue objects, with GPSV17 already be-

ing identified as Nova Sct 2003. The location of GPSV12 in its
local CMD is consistent with a late type dwarf or a distant gi-

An alternative scenario would be that GPSV13 is a fairly
evolved Herbig Ae/Be star with a far IR excess not detectaible
WISE data. However the star is not close to any known SFR,
there is no observable nebulosity in the WISE colour image
of the region and the estimated distance to the object implie

ant in the Galactic halo, whilst GPSV14 seems to be projected that GPSV13 would be- 160 pc above the Galactic plane, at

against the dwarf sequence on its CMD in Fiddre 2.

High amplitude variability can be produced by a great
number of physical mechanisms. Inspection of Figure 2 of
(Corradi et al. 2008) shows that symbiotic stars, classBml
stars and cataclysmic variables, among others, can be faund
the location of the objects in near-infrared colour-colplots.

We also note that Algol-type eclipsing variables show large
variability at optical wavelengths and while amplitudesaar-
infrared wavelengths are lower, it is conceivable that weldo
detect an extreme case of this type of variable stars.

Not much information is available for objects GPSV12 and
GPSV14. The latter was not included in the VLT/ISAAC fol-
low up and only has magnitude information from the UKIDSS
GPS data. GPSV12 was faint at the time of our ISAAC obser-
vations and the spectrum did not help to draw any conclusion
regarding its classification. GPSV12 could plausibly be &NA
(see§2.2) but the higher amplitude of variability in GPSV14 (2.1
mag) makes this interpretation unlikely for that object.

6.1 GPSV13, A highly variable classical Be star?

GPSV13 is one of the two blue DR5 sources and it is also one of

the brightest variable stars in our sample. Its 1999 2MASS K
magnitude is very similar to the first K band observation ofSGP

least three molecular cloud scale heights for an inner Gadax
ject. Figure 2 in_Hernandez et al. (2005) compares theilmtat

of classical Be and Herbig Ae/Be stars in near-infrared welo
colour plots, the authors find that these types of varialdemgo
occupy different places in these diagrams. The observedicl

of GPSV13 would place the object in the classical Be region.
Also, its SED resembles those of classical Be stars from the
sample of Hernandez etlal. (2005), Eek 15. Thus the cla8sica
scenario seems the most likely explanation for GPSV13.

If GPSV13isin fact a classical Be star, it would correspond
to one of the most (if not the most) extreme variable star isf th
class. To our knowledge classical Be stars have not been ob-
served to vary by more than 1 magnitude (see k.g., Ashok et al.
1984; Dougherty & Taylor 1994).

7 SUMMARY

We have presented the results of the first panoramic search fo
high-amplitude near-infrared variables in the Galactangl We
summarize our principal results as follows.

e The search for high-amplitude infrared variables in data
releases DR5 and DR7 of GPS yields 45 stars which display
AK > 1 mag. The sample included one known nova and two

in 2005. The star was fainter at the second GPS epoch (2088) an OH/IR stars. Most notably, two thirds of our candidates are

continues fading towards our VLT/ISAAC observations (2010
The spectrum of the star at this last epoch showgiBrabsorp-
tion (see figur€15).

The object was found to be classified as am émitter in
thelWitham et al.[(2008) catalogue. The IPHAS observation fo
this object took place in 2004/2005 during the bright stdthe
object. Figuré_I5 shows the optical spectra of GPSV13 deitec

located within known areas of star formation and are likely
YSOs. Four other stars also show characteristics of YSOs but
do not appear to be close to areas of star formation. Thus we
discuss the possibility of high-amplitude IR variables aseer

of star formation.

e The high YSO fraction found in our study implies an

in June 2009 at the 1.5 m Fred Laurence Whipple Observatory average source density of 0.19 dégWe conclude that this

(FLWO) Tillinghast Telescope using the FAst Spectrogragh f

© 2002 RAS, MNRASD00,[1H25
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Figure 15. The optical FAST spectrum of June 2009, along with the VLAAE observations of July 201adp). K band light curve [fottom righ}
and spectral energy distributiobdttom lefj of the object GPSV13. The latter is compared to a B5V (154DC#stelli & Kurucz model atmosphere
(solid ling) and the same model reddened4g = 2.55 mag (otted ling and Ay, = 3.45 mag @ashed-dotted line Fluxes of the model where
arbitrarily set to match the 2018 observations of VLT/ISAAC. The models are reddened usiegQhrdelli, Clayton, & Mathis (1989) extinction law
for wavelengths in the range3pm< A < 3.3um. Extinction towards longer wavelengths is derived follogvthe. Chapman et al. (2009) extinction
law for Spitzerbands.

if we had sufficient sensitivity to detect them across thea@gal in stars withAK > 1.1 mag in two epochs of observation
after allowing for the effects of 2-epoch sampling and scale separated by a few years is most likely related to longer
height upon our sample. This would make PMS stars the timescale variability like that observed in eruptive vatés.
commonest type of high amplitude variable in the near-nefila

e Stars confirmed as eruptive variables show characteristics
e Considering the DR5 sample, we assign an eruptive vari- that could be associated with either of the two known clases
able classification to four stars based on their observedrspe these type of variable stars (EXors or FUors). This is found t
characteristics and their resemblance to known members of he consistent with recent studies that suggest that thedipis
the FUor/EXor class. Two of these are likely new members accretion phenomena is comprised of a continuum of events

of the deeply embedded subclass of el’uptive variables. Nine with different properties but triggered by a similar phWK:
stars likely associated with the Serpens OB2 associatien ar mechanism.

confirmed as having YSO characteristics, but an eruptive

variable classification cannot be confirmed. In this context

physical mechanisms that could explain IR variability inQ0'S e Variable stars in the Serpens OB2 region do not show any
are discussed. Variable extinction along the line of sight i Signs of molecular outflows.

found to be the likely cause of the variation for only one of ou

variable objects. e Four stars in the DR5 sample appear not to be associated

with star forming regions. We argue in favour of a classical B
e The comparison with the variable YSO sample of classification for one of such objects. If so, the star woddbe
Carpenter et all (2001) allows us to estimate that the viditiab of the most variable classical Be stars.

© 2002 RAS, MNRASD00,[1H25
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APPENDIX A: SEDS OF DR7 OBJECTS IN SFRS

The spectral energy distributions for the 17 objects from7DR
associated with SFRs (sectibnl2.3) are presented in figure Al
In addition we present the SEDs for the three objects that
have similar characteristics to YSOs in colour-colour glotit

are not located near a known star formation region. These are
GPSV36, 40 and 43. The SEDs are constructed using the 2
epoch UKIDSS GPS DR7 information (2005,2008) and public
data, when available, from the Spitzer legacy survey, Cggnu
X (2007-2008 observations), and/or WISE (2010 observajion
Some of the objects that lack mid-infrared data, or for wkinoh
infrared excess is not clear, are compared to an M5V (3240 K)
Castelli & Kurucz model atmosphere, and the same model red-
dened toAy =10 and 20 magAy =20 is near the upper end of
the possible interstellar extinction column values for afithe
variables (determined i§2.2 using the local CMD for the field
around each source).

The fact that the near- and mid-infrared observations are
not contemporaneous does not allow to clearly classify sofime
the objects as YSOs. This is observed in GPSV32 where if we
only take into account the first epoch of GPS and the Spitzer
data, its SED resembles that of an M-dwarf with- = 20 mag
of extinction. This changes if we take the second GPS epath an
Spitzer data, where the SED would point to an infrared excess
The same issue arises in GPSV29.

It is also difficult to classify as YSOs objects in our sam-
ple without mid-infrared data. In every case, these objeatsd
point to either infrared excess (not being observed) orecorr
spond to highly extinct M-dwarfs. As an example we compare
the object GPSV34 (a spectroscopically confirmed YSO, Contr
eras Pefa et al., in prep.) with the same Castelli & Kurucdeho
atmospheres in figule"Al. We see that the near infrared data
from the second GPS epoch is well fitted by a M-dwarf with
Ay = 20 mag of extinction. However, the mid-infrared data al-
lows us to confirm its probable YSO nature. Two of the objects
with GPS data only are confirmed via its spectra in the arglysi
to be presented in an upcoming study (Contreras Pefia &t al.,
prep.), these are GPSV19 and GPSV22.

Objects GPSV36 and GPSV43 have no association with a
star forming region (sectidn_2.3). However, their SEDs skow
clear infrared excess that suggests a YSO classification.

Even though we cannot confirm every object in SFR as a
YSO, the SEDs shown here and the spectral characteristics fo
a sample of them (Contreras Pefia et al., in prep.) pointdb su
classification for the majority of them. This supports oun-co
clusion that finding high amplitude variables close to amefas
star formation is sufficient evidence that most of thesessieg
YSOs.
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Figure Al. Spectral energy distributions of DR7 objects in SFRs, idiclg three objects with YSO characteristics which are nahébwithin SFRs.
Data for some of the objects are compared to a M5V (3240 _K)dlle&tKurucz model atmospheres¢lid line) and the same model reddened to
Ay = 10 mag @otted ling and Ay, = 20 mag @ashed-dotted lirje Fluxes of the model where arbitrarily set to match the 22089 H observations
of GPS. The models are reddened using the Cardelli &t al9§¥9&inction law for wavelengths in the ran@8y m< A < 3.3 m. Extinction towards
the wavelengths of th8pitzerbands is derived following Chapman et al. (2009).

© 2002 RAS, MNRASD00,[1H25



	1 Introduction
	2 Candidate Selection from GPS
	2.1 Search method and spatial bias
	2.2 Search results
	2.3 Concentration of extreme variables in SFRs

	3 Follow up Observations
	3.1 VLT/ISAAC
	3.2 Magellan Baade/FIRE
	3.3 Gemini North/NIFS
	3.4 UKIRT/WFCAM
	3.5 VST/OmegaCam VPHAS+
	3.6 Public Surveys

	4 Results
	4.1 Near- and mid-infrared photometry
	4.2 2007Robitaille SED fits
	4.3 Eruptive Variables
	4.4 Young stars in Serpens OB2

	5 Discussion
	5.1 Physical Mechanisms
	5.2 Molecular Hydrogen outflows
	5.3 Eruptive variable classification

	6 Variability outside Star Forming Regions
	6.1 GPSV13, A highly variable classical Be star?

	7 Summary
	A SEDs of DR7 objects in SFRs

