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A B S T R A C T 

The mass accretion process controls pre-main-sequence evolution, although its intrinsic instability has yet to be fully understood, 
especially towards the protostellar stage. In this work, we have undertaken a thorough examination of the mid-infrared (MIR) 
variability of Spitzer -selected young stellar objects (YSOs) in the Cygnus-X star-forming region over the last decade, using the 
Near-Earth Object Wide-field Infrared Surv e y Explorer time series. This work compares two groups of young stars: embedded 

Class I objects, and the more evolved flat-spectrum/Class II sources. We report on 48 candidate eruptive variables within these 
groups, including 14 with characteristics that resemble the photometric behaviour of FUors. We also include an additional 20 

YSOs, which are of a less certain categorization. We find the candidate FUors to be an order of magnitude more common among 

the younger Class I systems than more evolved objects. A large number of the identified short-duration eruptive YSOs display 

MIR colour behaviour that is redder-when-brighter, which contrasts with optically bright outbursts seen in YSOs. Finally, we 
note the unusual long-term rising behaviours of four Class I YSOs, with rise time-scales longer than 5 yr, which is far slower 
than ∼6–12 month time-scale for the majority of optically disco v ered FUors. Additionally, our broader inv estigation of MIR 

variability for embedded Class I YSOs shows that there is a higher incidence of high-amplitude variability for these stars, than 

is seen in Class II sources. This holds true for all variable Class I YSOs, not just the eruptive sources. 

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

re-main-sequence evolution of low-mass stars consists of four 
tages (from Class 0 to III), defined by the relative brightness
f the stellar photosphere and the circumstellar disc or envelope 
Greene & Lada 1996 ). Class 0 and Class I sources are the earliest
volutionary stages, so-called protostars, during which the young star 
s embedded in its envelope and optically invisible. During the more 
volved Class II stage, the young stellar object (YSO) is directly 
bservable at optical wavelengths, accompanied by active accretion 
unnel flows linking the circumstellar disc and the stellar surface 
Bouvier et al. 2007 ). Additionally, the ‘flat-spectrum’ stage (FS) 
s defined as the transitional stage between Class I and II, where
he stellar photosphere and accretion disc share similar luminosity, 
amely a flat spectral energy distribution (SED). Quantitatively, these 
re-main-sequence evolutionary stages were classified by the near 
o mid-infrared (MIR) spectral index α, as Class I ( α > 0 . 3), FS
 −0 . 3 < α < 0 . 3), and Class II ( α < −0 . 3). Previous photometric
urv e ys hav e rev ealed that the mass accretion process on YSOs has
 E-mail: c.morris6@herts.ac.uk 
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n inherent instability (e.g. Stauffer et al. 2014 ; Venuti et al. 2019 ;
ontreras Pe ̃ na et al. 2020 ). Ho we ver, most past works focused
n the optical to near-infrared (NIR) variability of Class II YSOs.
ystematic monitoring of the accretion variability of protostellar 
luster members will shed light on the accretion variability towards 
arlier evolutionary stages, where the average accretion rate is higher 
han in the FS and Class II stages (see the models used in Fischer
t al. 2017 ). 

The long duration time co v erage of MIR surv e ys, by Spitzer ,
ISE , and the current Near-Earth Object Wide-field Infrared Surv e y
xplorer (NEOWISE, Hora et al. 2007 ; Wright et al. 2010 ; Mainzer
t al. 2014 ), provides the ability to find variable events on multiyear
ime-scales. The nearby massive star-forming complex of Cygnus-X 

at roughly 1.4 kpc, Rygl et al. 2012 ) makes an excellent test site
or studying the long-term behaviour of YSOs, because of the wide
ange of surv e ys it is included within. These surv e ys co v er multiple
avelengths with a long time baseline, providing a high completeness 
f YSO candidates in the region. The large sample of Kryukova et al.
 2014 ), which identifies o v er 2000 candidate YSOs, utilized the full

IR co v erage pro vided by Spitzer to isolate YSO candidates on
he basis of MIR colour; these sources are e xclusiv ely Class I YSOs
ith a 24 μm ([24]) detection. The same sky region is also covered by
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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EOWISE, The UKIRT Galactic Plane Surv e y (UGPS) (Lucas et al.
008 ), the Two Micron All-Sk y Surv e y (2MASS) (Skrutskie et al.
006 ), Gaia (Gaia Collaboration. 2023 ), and the INT Photometric
 α Surv e y (Drew et al. 2005 ; Barentsen et al. 2014 ). 
In addition, there is a large list of YSO candidates available in the

ygnus-X region, from the Spitzer -based SPICY (Kuhn et al. 2021 )
atalogue of YSOs. SPICY uses a mixture of traditional infrared colour
uts and random forest classifiers to produce a comprehensive list
f Class II and FS YSOs in the 613 deg 2 co v ered by the existing
ryogenic-era Glimpse surv e ys (Benjamin et al. 2003 ; Whitney et al.
011 ). It contains a large number of Class I YSOs and a reduced
umber of Class III sources owing to the much lower IR excess
f those stars. In this instance, there are 7281 additional YSOs,
o those found in the aforementioned sample from the Cygnus-
 Le gac y Surv e y (Beerer et al. 2010 ; Kryuko va et al. 2014 ). 1 

iven the broad wavelength coverage of the region, there lies an
pportunity to investigate the range and frequency of both high-
mplitude variability generally and eruptive variability specifically,
or YSOs at different evolutionary stages. 

The post-reacti v ation NEOWISE surv e y pro vides an opportunity
o study the long-term time-domain behaviour of YSOs. The NEO-

ISE surv e y co v ers the whole sky in both the 3.4 μm W 1 and 4.6 μm
 2 bands. At present, there have been over 10 yr of continuous
onitoring, at ∼6 month intervals, comprised of many single scans.
onsidering the higher brightness at 24 μm of the Class I protostars,
ur sample of Class I YSOs will preferentially target the younger
bjects. Such a search for eruptive variables (EVs) at the protostellar
tage has not been previously carried out within Cygnus-X. 

Variability is a common characteristic among YSOs. This is
ften of a low amplitude nature ( < 1 mag in optical), driven by
mall changes in extinction along line of sight, accretion rate,
r by stellar rotation. Alternatively, unpredicted high-amplitude
ccretion events are observed on young stars, during which YSOs
ccrete a significant portion of their final mass (see Hartmann &
enyon 1996 ). These bursts have a myriad of different triggering
echanisms, with theoretical studies able to reproduce outbursts

ia: gravitational Instability (GI) and magnetorotational instability
MRI) in the inner disc (Kratter & Lodato 2016 ; Bourdarot et al.
023 ), thermal instabilities (Bell & Lin 1994 ; Nayakshin & Elbakyan
024 ), disc fragmentation, either due to GI (Vorobyov & Basu 2010 ),
r young massive planets (Clarke et al. 2005 ), stellar flybys (Cuello
t al. 2019 ; Borchert et al. 2022b ), and e v aporating young hot Jupiter
Nayakshin et al. 2024 ). This wide range also ensures that there is
o universal model for an episodic accretion event, and thus large
bservationally confirmed samples of these events will be required
o understand them further. 

Observationally, the young accretion bursts are traditionally char-
cterized into two distinct groups, based on their duration and
mplitude. The FUor-type, named after FU Ori, are long-lasting
order of decades or centuries) outbursts of high amplitude and a
omparatively short brightening time-scale, of the order of ∼1000 d
Hartmann & Kenyon 1996 ). These outbursts are considered rare,
ith only a few dozen confirmed by both spectroscopy and photom-

try (Connelley & Reipurth 2018 ), including those recently identified
y VVV and Gaia time series photometry (such as Contreras Pe ̃ na
t al. 2017a ; Hillenbrand et al. 2018 ; Lucas et al. 2024 ; Guo et al.
024a , b ). More recent works (such as Contreras Pe ̃ na et al. 2023 ;
ark et al. 2024 ; Tran, De & Hillenbrand 2024 ) have made use
NRAS 537, 2763–2781 (2025) 

 The data release document can be found here: https://l web.cf a.harvard.edu/ 
ygnusX/. 

t  

o  

C  
f the NEOWISE time series to identify younger or more heavily
mbedded FUor candidates, with a view to increasing the number of
ystems known. The NEOWISE stacked image catalogue unTimely
as also been used for this purpose (Li & Wang 2024 ). Additionally,
he surv e y of P ark et al. ( 2021a ) quantified the array of variabilities
een in YSOs with NEOWISE (although the majority of those authors
utbursting sources were Class II YSOs). The recurrence time-scales
f FUors are of the order of 10 5 yr (Scholz, Froebrich & Wood
013 ). These outbursts are driven by massively enhanced accretion
crushing the magnetic field of the star), which will then cause the
nner accretion disc to become self-luminous via viscous heating,
nd outshine the young star’s photosphere, hence the distinctive
pectrum of these objects (Zhu et al. 2009 ; Hartmann, Zhu & Calvet
011 ; Liu et al. 2022 ). Unlike FUors, there is another type of
oung outbursting stars called EXors. These have a much shorter
utburst duration of between months and a few years as well as a
ymmetric rising/cooling light-curve morphology (Lorenzetti et al.
012 ). Some EXors have repeated outbursting behaviour on a time-
cale of a decade (Kuhn et al. 2023 ) and some others may be
eriodic (Guo et al. 2022 ). Uniform amongst EXors is that the YSOs
aintain magnetospheric accretion (i.e the YSO’s magnetic field

s not crushed by the accreting material, and thus boundary layer
ccretion continues), with spectra frequently containing H I emission
ines (Contreras Pe ̃ na et al. 2017b ; Guo et al. 2020 ). Recently, a much
ider array of outb ursting beha viours has been noted among eruptive
SOs (re vie wed by Fischer et al. 2022 ), consisting of YSOs with
hotometric features similar to FUors, but with spectroscopic traits
ore comparable to EXors (see Brice ̃ no et al. 2004 ; Acosta-Pulido

t al. 2007 ). The range of behaviours is further challenged by the
IR VVV surv e y (Minniti et al. 2010 ; Guo et al. 2021 ), where the
ajority of long-duration outbursts ( > 10 yr) were displaying EXor-

ike magnetospheric accretion signatures in their spectra. More recent
iterature has referred to intermediate duration outbursts as V1647
ri-type (see table 1 in Fischer et al. 2022 ), which do not fit into

he classical EXor or FUor groups. V1647 Ori-type (also referred
o as MNors) outbursts are of interest in this work, owing to their
imilarities to both FUors and EXors. These similarities pertain to
oth their intermediate duration (faster than those of classical FUors
ut longer than EXors) and their mixed spectral features (often
eaturing emission lines). The durations are of further note because
f the number of newly disco v ered FUors with < 10 yr outbursts. See
rice ̃ no et al. ( 2004 ), Aspin et al. ( 2009 ), Ninan et al. ( 2013 ), and
ark et al. ( 2021b , 2022 ) for further discussion on the group and of
1647 Ori in general. 
The incidence rate of eruptive variability in YSOs is a sub-

ect of importance when considering the ‘protostellar luminosity
pread problem’, but the variance in amplitude (with respect to
he photometric bandpasses being used for observations) has not
een probed in detail previously. Statistical studies using large-
cale photometric surv e ys rev ealed that accretion outbursts are more
ommon at younger stages, with a lower occurrence rate towards
ore evolved systems (see Contreras Pe ̃ na et al. 2024 ). Ho we ver,

riven by the larger amplitudes observed in the optical and near-IR
as compared to those found in the MIR), YSOs with a less massive
nvelope are easier to detect during the outburst, leading to a bias on
he estimated number density. 

Most eruptive YSOs have amplitudes ≥2 mag in NIR surv e ys (see
uo et al. 2024a ), although there is a significantly higher ceiling than

his (e.g. �W 2 = 8 mag Lucas et al. 2020 ). We calculated amplitudes
f a large number of confirmed EVs from the Outbursting YSOs
A Talogue (OYCA T; Contreras Pe ̃ na et al., in preparation). We find

https://lweb.cfa.harvard.edu/cygnusX/
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hat EVs in the optical/NIR bandpasses have a median amplitude of
.3, 4.0, 3.2 mag in the G , R, and K s filters, respectively. 
A sample of nearby YSOs, selected from the MIR NEOWISE 

hotometry, is desired to examine the range of eruptive behaviours 
owards the younger evolutionary stage. We have performed a 
etailed surv e y to monitor the long-term time-domain behaviour 
f these young systems, providing insight into how common the 
raditional FUor and EXor variables might be among a MIR-selected 
opulation, or if other eruptive events will dominate. 
In this work, we will present two selections of YSOs within the

egion of Cygnus-X. Sample (1) consists of embedded objects with 
 24 μm detection, mostly Class I YSOs with a small number of FS
tars. Sample (2) is comprised of non-embedded FS and Class II/III
ources (likely without envelopes), taken from The Spitzer /IRAC 

andidate YSO Catalogue ( SPICY ; Kuhn et al. 2021 ). The details of
ur sample selection methods and data-processing procedures are 
resented in Section 2 . In Section 3 , we will discuss individual EVs
f interest within each selection. Then, in Section 4, we will compare
he incidence of eruptive variability (and of the FUor phenomenon, 
n particular) between both populations and of similar sources from 

he literature. 

 SAMPLE  SELECTION  A N D  DATA  

ROCESSING  

n this section, we will present the data products applied in this
ork, including archived data products from the WISE satellite and 
I observations for highlighted sources. We will also introduce our 
election methods to identify eruptive YSOs among the members of 
he Cygnus-X star-forming region. 

.1 Archi v ed W ISE data 

e obtained NEOWISE light curves from the NASA/IPAC In- 
raRed Science Archive for the 2007 YSO candidates in Cygnus-X 

Kryukova et al. 2014 ), among which 1552 sources have a detection
n at least one epoch of the time series, in both W1 and W2 . Of these
552 sources, 1332 (these forming our first sample) have detections 
n at least 50 per cent of the possible epochs of single scan data.

e use the terms ‘scan’ and ‘epoch’ with regard to the NEOWISE
ime series to refer to the multiple single images (scans) that are
aken o v er the course of a few weeks, this being repeated ∼2 times
er year (epochs). For each of the 1332 light curves, the NEOWISE
ingle-scan data were combined with the earlier WISE measurements 
ALLWISE, WISE 3-Band Cryo, and Post-Cryo, where available, 
cquired from the ALLWISE Multi-Epoch Photemetry Table). The 
hotometry from the individual scans was then cleaned by removing 
etections with a high psf error. Additionally, those points with either 
1snr or w2snr < 5 were subject to cuts first used in Koenig &
eisawitz ( 2014 ): 

 1 rchi2 < 

w 1 snr − 3 

7 
, (1) 

2 rchi2 < (0 . 1 × w2 snr) − 0 . 3 . (2) 

Data points that did not pass either criterion were not included 
n the per epoch median magnitudes. The error bars were taken as
he standard deviation for the cleaned single-scan images at each 
poch, rather than the stated photometric error in the catalogue. This
hange was moti v ated by the larger spread in fluxes at each epoch
han the stated errors, which may be indicative of an underlying 
nderestimate of errors in the NEOWISE data. In this work, we 
easured the standard deviation of the aforementioned spread to 
e 0.22 mag for the W 1 bandpass, and 0.15 mag in W 2. These
alues are obtained by first finding the average scatter in each
epoch’ for a given star, then retrieving the standard deviation in
his value across the whole sample. There is no clear magnitude
ependence on the scattering within our sample. We also note 
hat since most of our targets are faint sources located in crowded
elds, the y hav e systematically larger spreads per epoch compared
ith the brighter and more isolated WISE sources (see e.g. Lucas

t al. 2024 ). Additional data cleaning involv ed remo ving photometric
easurements associated with quality control flags attributed to the 

rame itself ( ′ qual frame ′ �= 0) or those had measured fluxes as upper
imits only. 

To remo v e an y bias associated with the selection of more heavily
mbedded YSOs (as well as investigating the distribution of EVs 
ithin this regime), a counterpart sample of sources was selected 

rom the SPICY catalogue (Kuhn et al. 2021 ), featuring all candidate
SOs within the sky area used by Kryukova et al. ( 2014 ), that did
ot feature in those authors’ sample. This SPICY sample includes 
281 stars that were not recognized by Kryukova et al. ( 2014 ), of
hich 5592 possess NEOWISE light curves, and 4935 have data of

ufficient quality for analysis. We deem that a star must have data in
t least 40 per cent of epochs to reliably analyse in this regard. 

Both the binned (the median of each scan within a single obser-
 ation windo w) and unbinned light curves in the first sample (1332)
ere visually inspected to locate eruptive YSOs. Eruptions were 

onsidered for stars with amplitudes of o v er 1 mag, in either WISE
andpass (corresponding to ∼2 mag in optical band-passes), and 
bvious brightening from a quiescent state, leaving 299 light curves. 
ome sample members were further examined via the inspection of 

heir unTimely (Meisner et al. 2023 ) light curves, generated with the
ntimely catalogue tool (Kiwy 2022 ). The untimely catalogue is the
ime series of unWISE (Meisner, Lang & Schlegel 2018 ), which stack
he individual NEOWISE sky-passes to create deeper ( ∼ 1.3 mag) 
er epoch images, using the crowdsource source detection and 
hotometry software (Schlafly et al. 2018 ). The sources examined 
ere were those with clearly variable light curves but with either high
hotometric error or a number of non-detections. 
Candidate long-duration eruptive YSO outbursts were identified 

y fitting the light curves to a characteristic shape, defined by the
ising slope, and a post-outburst linear decay. The two-component 
ising slope is defined in equations ( 3 ) and ( 4 ), as listed in Lucas
t al. ( 2024 ): 

 ( t) = m q − s 

1 + e −( t−t 0 ) /τ
where t < t 0 , (3) 

 ( t) = m q − s(0 . 5 + 0 . 25( t − t 0 ) /τ ) where t 0 ≤ t ≤ t 0 + 2 τ, 

(4) 

here m ( t ) is magnitude as a function of time ( t), m q is the magnitude
t quiescence, t 0 is the time at which the star is at half the peak
mplitude ( s), and τ is the e-folding time-scale. The fitting combines
he abo v e formalism with a linear decay that runs from t 0 + 2 τ to the
nd of the time axis. The fit itself makes use of SCIPY ’s curvefit
outine, using the abo v e model, to fit the initial guesses for five free
arameters ( τ , t 0 , m q , s, and the final magnitude), that are then fit
y EMCEE o v er 10 000 iterations (this code is now packaged as part
f aptare 2 ). The sources with the lowest reduced mean squared
rror are then inspected to confirm as the FUor-type (examples are
MNRAS 537, 2763–2781 (2025) 
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resented in Appendix A ). We employed a cut-off value in root mean-
quared error (RMSE > 0.1) between the fit and the normalized light
urve to separate the candidates. This value is calculated from flux
ormalized between 0 and 1, and not the original apparent magnitude,
nd the RMSE is a measure of the average deviation (in this instance
ot more than 10 per cent of the amplitude). We note that this cut
id lead to 2 likely genuine eruptive targets (considered as such from
heir amplitudes and o v erall morphology) failing the cut, which were
e-confirmed by visual inspections. This method does struggle to
dentify sources with bursts at the start of the NEOWISE monitoring
indow, as well as those that are currently rising (or very recently
nished), such as Source 2003. It should be noted that all stars

hat were identified as EV candidates by visual inspection were still
ubject to analysis and that this fitting method was trialled to locate
SOs resembling classical FUors. 
We also utilized the two-epoch UGPS surv e y (Lucas et al. 2008 ;

ucas et al. 2017 ) to identify YSOs with earlier outburst events
these being between 2011 and 2012) than would be seen between
he epochs of the Spitzer Cygnus-X Le gac y Surv e y and ALL-

ISE/NEOWISE surv e ys. We selected members of the Kryukova
t al. ( 2014 ) catalogue featuring a detection in 50 per cent of UGPS
mages, then visually inspected the images to confirm genuine
ariability. This search identified 15 candidates, of which 11 were of
ufficiently high amplitude ( > 2 mag in K) to be considered eruptive.
f those 11, only two were not picked up by the NEOWISE search
ethod (see Section 3 ). 
The techniques detailed in this section were focused on identifying

Uor -type beha viour primarily, because of their rarity and the long
ime-scale of these outb ursts. EXor -type YSOs were still important
n this work and will be discussed further below. The fitting methods
bo v e do not suit the shorter outbursts of these stars and would be
hallenging to distinguish from quasi-periodic and aperiodic dippers
n many (but not all) cases. 

.2 Additional data products 

e present three K-bandpass spectra of two candidate EVs identified
ia the large flux differences between two photometric epochs of the
KIDSS surv e y (Lucas et al. 2017 ). Two spectra were obtained by

he Near-Infrared Integral Field Spectrometer (NIFS) mounted on
he Gemini North telescope (McGregor et al. 2003 ), in 2013 June
nd December. Another spectrum was observed in 2017 July with
he Infrared Camera and Spectrograph (IRCS) installed at the Subaru
elescope (Tokunaga et al. 1998 ; Kobayashi et al. 2000 ). The IRCS
pectrum was reduced using the standard twodspec routines within
RAF , and it has a resolution of 6.1 Å per pixel. The NIFS spectra were
riginally reduced by and part of the published PhD thesis of Carlos
ontreras Pe ̃ na (Contreras Pe ̃ na 2015 ). 

 RESU LTS  

e present 68 candidate EVs, across both the groups, those with
IPS [24] detections and those SPICY selected stars without them.

hey are to be split into three classifications based on their outburst
ime-scales (which are predicted in instances where the latest
vent is ongoing). The three groups are ‘Long-Duration’ of > 10 yr
LDE), ‘Intermediate-Duration’ of 2 ≤ t ≤ 10 yr (IDE), and ‘Short-
uration’ which are < 2 yr (SDE). Overall, we identified 13 ‘Long-
uration’ YSO outbursts, with 9 of ‘Intermediate-Duration’ and 41

Short-Duration’ events (these events were solely identified by eye).
 final five of the YSOs with ongoing outbursts at the final epoch
ad not been active long enough to classify in this way, and are listed
NRAS 537, 2763–2781 (2025) 
s ‘ambiguous’. These time-scale-based classifications are based on
hose used in Contreras Pe ̃ na et al. ( 2024 ), although the cuts for
hort and intermediate durations have been slightly modified (less
nd greater than 1 yr has now been changed to 2 yr). This change was
arried out to reflect the slightly variable sampling rate of NEOWISE
aking it somewhat challenging to reliably determine if an outburst

s less than a year or a year and a half. 

.1 Stars with MIPS [24] detection 

here are 33 EVs that have MIPS [24] detection (which can be viewed
n Table 2 ), and have an ID derived from the Vizier row number for
he Kryukova et al. ( 2014 ) catalogue. Most of the stars are Class I
SOs (28) and a small number of FS sources (5). The FS sources in

his sample require [3 . 6] − [4 . 5] ≥ 0, as per Kryukova et al. ( 2014 ).
hese sources were sorted into the three aforementioned categories
ased on the outburst time-scale, as 11 long-duration, 8 intermediate-
uration, and 11 short-duration outbursts. There are a final three star
hat are of an ambiguous categorization: sources 2003, 1738, and
769. The former has a notably high amplitude ( > 5 mag in W 1),
ut as per the latest NEOWISE release the outburst is still ongoing,
nd thus of an unknown type and duration. By contrast, Sources
738 and 1769 have had multiple events observed in their light
urv es. F or both systems, one burst appears as a long/intermediate
uration type (ongoing as of 2024), and the other was a short-duration
urst. Two additional stars (Sources 362 and 1964) are included in
his group which were detected as candidate eruptive stars via the
wo-epoch UGPS surv e y (Lucas et al. 2017 ). All eruptive targets can
e found in Table 1 . The time-scales in question are estimates, with
wo methods used: for SDEs and IDEs these are taken from the time
etween the start of the event and the point of return to the quiescent
agnitude. For the LDEs, the time-scale is the fitted τ from equation

 3 ), unless the star has a plateau-like post-rise feature, in which case
he time-scale is stipulated to be greater than 10 yr long. 

.1.1 Long-duration eruptive YSOs 

ithin the group of 11 EVs with variability time-scales greater than
0 yr, we note the presence of four stars with morphologies with
imilarities to those of classical FUors (numbers: 257, 294, 591, and
475, see Figs 1 and B1 ), i.e with a high-amplitude outburst, that
ncreases in brightness comparatively fast when compared to the
ollowing long duration decay. All display a high amplitude increase
n luminosity o v er a 1–5 yr period, followed by a plateauing that
ppears set to continue long into the future. Sources 257 and 294
how no signs of post-outburst fading, whereas source 1475 has an
stimated fading time-scale of ≈ 24 yr assuming a linear decaying
lope. Source 257 appears of a V1647 Ori-type on the strength that
t has the characteristic emission spectrum in contrast to a FUor-type
bserved outburst. This source has been published in Contreras Pe ̃ na
t al. ( 2023 ), under the identifier SPICY 109331. This star makes an
xcellent test case for the other members of this group, with such
eatures as a high-amplitude (3.28 mag) burst in W 1, rising o v er a
hort time-frame of ∼ 2 yr, and becoming steadily bluer in its MIR
olour, which is also seen in both FUors and V1647 Ori objects. 

In addition to the sources identified by their MIR eruptive
ehaviour, two further LDE candidates were identified on the basis
f outbursts observed between the UKIDSS UGPS (Lucas et al.
017 ) NIR images (sources 362 and 1964). Both were identified by
earching for bursts of at least 2 mag, wherein one UGPS epoch
ad a non-detection and the other had a minimum brightness of
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Table 1. List of outbursting Cygnus-X members from Kryukova et al. ( 2014 ). 

Source RA (deg) Dec. (deg) �W1 ( W1 − W2) min Spectral index Time-scale Outburst duration Outburst rise time 
Number J2000 J2000 mag mag α Class yr yr 

12 a 304.3677 + 41.9736 2.004 ± 0.019 1.01 1.03 SDE – –
121 a , b 305.5600 + 37.4743 1.848 ± 0.038 1.73 1.61 SDE – –
185 305.8536 + 37.5706 2.037 ± 0.07 3.05 −0.08 SDE – –
232 306.0890 + 42.2683 1.692 ± 0.01 1.54 0.44 SDE – –
257 c 306.1356 + 37.8303 3.279 ± 0.013 1.65 1.23 LDE 24 2 
294 a 306.2141 + 38.4203 2.524 ± 0.020 0.77 1.2 LDE > 30 7 
333 b 306.3550 + 39.3400 2.055 ± 0.011 1.33 0.4 SDE – –
352 a 306.4325 + 38.1869 1.795 ± 0.020 2.82 1.52 SDE – –
362 d 306.4640 + 39.3760 2.402 ± 0.023 1.86 0.58 LDE > 10 ? 
387 a 306.5333 + 41.6357 2.437 ± 0.097 1.97 0.27 SDE – –
397 306.5526 + 39.2783 2.262 ± 0.020 2.414 1.14 IDE 7–10 > 3 
441 306.6371 + 37.7786 1.674 ± 0.010 1.55 0.44 SDE – –
456 306.6672 + 40.0418 0.978 ± 0.016 0.7 0.16 SDE – –
591 306.9916 + 40.1975 2.354 ± 0.069 1.664 0.72 LDE > 30 2 
625 307.0390 + 40.1518 3.371 ± 0.031 1.32 0.2 IDE 4 < 1 
658 b 307.1304 + 41.8473 1.749 ± 0.011 1.26 0.27 IDE 5 ≈1 
769 307.4425 + 39.2864 2.817 ± 0.050 1.95 0.66 SDE – –
812 307.5106 + 40.3149 3.571 ± 0.046 1.93 1.54 IDE 6 < 0.6 
880 307.7106 + 41.2442 2.634 ± 0.030 1.27 0.22 LDE > 10 ? 
912 307.7863 + 40.0635 2.860 ± 0.036 2.732 0.88 LDE > 30 5 
1017 308.0107 + 40.3108 2.313 ± 0.165 2.39 1.14 IDE 6 ≈1.5 
1048 308.0877 + 41.1318 3.981 ± 0.511 1.733 1.7 LDE > 30 7 
1475 309.0957 + 39.6769 2.210 ± 0.053 2.81 1.19 LDE > 30 1 
1562 b 309.3483 + 42.2458 3.081 ± 0.062 2.49 1.01 IDE 3 < 1 
1626 309.5138 + 42.5483 3.081 ± 0.008 1.16 0.09 SDE – –
1738 309.8197 + 42.2693 2.401 ± 0.027 2.49 −0.05 Amb ? ? 
1769 a,b 309.9753 + 42.0143 2.878 ± 0.008 2.27 1.15 Amb ? ? 
1884 310.3783 + 41.9181 1.438 ± 0.01 0.569 1.77 IDE 5.5 3 
1945 310.6990 + 42.7017 3.26 ± 0.041 1.961 0.77 LDE 10 3 
1964 d 310.8678 + 42.8167 0.767 ± 0.007 1.517 0.82 LDE > 10 ? 
1991 a 310.9918 + 42.8032 3.035 ± 0.056 2.827 0.96 LDE 9? 7 
1999 311.0531 + 41.6165 4.606 ± 0.158 2.35 0.96 IDE 8 1.8 
2003 311.0754 + 41.6140 5.089 ± 0.017 1.67 1.01 Amb ? ? 

Notes. LDE: long-duration eruptive sources with fast-rising FUor-type morphology and/or with outburst duration > 10 yr. IDE: intermediate-duration events 
with a duration between 2 and 10 yr. SDE: short-duration events including stochastic and quasi-periodic eruptive sources. Amb: ongoing outburst with 
ambitious duration. 
a The Spitzer detection is a blend between two detectable sources in UGPS. 
b Source has a light-curve morphology that is hard to be certain of an accretion-driven outburst. 
c Source 257 is included in Contreras Pe ̃ na et al. ( 2023 ). 
d Sources previously found by the two-epoch UPGS photometry. 
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5 mag (2 mag abo v e the lower limit of the surv e y). In each case,
he lower limit for the non-detection was calculated for the rele v ant
GPS image, using the ImageDepth tool within the Photutils 
ackage (Bradley et al. 2021 ) (lower limits being 16.9 mag, and 17.0
ag for sources 362 and 1964, respectively). The post-outburst light 

urves are displayed in Fig. 2 , both of which display the traditional
ading behaviour of post-outburst FUors. 

A second group within the LDEs are stars with extended rising
imes (greater than 3 yr) before reaching their photometric maxima, 
hese are Sources 912, 1048, and 1991 in Fig. 3 (as well as Source
80 in Fig. B1 ). It is worth noting that sources 880 and 912 do
eem to have faded from earlier observations, so there is a chance
hat these two systems may be’dippers’. These slow-rising infrared 
utb ursts ha v e been observ ed infrequently before (albeit prior to a
igher amplitude outburst), such as the FUor Gaia 17bpi (Hillenbrand 
t al. 2018 ), SSTgbs J21470601 + 4739394 (Ashraf et al. 2024 ), and
VVv721 (Contreras Pe ̃ na et al. 2017a , b ). This may suggest that the

rigger for the outburst is driven by MRI (see Cleaver, Hartmann &
ae ( 2023 ) for simulations of the lo w-po wer Gaia17bpi-like FUor
utb ursts). Outb ursts with rising times of the order of a decade (as
een here) are predicted in the flyby-triggered models of Borchert 
t al. ( 2022a ), whose authors related these to outbursts of lower
ccretion rate, but feeding from a reservoir of material at a larger
otation radius, of the order of 40–50 au. 

It is worth considering, ho we ver, the chance that these stars may
ot be eruptive at all, and are instead exhibiting behaviour that is
nalogous to long duration ‘dippers’ such as RW Aur (see Bozhinova
t al. 2016 ). These long-duration variables are traditionally detected 
rom the fading event (which can take up to a couple of years to
each minima), rather than the return to the star’s normal baseline
uminosity. These events typically result in the star becoming 
edder, and thus they would demonstrate blueing when increasing 
n brightness, as we might be seeing for our long-duration rising
SOs (for more information on this see Bouvier et al. 2013 ; Co v e y

t al. 2021 , and references therein). This behaviour is not entirely
he case for UX Ori-type fades, which are likely caused by re-
mission of stellar radiation from disc scattering, and thus show both
eddening and blueing events when fading (see Herbst & Shevchenko 
MNRAS 537, 2763–2781 (2025) 
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Figure 1. NEOWISE W1 and W2 light curves for three of the candidate EVs 
with FUor type light-curve morphologies. Each plot also contains a W1 − W2 
colour indicator (red line), with the error included as the pink-shaded region. 
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Figure 2. NEOWISE W1 and W2 light curves for the two LDE candidates 
identified with UGPS photometry. The arrows represent the upper limits of 
UGPS for each field. 
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999 , for more details). We still prefer the eruptive classification for
hese sources owing to the higher observed amplitudes, and longer
urations than the previously observed ‘dippers’. 

.1.2 Intermediate duration eruptive YSOs 

e identify eight stars in this sample with outbursts that are within the
 to 10 yr boundary we set for the ‘Intermediate-Duration Eruptive’
IDE) group. Of these, three targets (Sources 812, 1884, and 1999)
ave morphologies that resemble a FUor-type event (see Fig. 4 ),
ut are shorter than the > 20-yr time-scales expected for FUors and
re similar in morphology (if not amplitude) to VVV1636-4744 and
222 4 from Guo et al. ( 2024a ). The two stars from Guo et al’s
ample have similar rise times ( ∼500 d) and NIR amplitudes of 4 and
 mag respectively, but have differing spectral characteristics. L222 4
resents a typical red, absorption spectrum, typical of FUors, whereas
VV1636-4744 has an emission-line-dominated spectrum, more like
X Lup. Two further IDEs have completed outbursts (Sources 397
nd 1017, Fig. C1 ). The final three IDEs (Sources 625, 658, and
562, in Fig. C2 ) have a multipeaked shape to their light curves that
o not resemble those of FUors. 
Of the stars that resemble shorter duration FUors, we found some

ey differences between each star. For example, Source 812 displays
NRAS 537, 2763–2781 (2025) 
t least 5 yr of a gradual increase in luminosity, before a very
hort ( < 6 months) outb urst. This beha viour is similar to FUors like
aia17bpi (with the two-stage initial outburst) as discussed earlier.
ource 1999 has the second largest outburst in the sample but displays
 much steeper decay slope than the three stars mentioned previously,
ndicative of a shorter outburst duration than most classical FUors,
ut longer than classical EXors (estimated at ≈8 yr). Finally, Source
884 has the second lowest amplitude of the stars in this group
t 1.44 mag (with a gradient of ≈ 0 . 36 mag yr −1 ), but this is
ombined with the bluest quiescent W 1 − W 2 colour (between
.11 and 0.56 mag). Given the range in spectra seen in Guo et al.
 2024a ), acquiring NIR spectra for these three sources is essential in
scertaining the nature of the outbursts we have observed. 

.1.3 YSOs with short-duration outbursts 

n total, there are 11 sources in this category, with the duration of
utbursts less than 2 yr. Among them, seven stars have multiple
ursts (four of these are semiregular, see Fig. 5 ) and four others
nly have a single burst. The rest of the light curves are shown in
igs 6 and B2 . There are no clear trends within this group, with
 broad spread in amplitude, burst duration and colour behaviour.
here are several sources with multiple outburst-like events of
uasi-periodic or aperiodic nature in this group, which are of a more
ncertain classification. It could be assumed that occultation from
ircumstellar material (as in many ‘dippers’) would be periodic, and
hus rule out the option for our repeating YSOs, but variation from
ircumbinary discs (as in KH 15D Arulanantham et al. 2016 ), as
ell as from misaligned or warped disc components (see Rodriguez

t al. 2017 ; Davies 2019 ), can deliver aperiodic extinction driven
ariation in YSOs. In the optical regime, a large proportion of
ippers found are aperiodic (see Capistrant et al. 2022 ), although the
tars in those authors’ samples were largely of a lower amplitude,
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Figure 3. NEOWISE W1 and W2 light curves for three of the candidate 
EVs with longer duration rise times. Each plot also contains a W1 − W2 
colour indicator (red line), with the error included as the pink-shaded region. 
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Figure 4. NEOWISE W 1 and W 2 light curves for three of the candidate EVs 
with shorter duration, FUor-like outbursts. Each plot also contains a W1 −
W2 colour indicator (red line), with the error included as the pink-shaded 
region. Source 812 also contains W2 data from the UnTimely catalogue 
(Meisner et al. 2023 ). 
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nd bluer colour than ours, and had access to a much shorter
ime baseline that NEOWISE is not sensitive to. On the whole the
orphologies of our repeating events (largely symmetrical) more 

losely resemble the short-term accretion-driven variations seen 
n many YSOs in the NIR, albeit at a higher amplitude. Similar
ehaviour was identified for a small number of YSOs in Wolk et al.
 2018 ), which were also MIR-detected sources, although their YSOs 
ere of lower amplitude, and displayed no colour change o v er time.
Some sources of note in this selection are discussed as following: 

(i) Source 12 has four aperiodic outbursts with > 1 mag in W 2-
and amplitude. Unlike a typical EXor, Source 12 has redder-when- 
righter colours, although given the large spectral index (1.03) this 
ould be a result of reprocessing of more of the accretion luminosity
nto the MIR. 

(ii) Source 185 has four quasi-periodic outbursts that each last for 
500 d (one of which is ongoing). We do not perceive the star to be

’dipper’ because of the irregularity of the bursts (which could not 
e reliably fitted by normal period-finding routines), which would 
ormally – although not guaranteed to – be periodic if caused by 
xtinction from orbiting material. There is a chance that this object 
ight represent contamination from an evolved star (such as a long- 

eriod variable), although these stars’ MIR light curves are usually 
ore regular than seen here. 
(iii) Source 232 has a recent outburst, in addition to the one
reviously identified in the UGPS surv e y (included within Lucas
t al. 2017 ). We will discuss it in more detail in Section 3.1.4 . 

(iv) Source 333 is of note from an additional long-duration 
utburst of 1.55 mag in W 1, which has been ongoing since April
019, although it reached its peak after ∼ 600 d. This burst was
ccompanied by a small reduction in the W 1 − W 2 colour, which
as 2.13 at the start of the b urst b ut fell to 1.50 at the maxima, and

t continued to fall after the photometric maxima. 
(v) Source 1626 (Fig. 6 , bottom panel) has the largest single

utburst amongst the short-duration sources at 2.37 mag in W 1,
hich combines with a slight blueing W 1 − W 2 colour of 0.28. The

ingle large burst lasts only for ∼ 500 d, all of which are indicative
f an EXor-type eruption. 

.1.4 Source 232 

ource 232, also known as GPSV28 (Contreras Pe ̃ na et al. 2014 )
nd IRAS 20226 + 4206, was observed to have probable outburst in
ecember 2008 with �K s = 1 . 0 mag, originally detected by the
GPS surv e y (included as Source 463 in Lucas et al. ( 2017 )), the

mplitude increases to �K s = 1 . 56 mag when including 2MASS
hotometry . Additionally , it has two spectroscopic follow-up obser- 
ations using Gemini/NIFS (2015) and Subaru/IRCS (2017). These 
pectra are shown in Fig. 7 , which were acquired ∼4 and ∼6 yr after
he previous outburst. The spectra sho w notable dif ferences in the
MNRAS 537, 2763–2781 (2025) 
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Figure 5. NEOWISE W1 and W2 light curves for the four semiregular 
repeating short-duration outbursts. 
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Figure 6. NEOWISE W 1 and W 2 light curves for four of the short-duration 
outbursts that have only one or two eruptive events. 

Figure 7. K and K 

′ bandpass spectra for Source 232, taken in 2015 and 
2017. Note the absence of lines from sodium in the 2017 spectrum, normally 
seen as a tracer of the accretion stream. 
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mission line ratios, wherein the 2015 spectrum has more prominent
 2 lines (S(1) and S(0)) than H I , and a clear Na I doublet. The

mplication is that flux is a combination of the stellar photosphere,
he inner accretion disc and outflows (traced by H 2 ). By the 2017 the
pectrum is dominated by the Br γ emission line, with a 3.98 ±0 . 61 Å
from −1 . 98 ± 0 . 58 to −5 . 95 ± 0 . 2 Å ) increase in equi v alent width
rom the previous spectrum. Considering that this change implies an
ncrease in the accretion rate, we speculate that a higher proportion
f the observed flux is from the hot inner accretion disc, hence why
mission lines associated with the accretion streams (Na I ) are now
ignificantly veiled by the continuum. Whilst the initial outburst
f Source 232 was not fully captured by the WISE light curves, a
econd burst ( �W 1 = 1.4 mag) was observed between 2021 and
022, making clear that this star has EXor-like behaviour. 

.1.5 Eruptive YSOs with ambiguous outburst durations 

he final three stars in this sample have ongoing outbursts, that
re yet to reach the plateau, making it a challenge to determine a
NRAS 537, 2763–2781 (2025) 
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Table 2. 35 EV candidates found in SPICY with amplitude > 1 mag. 

SPICY ID RA (deg) Dec. (deg) �W1 ( W1 − W2) min Colour change SED class 
J2000 J2000 mag mag (when brighter) 

107 699 304.0523 + 39.0873 1.025 ± 0.010 0.321 Redder Class II 
107 742 304.1969 + 39.3892 1.054 ± 0.010 1.338 Bluer Class II 
107 855 304.3484 + 39.3052 0.969 ± 0.008 0.550 No Change Class II 
108 504 305.3081 + 38.9968 1.125 ± 0.013 0.441 Redder Class II 
108 553 305.3903 + 40.8526 0.855 ± 0.017 0.698 Redder Class II 
108835 a 305.7091 + 40.5112 1.338 ± 0.046 0.786 Bluer Class II 
109 025 305.9034 + 39.5591 0.875 ± 0.006 0.103 Redder Class III 
109259 a 306.1053 + 42.4036 1.233 ± 0.014 1.091 Bluer Class II 
109 392 306.1617 + 38.5000 1.904 ± 0.015 0.332 Redder Class II 
109 705 306.4289 + 38.5806 4.121 ± 0.021 1.171 Bluer FS 
109 973 306.6403 + 39.6054 0.817 ± 0.021 0.345 Redder Class II 
110521 a 307.0781 + 39.4852 0.836 ± 0.007 0.157 Redder Class II 
110 601 307.1598 + 38.8962 0.931 ± 0.010 0.416 Redder Class III 
110 991 307.4678 + 40.4054 1.315 ± 0.008 0.713 Redder Class II 
111 048 307.5187 + 40.3839 1.677 ± 0.011 0.025 Redder Class II 
111336 a 307.7453 + 40.5380 1.522 ± 0.036 −0.124 Redder Class II 
111413 a 307.7927 + 40.4144 1.165 ± 0.023 0.443 Redder FS 
111739 a 307.9553 + 38.9405 1.810 ± 0.067 1.346 Bluer ? 
111 836 307.9984 + 41.0660 1.125 ± 0.014 0.821 Redder Class II 
111 892 308.0221 + 42.8133 0.876 ± 0.008 1.050 Varied FS 
112 458 308.2766 + 40.7189 0.616 ± 0.057 −0.420 Redder Class II 
112 533 308.3147 + 41.0470 1.561 ± 0.018 0.007 Redder Class II 
112 884 308.4971 + 41.4482 0.614 ± 0.011 0.180 Redder Class II 
112979 a 308.5504 + 40.7098 1.201 ± 0.006 0.442 Redder Class II 
113094 a 308.6131 + 42.2315 1.672 ± 0.001 0.902 Bluer Class II 
113 145 308.6433 + 41.1734 1.489 ± 0.015 0.643 Redder Class II 
113 564 308.9150 + 41.8482 1.550 ± 0.016 0.609 Varied Class II 
113803 a 309.0589 + 41.1173 0.904 ± 0.009 0.166 Redder Class III 
113865 a 309.0924 + 42.4434 1.043 ± 0.049 −0.100 Varied FS 
113 929 309.1289 + 39.6458 0.940 ± 0.005 0.441 Redder Class II 
114 037 309.1980 + 42.6153 1.001 ± 0.051 −0.018 Varied Class II 
114471 a 309.5422 + 42.2826 1.371 ± 0.015 0.417 Bluer Class II 
114 590 309.6542 + 42.5540 1.603 ± 0.034 0.542 Redder FS 
115 546 310.4321 + 39.6725 0.662 ± 0.023 0.732 Redder FS 
115613 a 310.5619 + 39.7890 1.158 ± 0.010 0.777 No Change FS 

Notes. The colour behaviour column notes how the W1 − W2 colour changes during the eruptive portions of the light curve: Bluer means the source 
is bluer-when-brighter (much like traditional EXors), Redder indicates redder-when-brighter behaviour, and ‘Varied’ notes stars whose colour behaviour 
changes o v er the total duration of the light curve. YSOs with W1 amplitudes under 1 mag have �W2 > 1 mag. Sources marked with ’ a ’ indicate that the 
YSO has a light-curve morphology that is hard to be certain of an accretion driven outburst. 
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ikely outburst duration (See Fig. C3 for light curves). Source 2003 
s characterized by a large amplitude, 5.1 mag in W1, and colour
hange of o v er 1 mag to the blue in W 1 − W 2 during the burst, both
f which are common among FUor-type stars. With the outburst 
eing unfinished, there is a possibility of it being one of the largest
IR outbursts yet detected for a FUor. 
The remaining two stars in the group, sources 1738 and 1769, 

isplay similar long-term trends. Each star’s light curve contains a 
mall, short-term increase in brightness, before a visibly longer term 

utburst (ongoing). No other stars in the sample show such activity, 
nd as yet the nature of the current outbursts is unknown. 

.2 Cygnus-X YSOs without [24] detections, from SPICY 

mong the sample of the SPICY members, 402 stars have amplitudes 
f > 1 magnitude in either W 1 or W 2 band. We chose 1 mag as the
hreshold for inspection because MIR amplitudes are often a factor 
f 2 lower in amplitude than those seen in optical band-passes, and
s such this corresponds to ≈2 mag, a little lower than the guidelines
or an outburst as laid out by Fischer et al. ( 2022 ). The majority of
he 402 stars showed single-epoch dipping events (likely extinction 
nduced) or repeating redder -when-brighter’dipper’ beha viour. We 
hen manually selected 35 EV candidates (see Table 2 ), including
even FS sources, 24 Class II YSOs, and three Class III YSOs.
n additional source is considered uncertain (it lacks photometry 

n multiple Spitzer bandpasses), although its average WISE colour 
 W 1 − W 2 = 1 . 66) is comparable to the bluer Class I sources from
ection 3.1.1 . 
Across the sample of EVs, 23/35 stars show the redder-when- 

righter trend in their W 1 − W 2 colour during outburst. Applying
he outburst duration-based classifications defined in Section 3 , we 
nd 30 SDEs, one IDE, two LDEs, and two sources of ambiguous
lassification. 

.2.1 New FUor-type/long duration eruptive YSOs 

he outburst detection code described in Section 2 located one star
 SPICY 114590) with a shape comparable to that of an archetypal
Uor (although the rise time is still on the longer scale, more similar

o the VVV identified FUors), although it has a peak amplitude of
MNRAS 537, 2763–2781 (2025) 
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Figure 8. NEOWISE W1 and W2 light curves for three FUor candidates 
from the SPICY -selected Class II/FS sources. 
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Figure 9. Gemini/NIFS spectrum for SPICY 111892. The spectrum is FUor- 
type, with a featureless red continuum and strong 12 CO absorption features. 
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 2 mag (see Fig. 8 ). The MIR colour behaviour of SPICY 114590
s different to that seen in the FUor candidates in Section 3.1 , as
his object gets redder during the outburst. The low amplitude is not
nexpected in the general sense, as it can be predicted by outburst
odels for YSOs with already enhanced accretion rates (see fig. 1

n Hillenbrand & Rodriguez 2022 , with the caveat that this was for a
un-like star). 

SPICY 111 892 has been previously identified as a candidate EV in
GPS by Contreras Pe ̃ na ( 2015 ) and Lucas et al. ( 2017 , as GPSV64).

t displayed a 1.5 mag increase in K s -band brightness between
006 and 2009, which would be low for a FUor if this is the full
mplitude of the e vent. Ho we ver, the non-detection in earlier 2MASS
mages implies a longer rise time and a higher amplitude. The lower
etection limit of the 2MASS K s image in which SPICY 111 892
esides is calculated at 16.0 mag. This was calculated by running the
hotutils method called ImageDepth . This method takes the
ero-point for the instrument, and a selection of magnitudes of stars
n the image, and computes the lowest detectable flux for a given
recision in sigma (quoted here are 3 σ values) for a large number of
andomly placed apertures. Thus, the total �K s has a lower limit of
.0 mag, with a rising time-scale of between ∼1000 and ∼4000 d.
 follow-up spectrum was obtained in December 2014 (Fig. 9 ) with
emini/NIFS, which shows the mostly featureless red continuum
NRAS 537, 2763–2781 (2025) 
nd CO bandheads often associated with FUor spectra (the emission
ine at 2.282 μm is likely spurious, as it had appeared in a large
umber of other YSOs in the same set of observations). See further
xamples of FUor-type spectra in Connelley & Reipurth ( 2018 ) and
uo et al. ( 2024a ). 

.2.2 Ne w EXor-like/short-dur ation eruptive YSOs 

f the 35 EV candidates in this group, 86 per cent (30) have short-
uration outburst ev ents, man y of which are similar to EXor-like
SOs. In line with the known diversity of these systems, we observed

ignificant variation in the light-curve morphologies, with differences
n burst duration, amplitude, colour and repetition. We present four
xamples in Fig. 10 that illustrate the variety (the rest can be seen in
ppendix D ). 
SPICY 113094 displays quasi-periodic behaviour at a roughly 550 d

eriod, 3 with each burst of up to 1.6 mag and bluer colours during
he photometric maxima. This is characteristic of stars such as SPICY

16 663 (Kuhn et al. 2021 ) and periodic outbursting candidates
isco v ered in VVV (Guo et al. 2022 ), albeit with a longer period
han most examples. 

SPICY 110521 shows repeating b urst beha viour, although without
ny clear periodicity, ef fecti vely ruling out periodic occultation by
ust. With outbursts of o v er 1 mag and colours that redden with
ncreases in luminosity, it is, ho we ver, unlike the typical behaviour
f EXors Lorenzetti et al. (see 2012 ), wherein colours are often
xpected to become bluer during outb ursts. The beha viour seen in
PICY 110 521 is commonly seen in this sample: 20 of 33 (60.6
er cent) short-duration (EXor-like) eruptive sources are redder in
utburst. 

SPICY 111336 also displays aperiodic, repetitive outbursts, but
hese are of differing amplitude, in contrast to many of the other
epeating sources. The amplitudes in �W 2 range from ∼ 0 . 7 to

1 . 5 mag, although they are of a similar ∼ 400 d duration (the
uration is an upper limit owing to the wide sampling of NEOWISE).
he range of amplitudes could also be a result of the sampling, with

he peak of the outbursts being missed at several epochs, especially
f the true period is less than 400 d. 

The final EXor-like star to be discussed will be SPICY 112533,
hich is the most unusual star in this sample of later-stage YSOs.
eemingly there are two components to the light curve, with a
otential long-term fading trend, which is separated into five detected
utbursts each of between ∼ 0 . 8 & 1 . 0 mag and ∼ 1 . 0 & 2 . 0 mag in
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Figure 10. NEOWISE W1 and W2 light curves for four EXor candidate 
EVs. These are selected because they demonstrate a wide range of behaviours 
and outburst durations. Of particular note is Source 112533, which had 
periodic small outbursts after a much larger, long-duration event. 
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Figure 11. W2-band amplitude against quiescent W1 – W2 colour for EVs 
discussed in Section 3.1 . The NIR-selected FUors are adopted from Guo et al. 
( 2024a ). 
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 1 & W 2, respectively. Of additional note is the single outburst of at
east 900 d (between 2016 and 2018) which bears little resemblance 
o other EXor-like bursts, owing to the comparatively short decay 
ime-scale as compared to the rise time. 

Overall the sample of short-term variables is slightly biased 
owards sources with repetitive outb urst beha viour, as is the case
or 60.6 per cent (20/33) of the sample. Whilst none of these are
ruly periodic, five of the stars display quasi-periodic bursts, with 
eriods of o v er 400 d (the lowest that can be reliably identified with
EOWISE given the sampling). 

 DISCUSSION  

.1 Comparison of embedded FUor candidates with classical 
Uors 

iven the comparatively low number of known FUor-like stars, our 
isco v ery of 13 (these being the stars with FUor-type light-curve
orphologies or spectra) potential new candidates within a single 
FR warrants additional inv estigation. Giv en that our main sample 
as of the most embedded EVs within Cygnus-X, comparing their 
IR behaviour to that of FUors disco v ered via a ‘traditional’ optical
utburst could reveal differences between the two populations. 
Guo et al. ( 2024a ) provided a selection of FUors discovered

hrough analysis of the VVV NIR time series and further confirmed
y follow-up spectroscopic observation. They found a negative 
orrelation between the �W 2 and quiescent W 1 − W 2 colour (Fig.
1 – blue points), whereas this does not agree with the long-duration
Vs in our sample (Fig. 11 – red points). The correlations were

ested by performing Kendall τ tests on each sample, finding the NIR
elected sources to have τ = −0 . 42, compared to τ = 0 for the MIR
elected EVs from this work. Our EVs from Kryukova et al. ( 2014 )
eem to have no correlation between �W 2 and W 1 − W 2, although
ll still show the common bluer-when-brighter colour behaviour 
uring the outburst, similar to FUors. The figure also places the
lowly rising EVs amongst the FUor candidates, giving further 
eight to our hypothesis that these sources are YSOs that are building
p to a FUor-type outburst (which may be optically detectable), in a
imilar vein to Gaia17bpi. 

The reasoning for the break in the correlation of the 
olour/amplitude relation for the embedded sources is not yet fully 
lear, although a thicker envelope (and thus redder quiescent colours) 
ight imply that we are seeing greater reprocessing of the accretion

uminosity into the MIR, inflating the observed amplitude. 

.2 Less-than-certain short-duration YSO outbursts 

istinguishing short-duration eruptive events from dippers within 
ur sample is an uncertain task, owing to the long cadence of the NE-
WISE observ ation windo ws. The morphology of indi vidual e vents
an be hard to determine, and the colour behaviour during brightening 
an be impacted by numerous factors including inclination and the 
aint nature of some of our targets (see Section 4.4 ). Previous work on
he MIR variability of YSOs with the Spitzer YSOVAR programme 
Werner et al. 2004 ; Morales-Calder ́on et al. 2011 ) focused on
ariability with time-scales of weeks to a month (which would likely
ppear without a clear structure in NEOWISE). In Wolk et al. ( 2018 ),
uthors found an average amplitude of 0.21/0.13 mag in IRAC (Fazio
t al. 2004 ) I 1 and 0.17/0.13 mag in I 2 for Class I/II sources in the
tar-forming region Serpens South ( I 1 and I 2 are roughly analogous
MNRAS 537, 2763–2781 (2025) 
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Figure 12. Histograms displaying peak amplitudes in W1 and W2 for both of the two samples discussed in Section 3 . The left plot is the [24] detected sample, 
and the SPICY selected C2 and FS sources are in the right panel. Each individual histogram is presented with a probability distribution function, created by 
performing a Gaussian kernel density estimation. 
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 1 and W 2). Notably, none of the YSOs in the Serpens South
amples have an amplitude greater than 1 mag. In the Orion nebula,
nly 13 out of 2238 sources reached 1 mag in their I 1 or I 2 amplitudes
n the time-scale of 2 weeks. 
Our selection of stars with at least one bandpass with amplitudes of
 1 mag was intended to remo v e the majority of stars with the type

f short-term variance seen previously. It remains to be seen how
uccessful this has been, with several (19) YSOs having light-curve
orphologies which are far remo v ed from those expected of eruptive

tars (see marked ‘ a ’ YSOs in Tables 1 and 2 ). These stars not only
arry the possibility of being dippers, but they could also belong to
he loose grouping of ‘Protostellar Outbursts (Infrared)’, which was
etailed in Fischer et al. ( 2022 ). These shorter duration events of
round 1–2.5 mag in the NIR, would correspond to ∼0.6–1.5 mag in
he WISE bandpasses (Contreras Pe ̃ na et al., in preparation); a similar
egion to where many of our SDE’s that do not resemble EXors (or
epeating EXors) reside. Follow-up spectroscopy of these stars may
hed further light on to the causes of the observed variability, and thus
etermine if they are from a single, cohesive group. Accounting for
hese less-than-certain eruptions, we can say that we have identified
8 strong candidate EVs, with a further 20 uncertain. 

.3 Comparing the rates of erupti v e behaviour between 

mbedded and non-embedded sources 

y having a control sample of known YSOs, we can compare both
he detection rates and amplitudes of erupti ve v ariability for our
mbedded YSOs to those of the less embedded or more evolved
ources within Cygnus-X. The comparisons between the frequency
ensity and amplitude for our samples are shown in Fig. 12 , with
mbedded Class I sources in the left panel, and FS/Class II sources
n the right. The embedded sources have a higher proportion of high-
mplitude variables than the later stage sources, as 22.46 per cent of
lass I YSOs (From the 24 μm selected sample) have �W 1 > 1 mag
hilst just 4.94 per cent FS/Class II YSOs (the SPICY sample) reach

he same amplitude. We note that only a proportion of these variables
re eruptive, with large numbers of dippers, short-term variables and
tars on long-term f ading trends. Nevertheless, the f ading sources
ay well be eruptive YSOs, wherein a large outburst has happened

efore our observation window and we are now witnessing the post-
utburst cooling phase 
To test the significance of these results, we performed a Mann–
hitney U (MW-U) test, between both samples. Because the sample

f FS/Class II sources is substantially larger than that of Class I
ources, we performed the MW-U test on two equal-sized samples
NRAS 537, 2763–2781 (2025) 

m  
rawn from distributions defined by a Gaussian kernel density
stimation (fitted to all four histograms in Fig. 12 ). Both of these
outines are carried out in PYTHON , using the gaussian kde
outine in scipy.stats . This test produced an average p -value
f 3.46 per cent o v er 10 000 iterations and thus provided moderately
tatistically significant evidence that these two samples were drawn
rom two different distributions. 

From the perspective of YSO evolution, the abo v e result is within
xpectation, as younger systems have a larger reservoir of material
o accrete from. Massive discs with envelopes are also more likely
o become unstable under gravity, especially when considering that
yby events are likely to be more common in younger (less bound)
lusters. For further discussion of this idea, see Audard et al. ( 2014 ).

Given the potentially higher chance for outbursts, searching for
Vs amongst younger systems specifically should result in a larger
ample, especially of the rarer FU Ori-type objects. This falls into
he long-held view that longer duration outbursts happen in younger
ystems (Hartmann & Kenyon 1996 ), given the long average length
f FUor events. The differing morphologies among our long-duration
utbursts also fit into the ideas of Quanz et al. ( 2007 ), which
escribe a possible evolutionary sequence for FUors, based upon
heir MIR features. The abo v e point makes a strong case for follow-
p spectroscopy at both near and MIR wavelengths. 
To further investigate the relationship between outburst amplitude

nd age for YSOs, we compared the combined sample of YSOs on
he basis of the 0.8–12 μm spectral index ( α). Fig. 13 shows the
roportion of high-amplitude variables increasing with α, noting
he decrease in kurtosis for the later stage YSOs indicates that
he distribution becomes more centrally dominant (and thus lower
mplitude on average). 

We can also examine the time-scales of the observed variability,
.e. the durations of individual variable ev ents. F or our sample, we
ish to identify any relationship between outburst duration and

volutionary stage, and thus we separate our sample of stars with
 1 mag variability by the same spectral index groups as before.
e use structure functions as an analogue to time-scale, as laid out

n Sergison et al. ( 2020 ) and Lakeland & Naylor ( 2022 ), although
imilar tests for YSO variability were carried out in Findeisen,
ody & Hillenbrand ( 2015 ). 

( τ ) = 〈 [ m ( t) − m ( t + τ )] 2 〉 , (5) 

here S is the structure, τ is the time-scale between two points in a
ight curve, m is the apparent magnitude, and t is the modified Julian
ate of any given point in the light curve. This function produces a
easure of correlation between each point in a light curve for a range
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Figure 13. W1 and W2 amplitude histograms for the combined YSO sample, 
split by SED slope class ( α). 

Figure 14. Structure functions across a range of time-scales for the combined 
YSO sample. Each point is the median structure in each time-scale bin, 
averaged for both W1 and W2. These are once again separated by the value 
of the α parameter for the SED slope. 
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f time baselines (we use 12 bins ranging from ∼100 d to ∼10 yr).
n Fig. 14 , we show that the signal is well correlated ( S is low)
t the shortest time-scales (here that is of the order of 3 months),
nd becomes less so as the time-scale increases ( S is large). The
b  
mplications here are that at shorter time-scales it is easier to predict
he next measurement in the time series (i.e. is less variable), and gets
rogressively more challenging at longer time baselines. It is worth 
oting that we do not see the higher S values at the short time-scales
hat Lakeland & Naylor ( 2022 ) attributed to measurement error and
hort-term variability because our data from NEOWISE have been 
veraged at the shortest time baselines. We do see the same ’Knee’
eature at large τ for 3 of the groups ho we ver, which those authors
ttributed to a combination of long-term linear trends or a maximum
ariability time-scale for YSOs. 

From both of the abo v e tests, it seems apparent that long-duration,
igh-amplitude variability is more common for more heavily embed- 
ed (likely younger) YSOs, as has been suggested previously (see 
ontreras Pe ̃ na et al. 2024 ). 

.4 Outburst colour changes 

ost outbursting YSOs are observed to be bluer during an outburst,
hen compared against their pre-outburst colour. Within the optical 

egime, the blueing is most prominent in EXors (see Lorenzetti et al.
012 ; Szegedi-Elek et al. 2020 ), for which the significantly increased
ccretion luminosity of the innermost part of the system dominates 
 v er the flux contribution from the outer disc (during outburst). This
emains true (albeit to a lesser extent) for most FUors and other long-
uration eruptive systems. The effect is less studied in the MIR, where
he flux contribution from the cooler parts of the disc is greater.We
ompared the W 2 amplitudes with the SED class of the stars in
ur sample and a selection of long-duration eruptive YSOs, most of
hich were spectroscopically confirmed as FUors, from Guo et al. 

 2024a ). Additionally, we investigated the colour change in W 1 −
 2, see Fig. 15 . We have several broad findings: 

(i) Our full sample, see the lower panel of Fig. 15 , has a typical
ehaviour of becoming redder when brighter. In particular, we note 
hat YSOs with [24] detections have larger changes in colour, having
 median absolute colour change of 0.43 in W 1 − W 2, compared to
.23 for the sources from SPICY . 
(ii) We also note that the majority of our candidate FUors display

he expected blueing during outbursts, in agreement with the long 
uration EV sample of Guo et al. ( 2024a ) (see the upper panel of Fig.
5 ). The colours of our mid-IR-selected FUor candidates change less
han the NIR-selected sources of those authors’ sample ho we ver. 

(iii) Our selection of Class II/FS YSOs (from SPICY ) are pref-
rentially redder when brighter, which might be attributed to the 
ainter W 2 magnitudes of these stars (in quiescence); this sample
as a median quiescent brightness of W 1 = 12 . 46 mag, compared to
1.31 mag for the Class I sample. Given the logarithmic nature of the
agnitude scale, a lower proportion of flux from enhanced accretion 
ould be required to increase the magnitude of W 2 than W 1. The

arge YSO sample of Park et al. ( 2021a ) (also using the NEOWISE
ime series) displayed a broad range of colour behaviours, similar 
o what we observe within our sample. Those authors attribute the
ehaviour to the interplay between accretion luminosity changes 
bluer) as well as variable extinction from circumstellar material 
redder), which can be mo v ed during outburst. 

 SUMMARY  

n this work, we have presented 68 potential candidate EV YSOs
ssociated with the Cygnus X star-forming region, based on their 
ecade-long MIR NEOWISE light curves. 
In total, we disco v ered 14 eruptive sources that we believe to

e FUor candidates, which can be seen in Table 3 . Of these 14, 8
MNRAS 537, 2763–2781 (2025) 
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Figure 15. Top panel: W2-bandpass amplitudes for the stars in the sample 
with outbursts labelled as IDEs or LDEs (detected during outburst), against 
the pre-outburst SED slopes. The colour change during outburst is presented 
as the marker colour, with red points reddening during outburst and the 
opposite true for blue markers. White points represent stars with minimal 
colour change. Our sample of stars is represented by the circular and square 
points (for our uncertain and FUor candidates respectively). We include the 
NIR selected FUors (triangles) from Guo et al. ( 2024a ) to compare our YSOs 
with those selected from large amplitudes in the K s bandpass. The �W2 
values from that sample are based on lower limits for stars where there is no 
detection in W2. Bottom panel: similar plot for all the YSOs included in this 
work, regardless of outburst duration. 
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Table 3. List of the FUor candidates from this work, both samples and all 
durations. 

Source ID Time-scale Amplitude Colour change 
(this work) category ( W1) (when brighter) 

Likely candidates 
257 LDE 3.28 Bluer 
294 LDE 2.52 Bluer 
362 LDE −a Bluer 
591 LDE 2.35 Bluer 
812 IDE 3.57 Bluer 
1048 LDE 3.98 Bluer 
1475 LDE 2.81 Varied 
1884 IDE 1.44 Bluer 
1945 LDE 1.96 Bluer 
1964 LDE −a Redder 
1991 LDE 2.82 Bluer 
1999 IDE 2.35 Bluer 
2003 Amb 5.09 Bluer 
111892 LDE −a Varied 

Potential candidates 
397 IDE 2.26 Bluer 
880 LDE 2.63 Varied 
912 LDE 2.86 Bluer 
1017 IDE 2.31 Redder 
1738 Amb 2.40 Bluer 
114590 LDE 1.60 Redder 

Notes. a These stars had their outbursts disco v ered with NIR data, so the W1 
amplitudes are not included. Also note that the stars labelled as IDEs have 
their time-scales estimated via their initial fading period, and could still take 
longer than 10 yr to return to quiescence. 
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av e light-curv e morphologies similar to those of FUors or V1647
ri-type stars. Three candidates show only a fading trend in their
IR light curves but have evidence for an initial rise in earlier NIR

hotometry. Two stars have extended brightening phases, comparable
o V1515 Cyg. One final source has a currently ongoing outburst. In
ddition, six other sources are classified as plausible FUor candidates,
ith less clear light curves and more short-term variation. 
We also locate a large number of YSOs with short-duration

utbursts (some with EXor-like features) within both samples carried
ut, with 13 embedded Class I YSOs and 32 FS or Class II stars.
ompared with more evolved systems, we detected significantly
ore high-amplitude (and erupti ve) v ariables among the Class I
SOs (22.46 per cent). This is especially true for the FUor type EVs,
f which we have identified up to 16 candidate members, and several
ave a less common, slow-rising character. Given the similarities
etween these objects and the pre-outburst light curves of several
o v el FUors, these ’slow-risers’ might be further examples of FUors
hat outburst at earlier times in redder wavelengths. 
NRAS 537, 2763–2781 (2025) 
Given this potentially new population of eruptive young stars,
ollo w-up observ ations are planned for those stars still at a state of
igh accretion rate and are thus bright in the NIR. This attempt may
nv eil an y differences in accretion behaviour and disc/wind structure
etween the heavily embedded EVs and those sources selected via
IR/optical variability. 
Finally, we note the increased incidence of high-amplitude vari-

bility for embedded YSOs (Class I), as compared to less embedded
ources (FS and class II). We identified that the rate of variability of
mplitudes that are > 1 mag ranged from 2.9 times greater in W 1, to
.6 times greater in the W 2 bandpass. 
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PPENDIX  A :  OUTBURST  TIME-SCALE  FITS  

ITH  EM C EE  

he plots below demonstrate some of the results of fitting a character-
stic FUor-type shape to a NEOWISE light curve. As mentioned in the
ext (Section 2.1 ) we use EMCEE to fit three light-curve components
NRAS 537, 2763–2781 (2025) 

igure A1. NEOWISE light curves (black points) and the best fit FUor 
utburst model (green line) for the first two FUor candidates mentioned in 
he text, Sources 257 (top panel) and 294 (bottom panel). The plots display 
he light curves twice, from zero to two phase, owing to the code’s utility in 
dditionally fitting to periodic signals. 
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representing the start of the outburst, the main rising slope, and
he post-outburst linear decay) with five free parameters. Candidates
ere marked for further investigation if the reduced mean square

rror (RMSE) was less than 0.15. This value has been selected
nitially because it allows the code to reco v er all the stars in the
ample that visual inspection identified as FUor candidates, with
easonably typical light curves. The code does not recover the stars
ith consistent (and fairly slow) rising slopes, such as Source 1048.

n a sample of stars of this size, our fitting technique is of questionable
tility, ho we ver, it will be of use when examining larger populations
or which visual inspection would be inefficient. 

PPENDI X  B:  A D D I T I O NA L  L I G H T  C U RV E S  

RO M  T H E  EMBEDDED  YSO  SAMPLE  

isted in this section are the light curves from the stars not mentioned
irectly in the text. 

igure B1. NEOWISE W1 and W2 light curves for the three long duration
ources not detailed within the main text. 
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Figure B2. NEOWISE W1 and W2 light curves for the short-term variables 
not discussed in the main text. 
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H

Figure C1. NEOWISE W1 and W2 light curves for two of the candidate 
EVs with completed outbursts. 

Figure C2. NEOWISE W1 and W2 light curves for three of the candidate 
EVs with complex light curves. 
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Figure D1. NEOWISE W1 and W2 light curves for the EXor candidates in 
the SPICY -selected sample. 
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igure C3. NEOWISE W1 and W2 light curves for the three stars with
ncertain outburst durations. 

PPENDIX  D :  L I G H T  C U RV E S  F O R  

I G H - A M P L I T U D E  VARIABLE  Y S O S  F RO M  

P I C Y 

isted here are a selection of the NEOWISE MIR light curves for
he EXor candidates discussed in Section 3.2 . Light curves for all of
he stars can be found in the online supplementary material. 
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Figure D2. NEOWISE W1 and W2 light curves for the EXor candidates in 
the SPICY -selected sample. 

Figure D3. NEOWISE W1 and W2 light curves for the EXor candidates in 
the SPICY- selected sample. 
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