
MNRAS 524, 1826–1854 (2023) https://doi.org/10.1093/mnras/stad1891 
Advance Access publication 2023 June 24 

Time-series photometry and multiwavelength characterization of the 

young stellar cluster Mon R2 

Santiago Orcajo , 1 , 2 ‹ Lucas A. Cieza 

3 and Roberto Gamen 

1 , 2 

1 Facultad de Ciencias Astron ́omicas y Geof ́ısicas, Universidad Nacional de La Plata, Paseo del Bosque S/N, B1900 La Plata, Argentina 
2 Instituto de Astrof ́ısica de La Plata, CCT La Plata, CONICET–UNLP, B1900 La Plata, Argentina 
3 N ́ucleo de Astronom ́ıa, Facultad de Ingenier ́ıa y Ciencias, Universidad Diego Portales, Av Ej ́ercito 441, 8320000 Santiago, Chile 

Accepted 2023 June 11. Received 2023 June 9; in original form 2021 August 26 

A B S T R A C T 

Using the Las Cumbres Observatory Global Telescope Network (LCOGT), we have obtained multi-epoch photometry of the 
young cluster Mon R2. We have monitored over 6000 sources with i -band between 13 and 23 mag within a 26 × 26 arcmin 

2 

field of view. For each star, we collected ∼1500 photometric points covering a temporal window of 23 d. Based on these data, 
we have measured rotation-modulated of 136 stars and identified around 90 additional variables, including 14 eclipsing binary 

candidates. Moreo v er, we found 298 other variables with photometric high-scatter. In addition, we have obtained r -band and H α

narrow-band photometry of the cluster with LCOGT and low-resolution optical spectroscopy of 229 stars with GMOS-Gemini. 
We used the Gaia data from the periodic stars and objects with H α or IR-excesses, which are mostly low-mass pre-main sequence 
stars ( < 1 M �) in the cluster to estimate the distance (825 ± 51 pc) and the mean proper motions ( μαcos ( δ) = −2.75 mas yr −1 

and μδ = 1.15 mas yr −1 ) of its members. This allows us to use the Gaia data to identify additional Mon R2 member candidates. 
We also used Pan-STARRS photometry from our LCOGT sources to construct a more precise H-R diagram, from which we 
estimate the mean age of the cluster and identify other possible members including eleven spectroscopy brown dwarf with M7 

to M9 GMOS spectral types. Finally, we combined our membership lists with Spitzer infrared photometry to investigate the 
incidence of stars with discs and the effect these have on stellar rotation. 

K ey words: bro wn dwarfs – stars: fundamental parameters – stars: low-mass – stars: rotation – stars: variables: general – open 

clusters and associations: individual: Mon R2. 
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 I N T RO D U C T I O N  

pen clusters (OCs) are essential targets for the study of galactic
tructure and composition, as well as of star formation in a galaxy,
ncluding the Milky Way (see e.g. Janes & Adler 1982 ; Molina
era, Baume & Gamen 2019 ; Zhong et al. 2020 ). The members
f a young OC are usually assumed to have the same origin, age,
nd composition, although there may be some substructures of star
ormation within a given cluster (Lada & Lada 2003 ). In our nearby
eighbourhood ( < 1 kpc), there are at least 655 such OCs (Sim et al.
019 ). 
The young OCs contain PMS stars, molecular gas, and H II regions.

he dust associated with the molecular gas in young OCs interferes
ith the estimates of stellar distance, age, and mass. Ho we ver, the

ombination of data sets from observatories such as Spitzer , Gaia ,
nd P an-STARRS pro vide us with a more precise and in-depth view,
hich allows to obtain these main stellar parameters with greater
recision (e.g. Castro-Ginard et al. 2020 ; Fabricius et al. 2021 ). In
urn, a more complete census of the stellar members permits to better
efine the structure and age of a young OC and provides observational
onstrains to test theories of star formation and stellar structure (e.g.
hu, Adams & Lizano 1987 ; Lada & Lada 2003 ). 
 E-mail: santi@fcaglp.unlp.edu.ar 
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In addition to age and mass, angular momentum is one of the
undamental parameters in stellar astrophysics (Rebull, Wolff &
trom 2004 ; Bouvier et al. 2014 ). Several studies have shown that,
uring the PMS stage, stars drain angular momentum through their
ircumstellar discs (e.g. Rebull 2001 ; Irwin et al. 2008 ; Venuti et al.
017 ; Orcajo et al. 2019 ; Rebull et al. 2020 ). Therefore, measuring
he rotation period in OCs of stars with and without a disc is key
o study the evolution of angular momentum as a function of age
nd stellar mass. Currently, such studies can be performed through
he combination of photometric rotation periods and infrared (IR)
bservations (used for disc identification). 
In order to contribute to the understanding of OCs in our Solar

eighbourhood, we have obtained time-series photometry and con-
ucted a multiwavelength characterization of the stellar population in
he OC Mon R2. The paper has a broad scope and several main goals,
ncluding identifying new stellar and substellar members, refining the
istance, age, and proper motion of the cluster, identifying stars with
ircumstellar discs, and investigating their effect on stellar rotation.
n addition to this main goals, we use the time-series photometry to
dentify eclipsing binaries and several types of non-periodic variables
n the field. 

The Mon R2 cluster is composed of a prominent reflection nebulae,
ark nebulae, molecular outflows, and H II regions (Carpenter &
odapp 2008 ) and located in the third quadrant of the Galaxy at an

stimated distance of 830 ± 50 pc and with an estimated age of 1–
0 Myr (Herbst & Racine 1976 ; Carpenter et al. 1997 ). The structure
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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nd composition from this complex region have been studied in 
he X-ray, IR, and radio regimes (e.g. Lombardi, Alves & Lada 
011 ; Rayner et al. 2017 ; Sokol et al. 2019 ). B-type stars illuminate
he H II regions and the IR shell at the centre of the OC (Kohno,
oyama & Hamaguchi 2001 ). The dense molecular regions show 

rc-like structures surrounding the H II regions composed of three 
lumps, and an IR cluster is located at the far-side of OC (Choi et al.
000 ). Carpenter & Hodapp ( 2008 ) described this cluster in detail,
oncluding that Mon R2 is very young and complex star formation 
ite. 

Also, Carpenter et al. ( 1997 ) studied the central region photomet-
ically and 34 stars spectroscopically. They obtained a lower limit 
f ∼475 cluster members with a limiting K -band magnitude of 17.4
ag. Andersen et al. ( 2006 ) found that 27 ± 9 per cent of the stars
ith estimated masses between 0.1 and 1.0 M � have a near-IR (NIR)
 xcess indicativ e of a protoplanetary disc. Ho we ver, the lo w-mass
sub)stellar population in Mon R2 still remains to be studied and 
haracterized in detail. 

Here, we present a multitechnique and multiwavelength character- 
zation of Mon R2. First, we used Las Cumbres Observatory Global 
elescope Network (LCOGT) to obtain time-series photometry to 

dentify periodic and variables sources in I -band. The I -band was
hosen as a compromise between the S/N and the amplitude of
he expected variations due to stellar spots and to minimize the 
ontribution from either accretion or disc emission to the measured 
tellar flux. In particular the red colours of M-type stars imply that the
tars are significantly brighter in the i -band with respect to the r -band.
n low-mass stars, the rotation-modulated variability is due to cool 
stellar activity) and hot (accretion-shocked) spots. The cool spots 
an co v er up to the ∼40 per cent of the stellar surface and usually
ominate the periodic variability (Herbst et al. 1994 ; Rebull 2001 ).
dditional photometry was obtained in R -band and H α narrow-band 

o select sources with H α emission. The ( R −H α) colour allows
s to identify PMS stars and discard non-member stars, i.e. giant 
eld stars. The ( R −H α) colour of many PMS stars, in particular
ccreting classical T Tauri stars (CTTSs), is larger than the colour 
f a main-sequence (MS) stars of the same spectral type. The H α

mission in non-accreting weak-lined T Tauri stars is weak (from 

hromospheric activity) and typically not detectable through narrow- 
and photometry. The recombination H α line is a power full accretion 
ndicator because it traces the ionized hydrogen produced by the UV 

adiation, which is caused by the magnetospheric accretion shock 
n young stellar objects (YSOs; Rigliaco et al. 2012 ). Furthermore, 
he giant stars have smaller ( R −H α) colours than MS stars of the
ame R − I colours for spectral types later than ∼K3. So, it is
ossible to discriminate between background giants and PMS stars 
ith a ( R −H α) versus ( R − I ) colour–colour diagram (Lamm et al.
004 ). Furthermore, since the H α line in CTTSs is mostly due to
isc accretion, the ( R −H α) colour is also a useful disc indicator. On
he other hand, observational works (i.e. Fedele et al. 2010 ) found
hat the fraction of stars with mass accretion decreases fast with time,
oing from ∼60 per cent at 1.5–2 Myr down to ∼2 per cent at 10 Myr,
his fraction is systematically lower than the fraction of stars showing 
ear-to-mid-IR excess. So, the NIR Spitzer data are typically a more 
 robust disc indicator than the H α photometry; ho we ver, we find
hat some of our sources lack Spitzer colours but do have ( R −H α)
olour data. 

Then, we studied the LCOGT sources with astrometric data ( � ,
α cos δ and μδ) from Gaia Data Release 2 (GDR2) and Early
aia Data Release 3 (EGDR3) to define specific Gaia membership 

riteria for the cluster. Also, using mid-IR photometry, we identified 
bjects with and without IR excess from a disc. The rotation 
eriods of Mon R2 members were correlated with disc indicators to
nv estigate disc re gulation. We also used the Pan-STARRS 1 (PS1)
ata Release 1 and 2 (DR1 and DR2, respectively) photometric data

o construct the H-R diagram of the OC and calculate its average
ge with isochrones from theoretical models. Finally, we used the 
ow-resolution spectroscopy with the GMOS instrument on Gemini- 
outh Observatory (GS) to classify low-mass stars and brown dwarfs 
BDs). 

This paper is organized as follow. In Section 2 , we describe our
 wn observ ations: the photometry and spectroscopy data from Las
umbres Observatory and Gemini South Observ atory, respecti vely. 
e also describe the different public data sets used for our analysis.

n Section 3.1 , we present the analysis of the LCOGT photometry
nd the GMOS spectroscopy data, with the study of light curves of
he variable sources and the spectral characterization of the targets. 
hen, we combine the data sets to identify new (sub)members and
haracterize the distance, extinction, age, disc frequency, and rotation 
eriod distribution of the cluster population. Finally, in Section 4 , we
resent a summary of our results and main conclusions. 

 OBSERVATI ONS  A N D  PUBLIC  DATA  SETS  

.1 Obser v ations 

.1.1 Photometry with LCOGT 

COGT has 23 telescopes in seven sites around the world working
ogether, allowing to monitor a given field during several weeks 
r months with an almost continuous time co v erage. We used the
CICAM-SINISTRO instrument at the 1.0-m telescopes, which 
onsist of a 4 K × 4 K CCD camera and provides a field of view (FOV)
f about 26.5 × 26.5 arcmin 2 , with a scale of 0.389 arcsec pixel −1 .
ur data were obtained from the South African Astronomical 
bservatory (CPT), Siding Spring Observatory (COJ), McDonald 
bservatory (ELP), and Cerro Tololo (LSC; Brown et al. 2013 ). 
We obtained the images with the filters I -band, R -band, and H α-

arrow band for different purposes. 
We used the I -band filter to obtain time-series photometry to

dentify variable and periodic sources. We obtained 2400 images 
ith the I -band in a field centred at RA(J2000.0) = 06 h 07 m 53 s .57

nd Dec.(J2000.0) = −06 ◦21 ′ 59 ′′ .4 o v er a period of 23 d, from 2016
ecember 1 to 23. Overall, we monitored a total of 6843 sources in
 field, with I -band apparent magnitudes ranging from ∼ 14 to ∼24
ag. We took sets of 10 images with 180 s of integration per image,
ith an observational o v erhead of approximately 1.5 h. Finally, an
bservational cadence of 30 min between each set of 10 images was
chieved. 

We also obtained R -band and H α narrow-band photometry of 
on R2 in order to construct colour–magnitude and colour–colour 

iagrams. For H α and R -band data, we obtained 18 and 20 exposures,
espectively, 600 and 300 s each, in the second half of December
016. We detect 915 sources in H α and 2355 objects in R -band, for
 total of 844 targets with ( R −H α) colours. A colour image of the
on R2 Cluster based our I -band, R -band, and H α data taken with

COGT is shown in Fig. 1 . 

.1.2 Spectroscopy with GS 

he determination of stellar mass and age in Mon R2 by photometric
olour inde x es is difficult due to the intrinsic differential extinction in
he field. Ho we ver, from the spectral types, we can obtain the ef fecti ve
emperature and intrinsic photospheric colours of the targets using 
MNRAS 524, 1826–1854 (2023) 
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M

Figure 1. Image composite of the young stellar cluster Mon R2, based on I -band (blue), R -band (green), and H α (red) data taken with LCOGT Sinistro 1-m 

telescopes. 
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Table 1. Details of each GMOS mask employed. In successive columns, we 
show the number of sub-field (according the Fig. C1 ), program ID, integration 
times (exptime), and the number of spectra obtained (n). 

Sub-field Program ID Exptime (s) n 

01 GS-2019B-Q-121 420 20 
02 GS-2019B-Q-121 420 20 
03 GS-2017B-Q-39 330 19 
04 GS-2018B-Q-204 435 21 
05 GS-2017B-Q-39 300 26 
06 GS-2018B-Q-204 435 25 
07 GS-2018B-Q-204 435 31 
08 GS-2018B-Q-204 690 26 
09 GS-2018B-Q-204 680 25 
10 GS-2018B-Q-204 435 25 
11 GS-2018B-Q-204 690 24 
12 GS-2017B-Q-39 330 30 
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alibration tables. The latter allows us to correct the photometry for
xtinction, enabling a more accurate determination of the mass and
ge of the targets. We observed Mon R2 with the Gemini Multi-
bject Spectrograph (GMOS) in the multi-object mode from GS.
e divided the photometry field in 16 sub-fields according the FOV

f GMOS. We observed the cluster in three different programs over
 years (programs ID GS-2017B-Q-39, GS-2018B-Q-204, and GS-
019B-Q-121) co v ering 12 sub-field (see Table 1 and Fig. C1 ). For
hese three programs, we used the R150 grating, which delivers
ptical spectra between 450 and 1100 nm with a resolving power
 ≈630. Our GMOS targets have I -band magnitudes in the 15–22

ange, and were observed with integration times ranging from 5 to
1.5 min, to reach typical signal-to-noise ratios (S/N) of 50. 
Data were processed in the standard way (CCD processing,

perture tracing, aperture extraction, wavelength calibration and
ky subtraction), using the GMOS-Gemini package within IRAF ,
s in Orcajo et al. ( 2019 ). For each mask, we obtained three sets
NRAS 524, 1826–1854 (2023) 
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f images consisting of one flat-image (called ‘flat’), one CuAr 
amp-image (‘arc’), and one science-image (‘sci’). Each set was 
rocessed individually and manually. The flats were normalized 
nd corrected for o v erscan and gaps between CCD’s. The slits
ere recognized in the flat from the gradient method and then 

his information was applied to the arc and sci images. Pixel-to- 
avelength transformations were found using arc image calibration. 
ach slit was analysed individually and the results were checked until 

he optimal transformation was found. Sci images were corrected for 
 v erscan, flat, bad pix els, and pix el-to-wav elength transformation.
pectral extractions were interactive and spectrum was separated 

nto a single file. The spectrum is the result of the combination of
hree reduced spectra, achieving an impro v ement of ∼ √ 

3 in the S/N.
lso, we obtained telluric spectra, which were used to minimize the 

tmospheric contamination. We were able to obtain 297 spectra in 
he 12 masks employed. 

.2 Public data sets 

n our study of Mon R2, in addition to our own data, we also used
ifferent public multiwavelength and multitechnique data sets, which 
e describe below. 

.2.1 Pan-STARRS 

he P anoramic Surv e y Telescope and Rapid Response System (Pan-
TARRS) is an innov ati ve wide-field astronomical imaging and data 
rocessing facility developed at the University of Hawaii’s Institute 
or Astronomy (Kaiser et al. 2002 , 2010 ; Chambers & Pan-STARRS
eam 2018 ). Chambers & Pan-STARRS Team ( 2018 ) provides 
n o v erview of the fully implemented Pan-STARRS System. The 
rst telescope of the PanSTARRS Observatory is the Pan-STARRS 

elescope #1, (Pan-STARRS1 or informally PS1). The PS1 surv e y 
sed a 1.8-m telescope and a 1.4 Gigapixel camera to image the sky
n five broadband filters ( g , r , i , z, and y ). The PS1 surv e y co v ers
he entire Northern sky and extends to the South to declination 

30 ◦ contains a wide range of magnitudes with millimagnitude 
ccuracy (Tonry et al. 2012 ; Magnier et al. 2020 ). We used the data
rom DR2 and added a small fraction of sources with DR1 (about
5 per cent). We downloaded the data from website. 1 DR1 occurred 
n 2016 December 19 and DR2 on 2019 January 28. DR2 shows
mpro v ements o v er DR1, but both were necessary to co v er all our
COGT sources (some of these sources only had complete data, or

he necessary flags, in DR1, but not in DR2; Sinha et al. 2020 ). We
atched the PS1 sources in the g , r , i , z, and y -band filters with

he sources obtained in the LCOGT field. We use the mean PSF
agnitude from each filter with its associated uncertainty. 2 Sources 
ith missing photometric errors in the catalogue were discarded. In 
ection 3.3.5 , we explain how we select the data. 

.2.2 Gaia 

he Gaia EDR3 represents a major and the newest release for the
aia mission. The data were collected during 34 months started in 
014 and contain high-precision parallaxes and proper motions. The 
arallaxes and proper motions were derived from Gaia observations 
lone. These data releases co v er sources brighter than G = 21
 ht tps://catalogs.mast.st sci.edu/panstarrs/
 Some photometric values in the PS1 catalogue do not have an associated 
rror. 

3

4

5

n

ag. The EDR3 presents an increment of 30 per cent in parallaxes
recision and doubled the precision of proper motions respect to the
revious release (GDR2; Gaia Collaboration 2018 , 2021 ; Lindegren 
t al. 2021 ; Bailer-Jones et al. 2021 ). First, we used the GDR2
ata, then we w ork ed with EDR3 and checked the impro v ements.
e matched the Gaia sources downloaded from the EDR3 archive 

age 3 with sources obtained from the LCOGT field. We used the
AIA data to determine the proper motions and distances from Mon
2. In Section 3.3.4 , we explain how the data were collected. 

.2.3 Spitzer 

ith the goal of studying the membership of sources to the cluster and
he incidence of circumstellar material on stellar rotation, we used 
pitzer -IRAC colours, which are particularly good disc indicators 
see Section 3.3.3 ). To build a catalogue with the Spitzer -IRAC
hotometry data for our sample, we first obtained the data from
he Spitzer Enhanced Imaging Product s (SEIP) Source List on a box
ith 1800 arcsec centred at RA = 91 ◦.94417 and Dec. =−6 ◦.38306

Equinox J2000) from the IPAC Infrared Science Archive (IRSA). 4 

We followed the recommendations of the ’Spitzer Enhanced 
maging Products Explanatory Supplement 5 ’ (section 1.1.2) to obtain 
he most reliable fluxes. Ho we ver, the second recommendation, 
dopting FLUXFLAG = 0 to exclude sources that may be affected
y nearby, saturated sources or nearby extended sources. This 
liminated most sources located in a circular area of radius ∼8.5
rcmin from the cluster centre. For this reason, this recommendation 
as not followed. On the other hand, we chose the data with

LUXTYPE = 1 and used the 3.8 arcsec diameter aperture with its
ssociated uncertainties for the IRAC channels; this makes a cut-off 
t SRN ≥3. 

Furthermore, IRAC provides the photometric data in flux, which 
ere transformed to magnitudes using the equations acquired from 

he same supplement in table 4.6. For these transformations, we used
he zero points 280.9, 179.7, 115.0, and 64.9 Jy for fluxes I 1 = [3.6],
 2 = [4.5], I 3 = [5.8], and I 4 = [8.0], respectively. 

On the other hand, we found tw o w orks with Spitzer data not
ncluded in the IRAC database. Gutermuth et al. ( 2009 , hereafter
9 ) presented an uniform mid-IR imaging and photometric surv e y
f 36 young, nearby, star-forming clusters and groups, including 
on R2. They used IRAC data and calibrated with Spitzer Science
enter Standard Basic Calibrated (SSC BCD) pipeline. Kryukova 
t al. ( 2012 , hereafter K12 ) identified protostars from nine star-
orming molecular clouds within 1 kpc and Mon R2 is one of them.
he y e xtracted photometry from Spitzer surv e ys using point-spread

unction (PSF) fitting photometry techniques. 
We cross-matched the data in the three samples mentioned abo v e

nding a good agreement among fluxes of coincident sources (within 
rrors). Then, we constructed an unique table prioritizing data 
ccording their sources, as follows: the Spitzer SEIP data, G9 , and
12 data. Thus, the Spitzer SEIP data were complemented with 48

ources from G9 and 1 from K12 . The final catalogue contains 983
argets with both 3.6 and 8.0 μm data and is shown in Table F1 .
or completeness the 4.5 and 5.8 μm fluxes are also included, even

hough they are not used in the analysis. In addition, we note that
MNRAS 524, 1826–1854 (2023) 

 ht tps://gea.esac.esa.int /archive/
 ht tps://irsa.ipac.calt ech.edu/Missions/spitzer.html 
 ht tp://irsa.ipac.calt ech.edu/data/SPITZER/Enhanced/SEIP/docs/seip expla 
atory supplement v3.pdf

https://catalogs.mast.stsci.edu/panstarrs/
https://gea.esac.esa.int/archive/
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Figure 2. Mean statistic in two background sectors from each I -band master 
images. Red X symbols depict the poor-quality images (high background), 
while the green + signifies the good-quality images, i.e. mean < 2200 ADU 

(see text). 
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Figure 3. Differential magnitudes ( � i ) versus Julian Day for three non- 
variable stars with the lowest photometric standard deviation. The magnitudes 
in i PS 1 -band are: ID 2010 = 14.616 ± 0.004, ID 654 = 13.924 ± 0.011, and 
ID 1895 = 14.726 ± 0.001. � mag is calculated between a star and the average 
of the three stars. The reference star has i PS 1 = 14.442 mag and the σ symbol 
is the amplitude of light curve. 
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he Spitzer SEIP, G9 , and K12 data sets virtually show a 100 per cent
greement in terms of disc identification. 

 RESU LTS  A N D  ANALYSIS  

.1 LCOGT imaging data 

COGT delivers the images processed with the BANZAI pipeline
McCully et al. 2018 ) as FITS multi-extension files, together with a
atalogue of sources detected Source Extraction and Photometry and
he bad pixel mask. 6 This photometry was not deep enough ( I max ∼
8.5 mag) to detect all objects of interest; therefore, so we decided
o apply our own photometry and object search using the the tasks
rovided by the software IRAF , DAOFIND and APPHOT . Saturation
ccurred near I ∼ 12 mag and the completeness limit was I ∼ 22.61
ag. Where I is the I-instrumental corrected for an approximation

f ZeroPoint obtained with the PS1 matched data in I-band. I is a
orrection for filter change, but it is not an absolute photometry 

From the 2400 images obtained in I -band, only 1560 were useful.
ome poor-quality images showed very low S/N, poor tracking or
ocus, etc. In order to identify poor-quality images, we studied and
nalysed statistically two background sectors on master images cre-
ted from the median of 10 consecuti ve indi vidual images with very
ew bright sources. We considered that if the mean of background
ectors is great than 2200 ADU (3 σ abo v e the mean value of the
mages with the best background), the background is too bright
nd the S/N is too low to be useful and thus we discard all the
ndividual images in the master image. In Fig. 2 , we depict the
tatistic study, a gap of almost 4 d in the time-series due to bad
mages was unluckily obtained. To obtain a sample containing even
he faintest objects, we created a super image combining all 1560
ood frames in I -band and applied the DAOFIND package to obtain
heir coordinates. Finally, with the coordinates obtained, we applied
perture photometry to the 1560 individual images with the PHOT
NRAS 524, 1826–1854 (2023) 

 ht tps://lco.global/documentation/dat a/BANZAIpipeline/

p  

a  

p

ask of the APPHOT package. Finally, we cross-matched the LCOGT
ources with others catalogues ( Gaia EDR3, PS1, Spitzer ), which
rastically reduced the number of spurious sources. 

.1.1 Differential photometry and lightcurves 

e calculated the differential photometry of the 6843 sources respect
o a mean reference star, which was constructed by the averaging the
uxes of the three stars with the lowest photometric variations and
esulted in 14.422 mag in the i -band from PS1. These reference stars
ere selected because the y hav e e xtremely consistent differential
hotometry between them, indicating that they are intrinsically non-
ariable. Light curves of these non-variables stars are shown in Fig. 3 .
ach light curve was generated with the 1560 I -band images obtained

n 23 consecutive days. The gap in the time-series is due to the
iscarding of bad images (see Section 3.1 ). 
We reached rms < 0.001 mag, which allows us to identify variable

tars with amplitudes as low as 0.01 mag. From this well-sampled
nd well-calibrated time-series data, we are able to find photometric
eriods between 0.2 and 16 d. In bottom Fig. 4 , we show the
ean photometric error per magnitude in the i -band, observing that

eriodic stars have errors below 20 per cent, indeed, 90 per cent
emain below 5 per cent of the instrumental error. 

.1.2 Periodograms 

e used the Lomb–Scargle (LS) algorithm, described by Scargle
 1982 ) and Horne & Baliunas ( 1986 ) and implemented in the Inter-
ctive Data Language ( IDL ) software to search for periodic signals
n the 6843 sources detected. The LS algorithm is a variation of the
iscrete Fourier Transform, in which a time-series is decomposed

nto a linear combination of sinusoidal functions. The maximum
ower in the resulting periodogram indicates the most likely period,
nd the height of the maximum power is associated to a false alarm
robability (FAP). 

https://lco.global/documentation/data/BANZAIpipeline/
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Figure 4. Top: Periodogram power versus I -corrected magnitudes. All 
sources are shown in grey; the rotation-modulated variable stars, in green; 
possible rotation-modulated stars, in blue; potential binary stars, in dark- 
yello w; and non-periodic/miscellaneous v ariables, in red. The black lines 
depict the I c magnitude limits where we found the variables stars (outside this 
limits, the stars tend to be saturated or too faint to obtain accurate photometry). 
Bottom: Mean photometric error versus PS1 magnitude in the i -band with 
the same colours reference. Ninety per cent of the periodic stars disco v ered 
in this work have a mean photometric error of less than 5 per cent, while the 
remainder do not exceed 20 per cent error. In addition, we show the position 
of the 3 reference stars marked with an arrow indicating each ID. 
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For all the stars, we searched for periodic signals with periods 
etween 0.02 and 25 d and identified the peak of the periodogram as
he most likely period. 

In order to identify good-quality periods in the light curves, we 
alculated the FAPs using the code PRACTICALLOMBSCARGLE from 

ackage ASTROPY.TIMESERIES 7 (VanderPlas 2018 ), which uses the 
efault BALUEV method (similar results were obtained with the other 
vailable methods). The FAP indicates the probability of reaching 
 http://www .astropy .org 8
 given maximum in a power spectrum due to Gaussian noise. We
nd that, depending on the stellar brightness, a peak power of 12–
0 corresponds to a FAP ≈ 1 per cent. Ho we ver, this result is very
ptimistic given the assumption of purely Gaussian noise. In practice, 
dditional sources of noise, such as those due to the changes in air-
ass, produce spurious signals with peak powers up to 50 and periods

lose to 1 d (see top Fig. 4 ). Therefore, based on visual inspections
nd the distribution of observed peak powers seen in top Fig. 4 (top),
e adopt a conserv ati ve threshold of 70 for the peak power to identify
eriodic stars. Ho we ver, some stars with a period of about 1-d passed
isual inspection, although they should be taken with caution. 
We further investigated the periodicities in the light curves, 

ith peak powers greater than 70, through the NASA Exoplanets 
eriodogram tool 8 , which also utilizes the LS algorithm but allows
or an interactive inspection of multiple peaks in the periodogram of
ach light curve. Finally, we inspected the light curves by eye and
heck the spatial positions of the variables candidates. We discarded 
aturated stars ( I c < 12.3 mag) and stars close to diffraction spikes
nd the edges of the detectors. Most of these rejected stars had
purious periods of 0.5, 0.99, and 1 d. 

.1.3 Classification of variables 

rom the results of the periodograms and the visual inspections 
iscussed in Section 3.1.2 , we classified the variable sources with
epeated photometric patterns onto the following categories: 

(i) Rotation-modulated: LC with robust periodic signal, e.g. Peak 
ower > 70 and convincing LC from visual inspection (136 sources).
(ii) Possible: LC with marginal periodic signal, e.g. Peak Power 
70 and convincing LC from visual inspection (12). 
(iii) Binary: Peak Power > 70 and LC with one or more abrupt

rops in magnitudes, mimicking eclipses (14). 
(iv) Other: Peak Power > 70, but LC with irregular or large

eriodic variability but uncertain origin (64). 

We are particularly interested in stars in this FOV that have a robust
eriodic signal because their periodicity is likely to be modulated by
tellar rotation and low-mass PMS stars with photometric rotation 
eriods have a high probability of being members of the Mon R2
luster. We called these sources ‘rotation-modulated variables’. We 
eparated the rotation-modulated variables in three groups according 
o their amplitude in greater than 0.1 mag, 0.05–0.1 mag, and lower
han 0.05 mag. In Fig. 5 , we show five light curves of each group per
ine and the rest of the rotation-modulated variables LC (grouped 
s abo v e) and possible periodic in Appendix B in Figs B1 –B8 ,
espectively. 

Finally, we show in appendix the binary system candidates with 
ne abrupt drop in magnitude in Fig. B9 and more abrupt drops in
agnitudes (mimicking eclipses) in Fig. B10 and the miscellaneous 

ariables Fig. B11 . 

.2 GMOS spectroscopic data 

.2.1 Spectral classification 

-type stars present molecular absorption bands mainly from tita- 
ium oxide (TiO) and vanadium oxide (VO). These bands are deeper
n latter sub-spectral type. For all M-type stars the TiO band is
rominent, but the VO band dominates from M5 to later types. As in
MNRAS 524, 1826–1854 (2023) 
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M

Figure 5. Phased light curves with different amplitudes. Top row: amplitude ≥ 0.1 mag. Centre row: between 0.05 and 0.1 mag. Bottom row: amplitude ≤ 0.05 
mag.The light curves in each row are sorted by periodogram power. The green dots are the I -band data from LCOGT. The red circles are the averages of the 
differential magnitude every 10th of a phase. The thickness of each light curve is an approximate measure of the sample error. 
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rcajo et al. ( 2019 ), we created our own internal spectral sequence
f GMOS data (see Fig. 6 ) by comparing with published templates
Kirkpatrick, Henry & McCarthy 1991 ; Henry, Kirkpatrick & Simons
994 ; Alonso-Floriano et al. 2015 ). This allows for a more direct
nd self-consistent comparison of all our GMOS spectra. For each
f our spectra, we performed a visual comparison against the GMOS
pectral sequence to determine the best match. 

From the 12 GMOS fields, we obtained 297 spectra, 229 of which
ad enough signal to noise for spectra classification. Of these 229
bjects, 140 have spectra matching M-type stars, where 58 have M2
r earlier types, and 82 have M3–M9 spectral types. The rest are
ikely to be K-type or earlier types, and were not classified further
s the GMOS spectra lack the required resolution. For our spectral
lassification, we use the reference spectra obtained in the study of
he cluster NGC2264 (Orcajo et al. 2019 ), which were taken with
he same instrument. For this reason, we estimate that our spectra
ave an uncertainty of 1 spectral subtype based on comparisons with
esults from the literature. 

We find that 178 of the 229 targets with useful GMOS spectra
ave Spitzer data and 86 are variables. In Table 2 , we summarize the
umber of stars classified using our GMOS data. The sample could
ot be enlarged as we did not find any useful spectral classifications
n the literature. 

.3 Membership 

o assess whether the sources in our sample are (sub)stellar members
f the Mon R2 cluster we adopted a variety of criteria based on
hotometric variability, disc indicators, position in H-R diagram,
roper motions, and parallaxes. The different criteria are discussed
elow. 

.3.1 Rotation-modulated variability 

he light curves of the variable stars classified in Section 3.1.3
s rotation-modulated variability were visually inspected, and it
s notable that most of them show sinusoidal shapes. These light
urves are typical of very young and active late stars (typically
-types), which present cool or hot stellar spots that co v er a

ignificant fraction of their surfaces, thus producing high-amplitude
NRAS 524, 1826–1854 (2023) 
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Table 2. Number of stars according to their spectral type determined in this 
work. In the ‘nonM’ tag, we included spectral types earlier than M0, most of 
them are likely to be K-types. 

Sub-type Number 

nonM 89 
M0 28 
M1 17 
M2 13 
M3 26 
M4 15 
M5 21 
M6 9 
M7 5 
M8 3 
M9 3 

Total M 140 
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Figure 7. i -band (PS1) versus standard deviation in the mean differential 
photometry in I-band. The green line is a fit ( f ( x ) = 10 (0.2912 ∗x − 6.2837) ) for 
the o v erdensity of objects. Abo v e 3 σ of this fit (blue line) are non-periodic 
variable sources, some of which are already located from the periodogram 

analysis. Most variable sources have a characteristic standard deviation of 0.2 
mag. From this figure, we identified a total 444 high-scatter v ariables (yello w 

circles). 

Table 3. Summary of membership criteria. 

Flags Description n 

ZamsFlag Objects are located abo v e the ZAMS isochrone. 1267 

GaiaFlag Objects with five-parameters of membership from 

Gaia : α and δ, are defined by the limits of the field 
obtained with LCOGT. Square 2.5 mas yr −1 ( ∼2.5 σ ) 
on a side around kinematic centre in μαcos( δ) = 

−2.75 mas yr −1 and μδ = 1.15 mas yr −1 . And � 

between 0.888 and 1.42 mas. 

206 

V type Value 1. Objects showing periodic variability 
consistent with rotation modulation in this work. 

136 

V hs Objects showing high photometric scatter for given 
magnitude in Fig. 7 . 

444 

Disc Objects with IR or H α excess consistent with disc 
presence 

515 
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of a few per cent or more), rotation-modulated variations. Cool 
pot associated with magnetic activity usually dominate the light 
urves of non-accreting weak-line T Tauri stars, while hot spots 
rom magnetospheric accretion might dominate the light curves of 
ccreting CTTSs (Herbst et al. 1994 ). 

Field stars can also present periodic signals, but for stars in 
he temperature range we are working with, the amplitudes are 
sually less than 1 per cent of magnitude (McQuillan, Mazeh & 

igrain 2014 ). Considering that we can approximate the amplitude as 
mp = 

√ 

2 ∗ rms, the rotation-modulated stars in our sample have 
alues abo v e 1 per cent. Approximately 80 per cent have amplitudes
etween 0.01 and 0.1 magnitude, which are high for the amplitudes 
xpected in field stars. 

.3.2 High-scatter variables 

sing only sources with periodic variability as a membership 
riterion introduces a bias against accreting stars. YSOs may also 
ave non-periodic light curves (see Appendix B ), due to variable 
ccretion. One way to find possible non-periodic variables is from 

he scatter of the light curve with respect to the mean magnitude
alue obtained. If this scatter or standard deviation is larger than 
he expected photometric error for a given magnitude, then the 
robability that a source is intrinsically variable is high. In Fig. 7 ,
e show this standard deviation of the instrumental differential 
agnitude in the I -band versus the magnitude in the i -band of PS1.

n Fig. 7 , we also notice an o v erdensity of objects, mainly field stars,
ollowing a straight line. We make a linear fit to this o v erdensity
nd determine a limit abo v e the 3 σ of the fit. We note that most
f the viable stars have a standard deviation of around 0.2 mag,
hich we interpret as the characteristic variability amplitude of the 
 Tauri stars in the cluster (Venuti et al. 2015 ). Then, we define
 new membership criterion called ‘high-scatter variables’ (‘V hs’ 
n Tables 3 and 4 ), as the sources abo v e the ‘variable limit’ line in
ig. 7 . Using this procedure, we identify 444 high-scatter variables. 
f these 444 objects, 81 are also rotation-modulated variables based 
n the first criterion defined in Section 3.1.3 and 65 objects are other
ypes of variables identified by the periodogram analysis. 

.3.3 Disc identification 

he presence of IR excess from a protoplanetary disc can also 
e considered a clear indicator of young and membership to a 
oung cluster as Mon R2 because protoplanetary discs dissipate 
ery quickly ( < 1–10 Myr) and are not present in older stars in the
eld. The warm dust ( T ∼ 100–300 K) in protoplanetary discs is

ypically optically thick and produces a characteristic mid-IR excess 
Williams & Cieza 2011 ). Thus, the Spitzer -IRAC [3.6]–[8.0] colour
ndex can be used as a robust disc indicator. These wavelengths are
lose to the Rayleigh–Jeans regime of the stellar photospheres and 
hus the photospheric colour shows little dependence on spectral 
ypes. The colour boundary between stars with and without a disc
sually occur in [3.6]–[8.0] colours between 0.5 and 0.7 (Cieza &
aliber 2007 ; Orcajo et al. 2019 ). We found only 4 M-type stars
ith [3.6]–[8.0] colours in the 0.5–0.7 mag range and hence adopt

3.6]–[8.0] > 0.5 as disc identification criterion. We note that the
isc identification criterion is only weakly affected by extinction as 
he median A V of 2.09 mag determined for Mon R2 (see below in
ection 3.4.2 ) corresponds to a reddening of just 0.07 mag in the
3.6]–[8.0] colour (Evans Neal J. et al. 2009 ). 
MNRAS 524, 1826–1854 (2023) 
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Figure 8. Diagram colour–magnitude with Spitzer data indicating the loca- 
tion of stars with and without a disc and the region occupied by extragalactic 
sources (Harv e y et al. 2006 ). Note that some spectroscopically confirmed 
M-type stars with protoplanetary discs (red triangles) fall in the same region 
of the diagram as galaxies. 
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While the [3.6]–[8.0] colour is very useful to distinguish between
tars with and without a disc, we note that extragalactic sources can
ave similar colours as stars with discs. In order to identify potential
xtragalactic objects, we adopt the criteria from Harvey et al. ( 2006 ),
ccording to which objects with [4.5]–[8.0] > 0.5 and [8.0] mag
ainter than 14 – ([4.5]–[8.0]) are consider potential background
alaxies (see Fig. 8 ). Ho we ver, we find that some spectroscopically
onfirmed M-type stars with IR excess fall in this region of the [8.0]
ersus [4.5]–[8.0] diagram, implying that the Spitzer colours alone
re not enough to distinguish between these two types of sources.
n the other hand, the Spitzer data obtained nominally correspond to
alactic objects ( IRAC OBSTYPE = 0). Ho we v er, we hav e performed
 visual inspection of the possibly extragalactic objects, discarding
0 extended sources and about 50 sources that do not appear in the
 -band super image. The remaining sources have a high probability
f being background or cluster sources. 
PMS stars surrounded by protoplanetary discs can also be iden-

ified by the presence of strong H α emission indicating accretion.
herefore, we also used our LCOGT photometry in R , I broad bands
nd the H α narrow band to identified additional targets with accretion
iscs. We find a total of 838 sources with high quality H α and
 photometry (S/N > 10). From this photometry, we find that most
tars have instrumental ( R −H α) colours of −3.15 (see Fig. 9 centred
n 3.15). In Fig. 9 , two distributions are clearly visible for objects
ith [3.8] − [8.0] < 0.5 (180 sources) and [3.8] − [8.0] > 0.5 (197

ources). The cut-off of the [3.8]–[8.0] < 0.5 objects around the
alue 0.25 is also clear. While those with [3.8]–[8.0] > 0.5 extend
eyond that value. The black peaks are the objects that do not have
nough Spitzer data (106 sources) to define the presence of a disc. In
ddition, the few sources with [3.8]–[8.0] < 0.5 beyond 0.25 have a
igh probability of having a disc due to their high emission in H α.
hey could be discs with dust cavities (known as transition discs),
hich is why Spitzer does not detect it (figs 1 and 2 of Espaillat et al.
014 ). Therefore, we have adopted ( R −H α) + 3.15 > 0.25 as a disc
dentification criterion. 

Using this criterion, we added 20 sources with ( R −H α) +
.15 > 0.25 to the list of member candidates. This criterion is very
estrictive, and we seek not to contaminate our sample of stars with
isc with objects without disc. Barentsen et al. ( 2011 ) shows an
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Figure 9. ( R −H α) + 3.15 (instrumental magnitude) histogram with and 
without Spitzer data. Two different distributions are observ ed. F or objects 
with [3.6] − [8.0] < 0.5, the distribution is well-defined, with a peak centred 
at −0.025 and to be cut off near the value 0.25, while the distribution with 
[3.6] − [8.0] > 0.5 has a peak centred at 0.05 but has a tail at values abo v e 
0.25. Objects without Spitzer data beyond 0.25 have a high probability of 
having emission in the H α line due to the presence of a circumstellar disc. 
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Figure 10. The proper motions from Gaia EDR3 data of our LCOGT sources 
are shown in grey (transparent) dots. The rotation-modulated variable stars 
are shown as green circles, while the objects with IR or H α excess are shown 
as red circles. A clear conglomeration of periodic and IR or H α excess sources 
is seen around μαcos ( δ) = −2.75 mas yr −1 and μδ = 1.15 mas yr −1 . We 
define a square 2.5 mas yr −1 ( ∼2.5 σ ) on a side around this kinematic centre 
as an additional criterion to identify member candidates. 
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 v erlap between Weak T Tauri stars and stars without H α line. With
his criterion we only detect two stars without IR-excess and with 
 α emission line. 

.3.4 Gaia distances and proper motions 

e also studied membership to Mon R2 using the five-parameter 
olutions ( α, δ, μαcos δ, μδ , and � ) in the Gaia EDR3 database
Fabricius et al. 2021 ; Gaia Collaboration 2021 ). Based on position
atches within 1 arcsec, we found ∼1600 coincidences with our 
COGT photometric sample with parallax and proper motions 
ata. Re garding parallax es, Linde gren et al. ( 2021 ) e xplains their
imitations and the different approaches to calculate distances. 

The first two parameters, α and δ, are defined by the limits of
he field obtained with LCOGT. The other three parameters were 
onstrained by statistical considerations. In Fig. 10 , we plot the 
αcos ( δ) versus μδ plane of our LCOGT sources with EDR3 data.
learly, a clump is appreciated around ( −2.75, 1.15) mas yr −1 .
eal cluster members might have different proper motions due to 
ynamical interaction with other members during or after formation. 
herefore, objects with proper motions outside the box can not 
ecessarily be excluded as cluster members. Since there is no unique 
ay to define a ‘membership region’ around this kinematic centre, 
e try to define the limits from the observed distributions. In Fig. 11 ,
e show the distributions of proper motions. We find a well-defined 
imodal distribution in μαcos ( δ), with a peak around μαcos ( δ) =
2.75 mas yr −1 in addition to the peak at μαcos ( δ) = 0.0 mas

r −1 e xpected from v ery distant sources. We took advantage of the
imodality to set the half-width of the distributions to 1.25 mas yr −1 

equi v alent to 2.5 σ ) so that the upper limit in μαcos ( δ) coincides
he with the observed minimum between the bimodal distributions. 
ince the μδ distribution does not present this bimodality, we simply 
dopt the same half-width of 1.25 mas yr −1 . Hence, we define a
quare membership region with a kinematic centre at ( − 2.75; 1.15) 
as yr −1 and a size of 2.5 mas yr −1 on each side. 
To verify that the adopted ranges in proper motions are appro- 

riate to identify new cluster member candidates, we inspect the 
istributions of proper motions of the rotation-modulated variable 
ources and/or sources with IR or H α excess. We find that their
roper motions are very consistent with the adopted ranges (see 
ig. 11 bottom left and centre panel). We emphasize that excellent
greement between independent membership indicators (periodicity, 
R/H α excess, and kinematics) reinforces each one of the criteria 
dopted to select cluster member candidates. 

In Fig. 11 , we show the parallax’s distribution in top right panel
f the whole sample in light grey with the first selected sample in
roper motion superimposed in dark gre y. Ev en in the latter sample,
here is a high dispersion that even contains ne gativ e parallax es.
sing rotation-modulated sources and/or sources with IR or H α

xcess and selecting sources with errors in parallax smaller than 
0 per cent, as shown in the right-bottom panel of Fig. 11 , we adopt
imits for the candidate member parallaxes. Thus, fitting a Gaussian 
o this final distribution, we adopt limits from 0.888 to 1.42 mas
or the candidate member parallaxes. This values correspond to the 
.5 σ limits of the distribution. We find that 206 sources fulfill the
dopted five-parameter requirements from Gaia , 146 of them are 
lso rotation-modulated variables and/or present IR or H α excess. 

.3.5 PS1 colour–magnitude diagram 

nother membership criterion is the selection of photometric sources 
hich fall o v er, i.e. redder and brighter, the isochrone representing

he Zero Age Main Sequence (ZAMS) of the Mon R2 cluster. To
erform this task, we generated the i − y versus i diagram using
he PS1 data and placed the corresponding ZAMS (considering the 
istance modulus and mean reddening of the cluster). We selected 
he photometric data in both i and y bands from DR2 and DR1
prioritizing DR2). We cross-matched 3078 LCOGT targets with i 
nd y data from PS1 with well-defined errors in DR2 and DR1. These
ources have 10.6 < i < 23.1 mag and 10.7 < y < 20.9 mag. We
nalysed different combinations of bands for the colour–magnitude 
MNRAS 524, 1826–1854 (2023) 
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M

Figure 11. Member candidates from Gaia . Top: histograms of the 1600 LCOGT objects with five-parameter data from EDR3. The left-hand panel corresponds to 
μα cos ( δ), where the objects with μα cos ( δ) = −2.75 ± 1.25 mas yr −1 are shown in dark-grey. The centre panel corresponds to μδ , objects with μδ = 1.15 ± 1.25 
mas yr −1 shown in dark grey. The right-hand panel corresponds to the parallax data, where the dark grey fills are the � of objects restricted by the proper 
motion limits indicated abo v e. The dark grey objects correspond to objects inside the box in Fig. 10 and therefore cuts have been applied in both proper motion 
dimensions. Bottom: The same data as in the top, but limited to the rotation-modulated variables (green) and non-periodic sources with IR or H α excess (red 
stacked bars). The right-hand panel shows the � with the additional restriction of � errors < 20 per cent. 
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Figure 12. CMD of sources in the Mon R2 field with PS1 photometry (grey 
dots). We o v erplotted four lines depicting the 1, 3, and 10 Myr and ZAMS 
isochrones (see text). Note how Gaia candidates and periodic variables seem 

to concentrate around the 3 Myr line. 
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iagram (CMD) but considered i − y versus i to be the least affected
y reddening (see Section 3.4.2 ). 
We used the isochrones from the Lyon University web from

hoenix. 9 We used the 2015 BT-Settl model with [ M / H ] = 0.0
nd AB photometry consistent with PS1. The BT-Settl model
ncludes low-mass stars down to the hydrogen-burning limit and
onsistently couples atmosphere and interior structure. BT-Settl
resent T eff = 15 000–1500 K and age of pre-sequence, starting
rom 1 Myr (Baraffe et al. 2015 ; Allard 2016 ). We selected four
sochrones, 1, 3, and 10 Myr and the ZAMS, and we shifted them
y m − M = 9.58 (see Section 3.4.1 ), A i = 1.315 mag, and E( i

y ) = 0.488 mag (see Section 3.4.2 ). In Fig. 12 , we show the i
y versus i diagram with all data collected and isochrones. As all

amples selected with a single membership criterion, the member
andidates located abo v e the ZAMS should be taken with caution.
n particular, this sample could be contaminated by binary objects
Hurley & Tout 1998 ) and field stars. The uncertainty in this criterion
ould be as high as ≈50 per cent (see Appendix D ). Therefore, we
aution that this criterion should not be considered, by itself, as a
eliable membership indicator and that the degree of contamination
ncreases as the objects get closer to the ZAMS. We find that 1267
S1 objects are located abo v e the ZAMS isochrone. We also show the
lacements of Gaia member candidates, periodic variables, and stars
ith disc indicators. Their positions clearly indicate the youth of the

luster. 
In Table 4 , we show the Mon R2 member candidates distinguishing

he different flags, i.e. rotation-modulated and high-scatter variables,
tar with IR or photometric H α excess, and Gaia five-parameter and
 summary of the membership criteria is shown in Table 3 . Also, we
rovide the period of photometrical variations, the spectral type, and
he presence of H α in emission. 
NRAS 524, 1826–1854 (2023) 
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Finally, we obtained 1566 candidate members with at least
ne flags and 23 objects have five flags simultaneously (rotation-
odulated, high-scatter, Disc, ZamsFlag, and GaiaFlag = 1). In

ddition, only one star with variability not fulfilling the membership
riteria, although this may be due to insufficient information i.e.
pitzer , PS1 and/or Gaia data (source with ID = 4579). 
We emphasize that all sources that meet some membership criteria

re member candidates, and note that no single criterion, by itself,
uarantees membership. The membership criteria should be used
ith caution, keeping in mind the balance between completeness

nd reliability. The larger the number of simultaneous membership

https://phoenix.ens-lyon.fr/Grids/BT-Settl/
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Figure 13. A V histogram in ( i − y ) colour. In blue boxes are the spectroscopic 
BD with A V ∼ 0.0 mag. Also, we noted that three out of five objects with 
extreme values are variable stars. The blue spikes represent spectroscopic BD 

stars. 
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riteria used, the larger the reliability will be, but the lower the
ompleteness. 

There are few studies of membership in this cluster. Carpenter 
t al. ( 1997 ) studied Mon R2 in the near-IR ( J , H , and K -band). They
dentified 115 member candidates with an A V less than 11.3 mag and
09 objects brighter than 14.5 mag in K -band in a FOV of 15 × 15
rcmin 2 centred approximately at the same place as our FOV. They 
lso estimated a total stellar population of at least 475 stars. This
umber is broadly consistent with our results, in which we identify 
267 objects abo v e the ZAMS and estimate a contamination up to
0 per cent, for an estimated membership of 600 in a slightly larger
OV (26.5 × 26.5 arcmin 2 ). Ho we ver, we note that the member
andidates from Carpenter et al. ( 1997 ) might contain several deeply
mbedded objects that are not detected in our optical observations. 

.4 Fundamental parameters of Mon R2 

fter presenting the members candidates, we now discuss the 
undamental parameters of the Mon R2 cluster. Ho we ver, these 
asks were performed some what iterati v ely. F or e xample, the distance
odulus and A V obtained affect member candidates selected based 

n their position in PS1 CMD. 

.4.1 Distance 

n literature, the distance to Mon R2 has been calculated mainly 
tudying its molecular clouds and brightest stars. Racine ( 1968 ) 
tudied the brightest stars in CMDs and obtained a distance of
 = 830 ± 50 pc. Herbst & Racine ( 1976 ) impro v ed the study and
ound essentially the same distance. Lombardi et al. ( 2011 ) derived a
istance of d = 905 ± 37 pc, creating a dust column density map with
MASS data. Schlafly et al. ( 2014 ) used the PS1 photometry data
nd obtained to distances, d = 830 ± 83 pc for clouds near the core
nd d = 1040 ± 104 pc for the ‘Crossbones’ toward the northeastern
dge. Dzib et al. ( 2016 ) studied the cluster with Very Long Baseline
nterferometry and derived a parallax � = 1.12 ± 0.05 mas that 
orresponds to a distance d = 893 + 42 

−40 pc. One of the most recent
apers regarding the distance is Kuhn et al. ( 2019 ). They used Gaia
R2 to estimate the distance of 28 OCs and associations with ages

rom 1 to 5 Myr. For Mon R2, they found a distance of d = 948 + 42 
−38 

c. 
We decided to employ the geometric and photogeometric distances 

alculated by Bailer-Jones et al. ( 2021 , hereafter BJ21 ), for almost 1.5
illion stars. We obtained 1605 matches with distances in BJ21 . We
ade our own distance determination using the distances calculated 

y BJ21 for the sources with GaiaFlag = 1 and σ� 

/ � < 20 per cent
nd removing a few clear outliers in distance. We obtained d =
34 ± 79 pc using the mean photogeometric distance with 100 
ources with a distance distribution peak at d = 825 pc. We adopt
his latter distance, which in turn corresponds to a distance modulus 
f 9.58 mag. 
Finally, we note that the results of GDR2 are different from those

f EDR3. Also, we studied these results without taking into account 
ariability and excess IR and the distances of EDR3 are still lower
han those of GDR2 (see Appendix E ). 

.4.2 A V 

on R2 is a H II region with dark nebula zones and regions of active
tar formation. To characterize the A V in the region, we studied the
istribution of PS1 colour excesses, E( r − i ), E( r − z), E( i − y ),
( i − z), and E( z − y ), in stars with known spectral types. We used
he extinction curves from Wang & Chen ( 2019 , table 3; with R V =
.16 ± 0.15 mag) and employed the intrinsic colours determined by 
est et al. ( 2018 , table 4 and 5) for M0–T9 dwarfs (also using PS1
hotometry, see Appendix F2 ). We note that some stars resulted with
unph ysical) neg ative E( r − i ) and E( r − z) values. This is likely
o be due to a combination of factors, including the uncertainties
n the photometry and spectral types and, in some highly accreting
ources, the contribution of the H α emission to the r -band flux of late
-type stars. Also, since the A V values obtained from colours using

djacent filters, like ( z − y ) and ( i − z), are very sensitive to error in
hotometry, we decided to use E( i − y ) to estimate A V . In Fig. 13 , we
how the results of A V using the ( i − y ) PS1 colour. We find a mean
 V of 2.09 ± 1.7 mag with a few outliers outside the −1–7 mag A V 

ange. The distribution of extinction is the result of the differential
bsorption produced by the molecular cloud in which the cluster is
mbedded, which has significant structure. 

Finally, the A V reached corresponds to a stellar extinction obtained 
rom visible stars with spectral type found (spectral type M). Mon
2 contains areas with star-forming activity, so there are very dense
louds of up to more than 30 mag (i.e. Carpenter et al. 1997 ; Andersen
t al. 2006 ; Sokol et al. 2019 ). 

.4.3 Age 

ccording to the features studied in Mon R2, we observe that it is
 young stellar cluster with an heterogeneous population in terms of
ge. Indeed, Herbst & Racine ( 1976 ) found evidence for the existence
f at least two stellar groups with different ages. The first would reach
n age between 6 and 10 Myrs and the second between 10 4 and 10 5 

r. The first estimate is given by the presence of B stars without
mission lines, with the B1 stars located on the main sequence. The
econd estimate is derived from the presence of maser emission in
he central region, indicating ongoing star formation. This idea is 
upported by Xie ( 1992 ) and Xie & Goldsmith ( 1994 ) who studied
he shell structure and outflows. Carpenter et al. ( 1997 ) made an
R diagram from photometric (near-IR) and spectroscopic data and 

stimated a characteristic age of ≤3 Myrs. 
To estimate the mean age of Mon R2, we plotted the member

andidates and different isochrones on the CMD and calculate the 
umber of members between isochrones. The age of the cluster was
etermined as the range with the highest density of members. 
MNRAS 524, 1826–1854 (2023) 
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Figure 14. M7, M8, and M9 normalized spectra of BD stars. The M7 stars 
are in black line, M8 in light-blue line, and M9 in green line. 
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Figure 15. ( i − y ) versus i CMD with 1 and 10 Myr isochrones and 
evolutionary tracks from 0.02 to 0.1 M �. The position of the spectroscopically 
confirmed BDs are indicated by coloured circles. In this area, we find BDs 
candidates but we cannot confirm them as there is a contamination of low- 
mass stars with high reddening. 

Figure 16. The period distributions of stars with (solid histogram) and with- 
out (empty histogram) a disc. K–S test p-value = 0.5946, statistic = 0.1492, 
D = 0.2775, indicating that the null hypothesis cannot be discarded, but 
noting the trend that stars with a disc rotate more slowly than those that have 
lost it. 
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We used the isochrones described in Section 3.3.5 in i versus i − y
MD, corrected by the distance and mean extinction obtained in

he previous sections, in 1 Myr steps from 1 to 10 Myr. Older stars
ere grouped in two additional bins, 10–50 Myr and 50–100 Myr.
e extracted the 248 objects that are abo v e the ZAMS in the H-
 diagram and meet at least two of the membership criteria ( Gaia
andidates, rotation-modulated variables, high-scatter variables, and
tars with discs) and found that ∼50 per cent of these stars have ages
 2 Myr, and than ∼ 60 per cent of the member candidates have

ges between ∼1 and 3 Myr. We, therefore, adopt a mean age of
 Myr with a characteristic dispersion of ∼1 Myr, corresponding
o the size of the bins used. These results are in line with those of
arpenter et al. ( 1997 ). 

.5 Brown dwarf and brown dwarf candidates 

n Section 3.2 , we found 11 objects with spectral types between M7
nd M9. Most of these objects clearly show H α emission in their
pectra (see Fig. 14 ). According to their A V (blue spikes in Fig. 13 )
nd position in the i − y versus i CMD (Fig. 15 ), these M7 to M9-type
bjects are consistent with very young ( < 1 Myr) BD with little to no
xtinction. The youth and low extinction of these objects are likely
o be selection effects because more extincted or older BD would be
oo faint for our GMOS observations. The eleven spectroscopically
onfirmed BD are listed in Table F5 , while the photometric BD
andidates are listed in Table F6 in Appendix F4 . These photometric
D candidates are objects that occupy the same region in the i −
 versus i CMD (Fig. 15 ) as the spectroscopically confirmed BD.
o we ver, this list should be taken with a lot of caution as it is likely

o be contaminated by reddened low-mass stars. 

.6 Rotation period distributions 

ogether with mass and metallicity, angular momentum is one of the
undamental properties determining stellar evolution. Therefore, the
volution of stellar rotation and angular momentum in young stellar
lusters remains an active area of study in the field (Bouvier et al.
014 ). As PMS are still contracting, they are expected to spin up as
hey approach the main sequence, unless they are able to efficiently
rain angular momentum through star–disc interactions, a process
nown as disc-braking (Hartmann 2002 ). Indeed, previous studies
ave shown that PMS stars hosting protoplanetary discs tend to rotate
NRAS 524, 1826–1854 (2023) 
lower than their disc-less counterparts (Herbst et al. 2002 ; Cieza &
aliber 2007 ; Orcajo et al. 2019 ). 
In the context of our study of the Mon R2 cluster, we investigate

isc braking by selecting the rotation-modulated variable stars, for
hich the presence of a protoplanetary disc can be established using

he IR or H α data discussed in Section 3.3.3 . Thus, we perform our
nalysis with 101 sources (62 of them with a disc and 39 disc-
ess objects). We have removed four rotation-modulated sources
rom this sample due to the rotation periods being even faster than
he break-up speed, so these periods ( p < 0.35 d) would be more
onsistent in binary stars (Maeder 2009 , chapter 2). In Fig. 16 , we
how the rotational period distribution for stars with and without
 disc. As expected, the stars with a disc (i.e. with IR and/or H α

xcess) tend to rotate slower than those without it. The two–sample
–S test ( SCIPY:KS 2samp) does not reject the null hypothesis ( p −

alue = 0.5946, statistic = 0.1492, D = 0.2775), probably because
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Figure 17. The period distributions for M-stars. Top left: period distribution for M stars with and without disc in red and goldenrod box es, respectiv ely, and all 
periodic M stars in grey line. Top right: period distribution for M0–M2 and M3–M6 stars in yellow and violet box es, respectiv ely. The distribution for M-early 
is flatter and spreads towards slow rotators while the distribution in M-late is more concentrated towards fast rotators with a peak between 4 and 5 d. Bottom: 
period distribution for M0–M2 (left) and M3–M6 (right) stars with and without disc in red and goldenrod box es, respectiv ely. In addition, in all histograms, we 
add the medians of each distribution respecting their colour. 
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he sample size is modest. Although there is a tendency in the
irection predicted by disc-braking (faster rotation for discless stars), 
 further study is needed to increase the sample size, which could
e done by spectroscopic estimations of the mass of the remaining 
eriodic sources. Due to the differential absorption of the cluster, 
haracterizing the mass from photometry alone can lead to large 
ncertainties. 
In this context, the distribution shown in Fig. 16 could also be

xplained by a strong mass-period dependence. Work such as Rebull 
t al. ( 2020 ) studies the mass-period and the disc-period dependence
n clusters of different ages. For clusters larger than 7 Myr, the
 vidence sho ws a strong mass-period dependence that increases with 
ncreasing age. This is expected when the circumstellar discs have 
issipated and the stars increase their spin rate due to gravitational 
ontraction until angular momentum stability is reached on the main 
equence. 

In our work, we only spectrally identify M-type stars, and in 
ig. 17 , we analysed the mass-period and disc-period dependence. 
n the top left panel, we separated the M-stars with and without
R/H α-excess, and we still noticed the tendency to show the same
s in Fig. 16 . On the other hand, if we separated this stellar group
n two between M0 and M2 and M3 to M6 (we chose this cut
ccording to Orcajo et al. 2019 ), we see that there is a tendency for
he M-late stars to rotate faster (as expected, e.g. Venuti et al. 2017 ;
rcajo et al. 2019 ; Rebull et al. 2020 ) but even so, the IR excess

election still makes a difference, i.e. stars with an excess tend to
otate slower than stars without an excess in both stellar groups.
o we ver, these results are statistically poor (47 M stars) but tend to

he expected ones. To broaden the sample of periodic stars according 
o their mass, we perform a photometric cut according to the colour
f an M1 star. We show this analysis in Appendix A . The results are
nconclusive because the sample is not statistically significant. On 
he other hand, for the BD we have not found a convincing periodical
ignal. 
O  

o  
.6.1 Comparison to other clusters 

s discs dissipate in 2–3 Myr time-scales (Williams & Cieza 2011 )
nd stars contract towards the main sequence and spin up, the
istribution of rotation periods is expected to shift toward shorter 
eriods. In order to place Mon R2 in the context of the angular
omentum evolution of young stellar clusters, we compare the 

otation results obtained in Section 3.1.2 with other clusters with 
otation periods in a similar mass range (of < 0.5 M � equi v alent to
pectral type M0 and later). To do this, we gleaned the literature
nd found the following four clusters: The 2 Myr NGC 6530
Henderson & Stassun 2012 ; Bell et al. 2013 ) and Orion Nebula
lusters (Naylor et al. 2009 ; Davies, Gregory & Greaves 2014 ), the
 Myr old NGC 2264 cluster (Makidon et al. 2004 ; Lamm et al. 2005 ;
aylor et al. 2009 ; Affer et al. 2013 ; Venuti et al. 2017 ; Orcajo et al.
019 ), and the 5 Myr Cepheus OB3b cluster (Littlefair et al. 2010 ;
ell et al. 2013 ). For the MonR2 sample, we used the sources with

pectral types from M0 and later and added the sources with colours
onsistent with these spectral types (111 objects with ( i − y ) > 0.9
ag colour reddened). 
The rotation-period distribution collected for each cluster is shown 

n the Fig. 18 . There, it can be noted that the period distribution of
on R2 members is intermediate between NGC 6530 the ONC 

luster and is consistent with the age we calculated in Section 3.4.3 .
oreo v er, the figure illustrates how stellar members tend to rotate

aster as they age, i.e. rotation distribution tend to narrow towards
horter periods, in agreement with the predictions of the disc- 
raking paradigm. Such distributions can be compared to Monte 
arlo models to constrains the physical parameter of disc-braking. 
 or e xample, Vasconcelos & Bouvier ( 2015 ) used the Monte Carlo
imulations to reproduce the period distributions in young clusters 
ssuming the hypothesis of disc-braking. Started with a bimodal 
istribution of periods for disc and disc-less stars and obtained results
onsistent with observational data in young clusters (i.e. NGC 2264, 
NC). Mon R2 has a period distribution statistically similar to that
f ONC (see Table 5 ), so it could be represented by Monte Carlo
MNRAS 524, 1826–1854 (2023) 
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M

Figure 18. Period distribution of different clusters showing a progressive shift towards shortened periods with age. Samples are limited to masses less than 
0.5 M �, equi v alent to spectral type M0. 

Table 5. Statistical comparison of the cluster with the K-S test for two samples. 

NGC 6530 ONC NGC 2264 Mon R2 

D p − value D p − value D p − value D p − value 

ONC 0.14352 0.00101 
NGC 2264 0.14005 3.59388e-07 0.10231 0.01175 
Mon R2 0.17744 6.71806e-05 0.14947 0.27211 0.14613 0.01737 
Cep OB3b 0.13336 2.13161e-09 0.09295 0.00030 0.08748 0.15364 0.13974 0.01498 
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imulations. Therefore, the disc-braking paradigm would explain
his distribution. 

In Table 5 , we show the values obtained with the K-S test for two
amples comparing the clusters with each other. Taking as a reference
 significance level of 0.05, we find that NGC 6530 is statistically
ifferent from the rest of the clusters. On the other hand, the rest of
he clusters seem to follow a timeline, as ONC is statistically equal to

onR2 and NGC2264 is equal to Cep OB3b, this could also support,
ot only the relative age of the clusters already studied, but also the
elative age of of Mon R2. 

Furthermore, we observe that the younger a cluster is, the more
low rotators it contains. On the other hand, the median disc lifetimes
s between 2 and 3 Myrs (Williams & Cieza 2011 ), this coincides
ith the increase of fast rotators at older ages. As the disc is lost, the

tar contracts and this leads to an increase in its rotation rate. If this
rocess occurs while the star is young, then we have a fast rotator. Al-
hough we will al w ays see a remnant of slow rotators without a disc.

 SUMMARY  A N D  C O N C L U S I O N S  

n this paper, we studied and characterized the young OC Mon R2
sing a multiwavelength and multitechnique approach. We used I -
and time-series photometry to monitor the stars and to identify vari-
bility. We also used optical spectroscopy to determine the spectral
ypes in the low-mass re gime. Moreo v er, we identified cluster mem-
er candidates using different criteria, including variability, proper
otions from Gaia , disc indicators (IR colours, and H α emission)

nd the position in the H-R diagram. From the position of member
NRAS 524, 1826–1854 (2023) 
andidates in the H-R diagram and theoretical isochrones, we also
stimated the age of the cluster. Finally, we compared distribution
f rotation periods of objects with and without a disc as well as
he o v erall period distribution seen in Mon R2 to those observed in
lusters of different ages. Here, we summarize our main results: 

(i) We used the LCOGT Network to construct light curves for 6843
ources, each one containing 1560 differential photometry points in I -
and. Using a periodogram analysis, we found 226 periodic stars: 136
tars consistent rotation-modulated variability and rotation periods
etween 0.2 and 14 d, 12 possible periodic stars, 14 eclipsing binary
andidates, and 64 stars with other types of periodic variability. We
lso use the photometric scatter as a function of magnitude as an
ndependent criterion to identify 444 ‘high-scatter’ variables and
ikely member candidates. 

(ii) We spectroscopically classified 229 targets. We find that 140
bjects are M-type, including 11 M7-M9 BDs, while 89 objects have
 and earlier spectral types. 
(iii) Of the 986 LCOGT targets with Spitzer -IRAC 3.6 and 8.0 μm

hotometry, 549 have IR colours consistent with IR-e xcesses abo v e
 stellar photosphere, indicating the presence of a protoplanetary
isc. Using narrow-band photometry, we identified 20 additional
isc candidates with H α excess. 
(iv) We matched 1591 LCOGT sources with Gaia EDR3 and

stablish the following membership criteria for Mon-R2: 

(a) μαcos ( δ) = −2.75 ± 1.25 mas yr −1 

(b) μδ = 1.15 ± 1.25 mas yr −1 

(c) 0.888 ≤� ≤1.42 mas 
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(v) Using sources GaiaFlag = 1 and have Gaia parallaxes with 
rror smaller than 20 per cent, we have estimated a distance to the
luster of 825 ± 51 pc. 

(vi) We matched 3078 LCOGT targets with the Pan-STARRS 

atalogue. Using the objects with known spectral types, we calculated 
n A v = 2.09 ± 1.7 mag for the Mon-R2 cluster using their ( i − y )
olour excesses. 

(vii) We identified a total of 1566 cluster member candidates using 
he following (non-e xclusiv e) criteria: 

(a) A total of 1267 PS1 member candidates abo v e ZAMS 

(b) A total of 206 Gaia member candidates based on proper 
motions and distances 

(c) A total of 136 member candidates based on the rotation- 
modulated variability. 

(d) A total of 444 member candidates based on high-scatter 
variability. 

(e) A total of 515 member candidates based on the presence 
of IR and/or H α excess. 

(viii) From the position of the H-R diagram of the member 
andidates and the comparison to evolutionary tracks, we estimated 
n age of 2 ± 1 Myr for the cluster and identified 248 BD candidates.

(ix) We compared the distributions of rotation periods of stars 
ith and without a disc signature (IR and/or H α excess) and find

endency of stars with a disc to rotate slower, in agreement with the
isc braking paradigm. We also compared the o v erall distribution of
otation periods in Mon R2 to that observed in clusters of different
ges and find a reasonable agreement with the expectations of the 
ngular momentum evolution in PMS stars (a progressive shift 
owards shorter periods with age). 
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PPENDI X  A :  P E R I O D  D E P E N D E N C E  

or the disc braking study, as our sample of spectral types is small,
e decided to analyse our periodic sources by separating them on

he basis of mass determination by photometry. For this, we use
S1 photometry and make the ( i − y ) versus ( z − y ) colour–colour
iagram shown in Fig. A1 . At ( i − y ) = 1.077, we have placed the
oundary between M1 and earlier and M2 and later stars. This colour
imit is calculated from the values obtained by Best et al. ( 2018 , tables
 & 5) and corrected by the mean A V obtained in this work. We have
uperimposed the spectroscopic sources of M2 and later to contrast
his limit. Note that, as the reddening is unidirectional, the sample of

2 sample and the later stars can be contaminated by the reddened
arlier stars. In contrast, the sample of M1 and earlier stars will be
uch less contaminated. Finally, we obtained 36 early and 97 late

tars. 
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Characterization of the young stellar cluster Mon R2 1843 

Figure A1. Colour–colour diagram for rotation-modulated variable sources 
with PS1 photometry (133 stars) in grey circles. In blue circles are the 
spectroscopic M2 and later stars. At ( i − y ) = 1.077 mag is the photometric 
limit between M1 and earlier and M2 and later stars. The arrow at the top left 
is the extinction vector, corresponding to mean A V = 2.09 mag. 

Figure A2. The period distributions of stars with (solid histogram) and 
without (spikes histogram) a disc. Top: M1 and earlier stars according to the 
cut shown in Fig. A1 . Bottom: M2 and later stars according to the same cut. 

Table A1. KS-test for photometric samples. 

Sample Disc No disc No disc data p − value D statistic 

M1 & earlier 13 13 6 0.999 0.533 0.154 
M2 & later 49 24 24 0.629 0.411 0.175 
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Once both samples were selected, we split them between with and
on-disc sources to make the histograms of the period distribution 
hown in Fig. A2 (we remo v ed sources with periods shorter than
.35 d). We apply the KS statistic for two samples to obtain the
esults shown in Table A1 . The statistical results are inconclusive
ue to the small sample size. Ho we ver, in the case of M2 and
ater stars, there is a tendency for those with a disc to rotate more
lowly. 

PPENDI X  B:  ROTA  T I O N - M O D U L A  TED  STARS  

N D  OTH ER  VA RI ABLES  

n this section, we show the rest of the rotation-modulated variables
f the Mon R2, from Figs B1 to B8 . 
Moreo v er, in our sample, we found LC with abrupt drops in
agnitude that we interpret as eclipsing or occultation (by circum- 

tellar material) events. Ten of them show multiple events during the
bservation time, and four stars show just a unique dimming (see
igs B10 and B9 , respectively). Other targets in our sample show

rregular photometric variations (see Fig. B11 ) that might be due to
ariable accretion and/or stellar activity. However, the aim of this 
ork is to characterize the Mon R2 cluster, so the objects presented

n this section have not been studied in depth but might be interesting
or follo w-up studies. Ne vertheless, the morphologies found in our
ample are varied and similar to those described by other authors,
uch as Cody et al. ( 2014 ), Venuti et al. ( 2017 ), Cody & Hillenbrand
 2018 ), and Hillenbrand et al. ( 2022 ). They classified their variable
tars according to two parameters: the stochasticity (or alternatively, 
eriodicity) that they called Quasi-periodicity (Q), and the degree of 
ux asymmetry named Flux asymmetry (M). This statistical study 
ielded different types of variability. Certainly this classification 
tarts with purely periodic stars due to the presence of star spots.
ut there are multiperiodic objects possibly due to the combination 
f star spots in binary pairs. In addition, there are long time-scale
bjects that present a variability on time-scales longer than 25 d.
ther types of variability that exhibit asymmetry could be due to
 combination of periodicity of spots with non-periodic changes of 
onger duration or due to unstable c ycle-to-c ycle variability, are the
uasi-periodic symmetric. The quasi-periodic dipper variable ex- 
ibits variability due to stellar occultation by circumstellar material. 
here are also aperiodic dipper variables. On the other hand, burster

B) variables correspond to objects with erratic but discrete accretion 
ursts. Finally, the stochastic (S) variables present non-repetitive 
ariability patterns with relatively symmetric excursions around a 
ean brightness. We recommend reading the work of Hillenbrand 

t al. ( 2022 ) for more details. Finally, in Fig. B12 , we compared non-
ariables stars with periodic stars with similar magnitude for three 
ifferent magnitudes bright, medium and faint magnitude. This study 
resents a high sensitivity that allows us to find variability in faint
ources. 
MNRAS 524, 1826–1854 (2023) 



1844 S. Orcajo, L. A. Cieza and R. Gamen 
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Figure B1. Phased light curves with amplitude ≥0.1 mag, ordered by periodogram power. The green dots are the I -band data from LCOGT. The red circles are 
the averages of the differential magnitude every 10th of a phase. 

Figure B2. Continued Fig. B1 . 

Figure B3. Continued Fig. B1 . 
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Characterization of the young stellar cluster Mon R2 1845 

Figure B4. Phased light curves with amplitude between 0.05 and 0.1 mag, ordered for periodogram power. The green dots are the I -band data from LCOGT. 
The red circles are the averages of the differential magnitude every 10th of a phase. 

Figure B5. Continued Fig. B4 . 

Figure B6. Continued Fig. B4 . 
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Figure B7. Phased light curves with amplitude ≤ 0.05 mag, ordered for periodogram power. The green dots are the I -band data from LCOGT. The red circles 
are the averages of the differential magnitude every 10th of a phase. 

Figure B8. Phased light curves of’possible’ periodic stars, ordered for periodogram power and amplitude. The green dots are the I -band data from LCOGT. 
The red circles are the averages of the differential magnitude every 10th of a phase. 
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Characterization of the young stellar cluster Mon R2 1847 

Figure B9. Light curves of stars with one eclipse during our observation time. 

Figure B10. Light curves of stars with multi-eclipses during our observation time. We presented the periodogram of best power peak, the other stars not have 
a clear visual power peak in periodogram. 
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Figure B11. Light curves of no periodic variability. 
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Characterization of the young stellar cluster Mon R2 1849 

Figure B12. Non-variables versus periodic stars with similar magnitude for three different magnitudes bright, medium, and faint magnitude. The LC of 3299, 
1024, and 3103 are in Figs B1 , 5 , and B3 , respectively. 

A

I  

t

F
t
b
s

A

S  

s
t
u
3  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/2/1826
PPEN D IX  C :  GEMINI’S  FIELDS  

n Fig. C1 , we show the fields of each mask used with Gemini, and
he objects studied in each of them. 
igure C1. Sub-fields of Mon R2 where GMOS masks were placed. Spectral 
argets are represented with coloured circles according to their sub-field. The 
ackground images correspond on the Digitalized Sky Survey 2 from Aladin 
ky atlas. 
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PPENDI X  D :  ZAMS  C R I T E R I O N  

ources abo v e the ZAMS may be contaminated by field stars,
o establishing this feature as a membership criterion leads to 
he largest uncertainties among the criteria. Then, to estimate this 
ncertainty, we performed the same procedure detailed in Section 
.3.5 using the same LCOGT FOV at the same galactic latitude
ut shifted in longitude (coordinates in ICRS: RA = 06 h 09 m 40 s .08
EC = −05 ◦57’17”.5). We obtained 641 objects from PS1 pho-

ometry (in the i and y -bands) abo v e ZAMS, compared to the 1267
bjects in the Mon R2 field. Thus, assuming that this sample contains
o Mon R2 members and that they are only field stars, we estimate
he uncertainty for this criterion could be as high as ≈50 per cent
due to contamination). In Fig. D1 , we show the HR diagram with
he sources of this new field that we called ‘Adjacent FOV’ and
he members of Mon R2. A also performed a similar analysis by
aking another field at the same galactic latitude and obtained a very
onsistent result. 

Ho we ver, while the comparison between the number of stars above
he ZAMS in both fields (control field and Mon R2 field) is based on
he assumption that the stellar density of both fields is the same,
his is not necessarily true since the Mon R2 field contains the
oung cluster. An alternative way to obtain the contaminant rate is to
alculate the ratio of stars abo v e the ZAMS to those below it in the
ontrol field. Then, to obtain the expected number of contaminants 
n the Mon R2 field, we multiply this ratio by the number of sources
elow the ZAMS in this field. This method also suffers from some
omplications because of the differential extinction, which is not 
resent in the control field. To alleviate this effect, we restrict the
omparison to objects brighter than 21 mag in the PS1 magnitude
o reach a reasonable completeness level in Mon R2. Using this
ut, we find 558 and 2690 sources abo v e and below the ZAMS in the
ontrol field and 1345 objects below the ZAMS in Mon R2. This give
MNRAS 524, 1826–1854 (2023) 
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M

Figure D1. CMD in i - y versus i (PS1 DR2 photometry) of sources outside 
the studied Mon R2 field (grey and green), overlapped with the candidate 
members (blue). In addition, we mark the ZAMS with a black line. The 
contamination is clearly concentrated o v er the ZAMS. 
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n estimate contamination of (558/2690) ∗1345 = 279 stars. These
79 stars correspond to 26 per cent of the 1074 member candidates
bserv ed abo v e the ZAMS in Mon R2 (including the i -mag restriction
entioned abo v e). We therefore estimate that the contamination of
on R2 members selected from their position in the H-R diagram to

e between 1/4 and 1/2. 
NRAS 524, 1826–1854 (2023) 

igure E1. Parallax histograms with Gaia DR2 and EDR3 data for sources that f
han 20 per cent, a v oiding ne gativ e parallax es. The v ertical line is located at the �
imultaneously. 
PPENDI X  E:  O B TA I N I N G  T H E  DI STANCE  

I TH  D R 2  A N D  E D R 3  

or the study of the mean distance to the cluster, we have used the
aia DR2 and EDR3 data. Some sources have negative parallax
alues, so we have also performed this study with the Bailer-
ones et al. ( 2018 , BJ18) catalogue, associated to DR2 data and
J21 associated to EDR3 data. For the parallax study, we have

aken the sources that fulfilled at least two membership criteria
nd that have a parallax error of less than 20 per cent, a v oiding
e gativ e parallax es. In addition, we hav e analysed the distributions
f rotation-modulated variables and/or IR/H α-excess members. The
istograms in Fig. E1 show that the distribution for the DR2 data has
n closer peak than the distribution for the EDR3 data, 1.05 and
.15 mas, respectively, so DR2 locates the cluster at a greater
istance. 
For the distance (in pc) study, we have taken the sources with

aiaFlag = 1 (see Table 3 ) that have a parallax error of less
han 20 per cent. Also, we analyse these values but taking rotation-

odulated variables, IR/H α-excess or non-variable sources, these
istograms are in Fig. E2 . Again, we find that the BJ18 data show
arger distances than the BJ21 data. In addition, in the first column of
hese two panels, we o v erlay the sources that meet four membership
ags ( ZamsFlag = 1, GaiaFlag = 1, V type = 1 and Disc = 1,
able 3 ). The black vertical line in each distribution indicates the
eak of the distributions associated with EDR3 ( � = 1.15 mas and
 = 825 pc). 
On the other hand, the two most recent catalogues (EDR3 and

J21 ) show higher precision in the data because, with the parallax
onstraint, more sources are obtained than in the previous ones (DR2
nd BJ18). Finally, for the BJ21 photogeometric data, we observe
hat the peak of the non-variable star distribution coincides with the
eaks of the rest of the distributions. For the geometrical data, the
ulfill at least two membership criteria and that have a parallax error of less 
 = 1.15 mas. The blue box es are the sources with four membership flags 

2/1826/7207410 by guest on 17 July 2023



Characterization of the young stellar cluster Mon R2 1851 

Figure E2. Distance histograms with BJ18 and BJ21 data with GaiaFlag = 1 sources and parallax errors less than 20 per cent. The vertical line is located at 
the d = 825 pc. The blue boxes are the sources with four membership flags simultaneously. 
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eak of the non-variable sources is only 50 pc away from the peak
f the periodic ones. 

PPEN D IX  F:  TA BLES  

1 Complete list of Spitzer data. 

n Table F1 , we presented the Spitzer sample mentioned in Sec-
ion 2.2.3 . 

2 Colour excess 

n Table F3 , we present the colour excess obtained for the study of
 V . We show the values of the different colours analysed E( g − r ),
( r − i ), E( z − y ), E( r − z), E( i − z), and E( i − y ). In Table F2 ,
e present the A λ/A V coefficients obtained from the data in Wang &
hen ( 2019 , table 3). Ne gativ e Av values are unphysical and the

esult of uncertainties; therefore, Av = 0.0 should be adopted in 
hese cases. 
able F1. Spitzer data. The full table is in electronic table. 

Id RA DEC [3.6] e[3.6] [4.5] e[4.5] 
(1) (2) (3) (4) (5) 

6831.0 6:7:11.8152 −6:34:7.788 14 .1327 5.90904 14.0449 5.39073 1
6832.0 6:7:46.608 −6:34:3.324 13 .7221 6.17297 13.6658 5.68556 1
6751.0 6:7:24.6336 −6:34:2.532 17 .128 3.8929 16.7865 3.33417 
6706.0 6:7:23.3496 −6:34:0.516 11 .8484 7.14405 11.7985 7.00212 1
6818.0 6:8:7.1856 −6:33:59.796 13 .2748 6.43814 13.2323 5.92525 

1) Internal identification object. (2) Right ascension and (3) declination in Equino
nd [8.0] in 3.6 aperture and (5) error. (6) Disc presence (disc = 1 and no disc = 0). (
3 No candidates member 

ome target with spectral type assigned could not be selected as
embers. Also, in Table F4 , we show the stars with spectral type but

o member indicators. 

4 Brown dwarf candidates 

n Table F5 , we presented the 11 spectroscopic BD stars. Moreo v er, in
able F6 , we presented the photometrics BD candidates. Ho we ver,

his list should be taken with a lot of caution as it is likely to be
ontaminated by reddened low-mass stars. 

able F2. Coefficients obtained from the data in Wang & Chen ( 2019 , table
). 

 g /A V 1.155 ±0.009 
 r /A V 0.843 ±0.006 
 i /A V 0.628 ±0.004 
 z /A V 0.487 ±0.003 
 y /A V 0.395 ±0.003 
MNRAS 524, 1826–1854 (2023) 

[5.8] e[5.8] [8.0] e[8.0] Disc ref Spz id 
(6) (7) (8) 

4.2479 3.65909 13.531 3 .29265 1.0 1 J060711.83-063407.1 
3.1706 4.67928 12.8134 4 .0175 1.0 1 J060746.61-063402.9 
999 999 14.5155 2 .58389 1.0 1 J060724.42-063403.3 

1.7245 5.93091 11.7072 5 .34458 0.0 1 J060723.36-063400.0 
13.117 4.91047 13.2122 3 .70904 0.0 1 J060807.18-063359.3 

x J2000. (4) Spitzer fluxes in magnitudes from four band [3.6], [4.5], [5.8], 
7) Reference IRSA = 1, G9 = 2, and K12 = 3. (10) Spitzer id. 
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Characterization of the young stellar cluster Mon R2 1853 

MNRAS 524, 1826–1854 (2023) 

Table F4. Full table of objects with spectral type but not fulfilling the membership criteria. See columns notes in Table 4 . 

Id RA Dec. V type P(d) Power V hs H α SpT Disc ZamsFlag GaiaFlag 

5376 06:07:23.38 −06:29:41.02 0 - 12 0 Ha- nonM - 0 0 
5184 06:07:52.47 −06:28:48.36 0 - 51 0 Ha- nonM 0 0 0 
5121 06:08:29.11 −06:28:27.44 0 - 13 0 Ha- nonM - 0 0 
5095 06:08:41.90 −06:28:17.40 0 - 28 0 Ha- nonM - 0 0 
4941 06:08:02.83 −06:27:35.92 0 - 10 0 - M3 - 0 0 
4732 06:07:53.92 −06:26:34.44 0 - 16 0 NH M3 - 0 0 
4152 06:07:25.79 −06:24:06.37 0 - 8 0 Ha M4 - 0 0 
4100 06:07:16.51 −06:23:59.10 0 - 16 0 Ha- nonM - 0 0 
3893 06:08:26.33 −06:23:16.11 0 - 17 0 Ha- nonM - 0 0 
3624 06:08:34.71 −06:22:32.80 0 - 10 0 Ha- nonM - 0 0 
3616 06:08:26.94 −06:22:31.87 0 - 13 0 Ha- nonM - 0 0 
3117 06:08:42.77 −06:21:07.34 0 - 16 0 NH M3 - - 0 
3090 06:08:31.20 −06:21:00.54 0 - 16 0 Ha- nonM - 0 0 
2943 06:08:41.38 −06:20:25.80 0 - 17 0 Ha- nonM - 0 0 
2625 06:08:36.18 −06:18:59.68 0 - 22 0 NH nonM - 0 0 
2622 06:08:36.14 −06:18:59.18 0 - 15 0 NH nonM - 0 0 
2543 06:08:44.48 −06:18:38.84 0 - 72 0 Ha- nonM - - 0 
2503 06:07:31.73 −06:18:34.20 0 - 10 0 Ha- nonM - 0 0 
2317 06:08:14.75 −06:17:25.76 0 - 9 0 NH M5 - 0 0 
1927 06:08:13.61 −06:15:47.41 0 - 7 0 Ha- nonM - 0 0 
1458 06:08:14.69 −06:14:02.72 0 - 26 0 Ha- nonM - 0 0 
1365 06:08:16.14 −06:13:44.65 0 - 130 0 NH M5 - - 0 
1145 06:08:13.95 −06:13:02.67 0 - 11 0 Ha- nonM - 0 0 
1081 06:08:26.52 −06:12:49.42 0 - 16 0 Ha- nonM - 0 0 
950 06:08:25.67 −06:12:30.67 0 - 10 0 Ha M3 - 0 0 
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