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Abstract

Open clusters serve as fundamental tracers of Galactic structure and stellar evo-
lution, providing crucial insights into the history of the formation and dynamics
of spiral arms. Recent studies have revealed significant open questions regarding
the age gradient of clusters in the direction of arm rotation, with implications for
understanding spiral density wave theory and star formation processes within
the Galactic arms. The Carina-Sagittarius arm of the Milky Way Galaxy presents
an interesting laboratory for investigating these phenomena, as it contains clus-
ters spanning a wide range of ages and metallicity. However, many clusters in
this outer Galactic region remain poorly characterized, limiting our ability to
construct comprehensive models of spiral arm evolution and stellar population
synthesis. This study aims to address these gaps by conducting a detailed spec-
troscopic and photometric analysis of the stellar populations in an open cluster
located in the Carina region.

Here, we present a comprehensive spectroscopic and photometric analysis of
the open cluster Trumpler 11, located in the Carina-Sagittarius arm of the Milky
Way Galaxy. Optical spectra (R = 1522) were obtained for 45 sources using the
Gemini South GMOS spectroscopy in multi-object (MOS) mode. We successfully
derived physical parameters for 24 cluster member stars through photospheric
spectral model fitting. The stellar parameters include effective temperature (Te ),
surface gravity (log(g)), microturbulent velocity (Vmic), and projected rotational
velocity (v sin i). Spectral classification reveals that the cluster population con-
sists primarily of late B-type stars, with the identification of one new Be star.
Complementary GMOS-S photometric observations were conducted using four
broadband filters (u%; g’ r';i’) and the H narrow-band filter. Aperture pho-
tometry was performed, and color-magnitude diagrams were used to derive
the cluster parameters, color-excess, intrinsic distance module (13:12 0:1 mag),
and age (100 Myrs), along with independent distance estimates obtained through
spectroscopic results and Gaia astrometric data. Preliminary analysis of TESS
photometric time-series data revealed 8 eclipsing binary stars within the cluster,
six of which had not been reported previously. All data analysis was performed
using IRAF and custom Python codes developed for this study.

This work contributes to our understanding of stellar populations and evo-
lution in Galactic open clusters, particularly for B-type stars in the outer disk
region. Moreover, by comparing properties of Trumpler 11 with those of the
nearby open clusters, we discussed the large-scale structure of the Carina region.

Keywords: Galaxies: Star clusters: individual (Tumpler 11); Stars: fundamental
parameters, evolution; Techniques: spectroscopic, photometric.






Introduction

The Carina-Sagittarius Arm (also known as the Sagittarius Arm or Sagittar-
ius-Carina Arm) is located in the inner Milky Way. It constitutes one of the
primary spiral features of our Galaxy and harbors complex stellar populations
with a remarkable concentration of massive stars (see Fig. 1.1).

50000 ly
15.3 kpe
Sun's orbit

Figure 1.1: Illustration of galactic arms in the Milky Way galaxy. '.
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This arm is observed to have a sharply bounded feature between certain galac-
tic longitudes and distances as traced by OB stars, H |, and H Il regions (Bok et al.
1970). Ming et al. (2002) suggests that the Carina-Sagittarius Arm exhibits a pitch
angle of approximately 12 degrees. Additionally, features like arm-splitting and
branching contribute to the complexity of the Milky Way's structure in this area
(Kaltcheva & Golev 2012).

Galactic spiral arms host numerous open clusters that are key to understand-
ing the Galactic structure. Among these studies, distant OB stars have revealed
important properties of the interstellar medium (ISM) in the direction of the
Carina Arm. These ndings emphasize the need to account for non-standard
reddening laws in these distant sight-lines, with a total-to-selective extinction
coe cient, Ry, ranging from 3.5 to 4 (Mohr-Smith et al. 2015). This deviation
from the standard Galactic reddening law (Seaton 1979, Ry = 3:1) could indicate
larger average grain sizes, which result from grain growth in dense molecular
environments or destruction of smaller grains by stellar radiation and winds.
These anomalous extinction properties have signi cant implications for distance
determinations and stellar parameter estimates.

Interestingly, the Carina arm shows an age gradient throughout its pro le.
Ivanov (1983) reported the decrement in the mean age of star clusters with the
radial distance from the sun, in the direction from the inner to the outer part of
the arm. This age gradient was regarded as the artifact of a density wave forming
a spiral arm pattern. Mel'Nik et al. (1998) presented an age gradient based on
OB1 and OB2 associations, suggesting younger stellar populations in the inner
edge and older stars at the outer edge of the arm. These results were in general
agreement with the expected residual velocity distribution due to spiral density
waves within the corotation radius. While studying the structure of the Galaxy,
Avedisova (1989) also reported an age gradient along and across the Carina arm,
supported by the presence of several giant H Il regions, molecular clouds, and
tens of young open clusters in the inner part of the arm.

The Carina Nebula region is the most prominent star-forming complex within
the Carina-Sagittarius Arm. Being relatively nearby (2.35 kpc, Shull et al. 2021),
it serves as an ideal astrophysical laboratory for studying the formation and
evolution of massive and intermediate-mass stars (Hur et al. 2023), both for in-

'Artist's conception of the Milky Way galaxy as seen from far Galactic
North by NASA/JPL Caltech/R. Hurt. https://www.spitzer.caltech.edu/image/
s$sc2008-10a-a-roadmap-to-the-milky-way



dividual stars and stellar systems. The nebula consists of a large Carina OB1
association and several related open clusters, including numerous O-type stars
and several Wolf Rayet stars. For example, more than 14,000 X-ray sources have
been detected in the region with the Chandra X-ray Observatory, most of which
are associated with ongoing star formation (Broos et al. 2011). Moreover, the
location of star cluster SAl 113 in the Carina complex was of particular interest
to test the extent of the anomalous extinction that has been documented for
most of the clusters and stellar groups in the region (Carraro et al. 2017). Com-
plementing these ndings, recent studies utilizing the Gaia-ESO survey have
provided unprecedented insights into the massive star populations within the
Carina Nebula, o ering a new census of OB stars that signi cantly enhances our
understanding of stellar multiplicity, kinematics, and evolutionary status in this
region (Berlanas et al. 2023).

The investigation of the Carina region has revealed its complex nature and
abundance of early-type stars. Within the Carina OB1 association, Trumpler 14
and Trumpler 16 stand out as particularly young and massive clusters, containing
numerous O-type stars and representing some of the most active star-forming
regions in the Galaxy (DeGioia-Eastwood et al. 2001; Carraro et al. 2004). While
numerous studies have primarily concentrated on the central area, fewer have
examined the broader Carina Sagittarius Arm region, including its open clus-
ters (cf. Molina-Lera et al. 2016), which is essential for gaining a more complete
understanding of the distribution and properties of OB and Be stars. The region
between| = 280 and 286 in the Galactic disk has also been the focus of pho-
tometric distance studies, providing valuable insights into the groupings and
layers present at the edge of the Carina Arm (Kaltcheva & Golev 2012). These
studies have revealed complex layering structures that suggest multiple epochs
of star formation and possibly di erent kinematic components within the arm.
Latest surveys led by Mohr-Smith et al. (2015) have signi cantly expanded the
catalog of OB star candidates in the region, increasing the number of known
objects by nearly a factor of 10, with the majority of these new objects likely
located at distances between 3 and 6 kpc.

Recent kinematic studies using Gaia data, Goppl & Preibisch (2025) have re-
vealed the three-dimensional structure and dynamics of the Car OB1 association.
This region, composed of 15 clusters and groups, shows evidence for sequential
star formation and complex interactions between di erent stellar groups. The
proper motion and radial velocity data indicate that the association is not a static
entity but a set of dynamically evolving systems with complex internal kine-
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matics. They also suggest Car OB1 to be the most massive known star-forming
complex in our Galaxy.

In this project, we perform a deep study of the open cluster Trumpler 11, lo-
cated in the southwestern region of the Carina Nebula. Our goal is to investigate
its physical properties through a combination of photometric and spectroscopic
analyses. In particular, we aim to characterize the stellar population at the outer
edge of the Carina arm in the vicinity of the Carina Nebula. We also test for
the presence of possible age gradients both across and along this arm sector
by comparing the evolutionary status of Trumpler 11 with that of nearby open
clusters.

An overview of the studied cluster is presented in Chapter 2. Observational
data (see Chapter 3) were obtained from the Gemini South telescope and supple-
mented with GAIA DR3 and TESS data. Chapter 4 discusses the spectroscopic
analysis conducted to determine stellar classi cations and derive atmospheric
parameters of 24 stellar sources, followed by photometric analysis of multi-band
observations of cluster members to provide cluster parameters, including dis-
tance, age, and reddening. Results of our analysis were presented in Chapter
5, followed by the discussion in Chapter 6. Conclusions (Chapter 7) of these
ndings place Trumpler 11 within the broader context of the region surround-
ing the Carina Nebula, providing insights into the stellar formation history and
chemical evolution of this Galactic region.



Trumpler 11

The following sections in this chapter introduce a brief overview of star clusters,
in particular, open clusters and Be stars, and conclude with information about
our target, Trumpler 11, a poorly known object.

2.1 Star Clusters

Star clusters are gravitationally bound systems of stars that formed from the
same molecular cloud and share common physical properties, including age,
metallicity, and distance (Krumholz et al. 2019; Lada & Lada 2003). These stellar
populations are crucial for investigating stellar evolution and galactic structure
due to their coeval nature and well-de ned parameters. The study of cluster
dynamics, mass functions, and evolutionary pathways has been signi cantly
enhanced by recent astrometric surveys, particularly the Gaia mission, which
has revolutionized our understanding of cluster kinematics and membership
determination (Cantat-Gaudin et al. 2020a). They are broadly classi ed into two
primary categories: globular clusters, which are older, densely packed systems
containing 10* 1P stars predominantly found in galactic halos, and open clus-
ters, which are younger, less dense stellar systems typically located in galactic
disks.

2.1.a Open Clusters

Open clusters are loosely bound stellar systems containing typically 10? 103
stars with ages ranging from a few million years to several gigayears (Krumholz
etal. 2019). These systems form within star-forming regions of molecular clouds

5
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through processes involving gravitational collapse, fragmentation, and subse-
quent stellar feedback mechanisms (Andersson et al. 2024). Open clusters ex-
hibit characteristic properties including low stellar densities (1-10 stars per pc),
irregular morphologies, and preferential distribution along the active star for-
mation regions in the galactic plane. The dynamical evolution of open clusters
is governed by internal two-body relaxation, external tidal elds from the galac-
tic potential, and stellar mass loss through evolutionary processes and ejection
mechanisms (Lamers & Gieles 2006). Most open clusters dissolve within 108 10°
years due to tidal disruption and evaporation, making them transient features of
galactic structure. Recent studies utilizing Gaia astrometry have identi ed over
3000 con rmed open clusters within the solar neighborhood, revealing complex
kinematic structures including cluster streams and tidal tails that trace their dis-
solution pathways (Hunt & Re ert 2023; Cantat-Gaudin et al. 2020a).

As the spatial distribution of clusters of di erent ages varies markedly de-
pending on the model for the gas ow in spiral galaxies, observations of open
clusters can serve as a discriminant between di erent excitation mechanisms for
the spiral structures (Dobbs & Pringle 2010). In addition to standard methods for
deriving cluster ages, the presence of emission-line stars or evolved stars, con-
rmed as cluster members, provides independent diagnostic tools for estimating
the age and evolutionary state of a cluster.

2.2 Be Stars

Classical Be stars are dwarf B-type main-sequence stars that exhibit Balmer emis-
sion lines in their spectra (mainlythe H  line), distinguishing them from normal

B stars through the presence of circumstellar material. These stars are character-
ized as very rapidly rotating main sequence B stars that form outwardly di us-

ing gaseous, dust-free Keplerian disks through a still unknown but increasingly
constrained process (Rivinius et al. 2013a). The emission features arise from
hydrogen recombination in the circumstellar disk, which is fed by mass ejected
from the central star carrying su cient angular momentum to maintain quasi-
Keplerian orbital motion (Carcio 2011). The circumstellar environment is best
explained by a rotationally supported, relatively thin disk with very little out ow
(Porter & Rivinius 2003). Be stars exhibit characteristic photometric and spectro-
scopic variability associated with disk formation and dissipation cycles, making
them interesting objects for studying circumstellar disk physics and rapid stellar
rotation e ects (Jones et al. 2008). The emission lines shown by a Be star may
vary depending on the angle of observation relative to the rotational axis of the



2.2. BE STARS 7

star. Rivinius et al. (2013b) illustrated this phenomenon through Fig. 2.1, which
shows various shapes in the observed emission-line proles forH , H , and
Fe Il based on viewing angles from pole-on to edge-on observations.

Figure 2.1: Emission line pro les based on the direction of observation compared to the
stellar rotation axis (Rivinius et al. 2013b).

Be stars are typically found in open clusters with ages between 3 and 100
Myr. The distribution of Be stars presents a maximum at the B2-B4 spectral
type in young and intermediate-age open clusters. In contrast, this maximum
is observed in the B6-B8 type for relatively old clusters (Aidelman et al. 2018a).
Consequently, the identi cation and study of Be stars provide complementary
chronological markers within coeval stellar populations. Aidelman et al. (2018b)
presents a correlation between the frequency of B/Be star population with cluster
age, as shown in Fig. 2.2

Figure 2.2: Number and frequency of stars with and without circumstellar envelopes
per spectral subtype in open clusters with di erent ages: a) between 3 Myr and 10 Myr,
b) between 10 Myr and 40 Myr, and c) older than 40 Myr. The plots show a clear trend
of the appearance of the Be phenomenon with age (Aidelman et al. 2018b).
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2.3 Trumpler 11

Robert Julius Trumpler (October 2, 1886 September 10, 1956) was a Swiss-
American astronomer who studied and cataloged open clusters. In 1930, he
introduced a classi cation system to describe their appearance and concentra-
tion. Among these objects is Trumpler 11, a small Southern open cluster located
in the outer edge of the Carina arm, in the third-galactic quadrant, with coordi-
nates| = 284:464 and b= 04:868 (ep=J2000). As reported by Hogg (1965),
this cluster was cataloged by both Trumpler and Collinder, which is not visually
conspicuous in the fairly rich eld, but star counts indicate a de nite concen-
tration. The cluster was also studied by Sagar & Cannon (1994), who derived a
distance of 3:1 0:3kpc and a color excess ofE(B V) =0:23 0:03mag. The
age of Trumpler 11 was roughly estimated, between 100 and 250 Myr, because
observations were unable to decide their cluster membership status.



Data and Observations

The data used in this work are part of an observational Gemini proposal (Pro-
gram GS-2024A-Q-212, PI: Y. Aidelman) aimed at studying two open clusters:
Ruprecht 44 and Trumpler 11. Using simultaneous spectroscopic and photo-
metric observations, we focus on a comprehensive study of the galactic cluster
Trumpler 11. Inthe following sections, we outline the observations, instrumental
con guration, and the data reduction procedure.

3.1 Gemini Observatory

Data were acquired in queue mode at the Gemini South Observatory, located
on Cerro Pachon in Chile's Atacama Desert (Fig. 3.1) at an elevation of 2,722
meters. The Gemini Observatory consists of twin 8.1-m optical-infrared tele-
scopes designed to provide comprehensive sky coverage in the Northern and
Southern hemispheres. Operating since 2002, the Gemini South telescope uti-
lizes advanced adaptive optics systems and state-of-the-art instrumentation to
achieve exceptional image quality and sensitivity.

For this study, the Gemini Multi-Object Spectrograph (GMOS) shown in
Fig. 3.2 was selected. GMOS is aversatile instrumentinstalled on both the Gemini
North and Gemini South telescopes. Its design features the on-instrument wave-
front sensor (OIWFS) and active exure compensation system, which maintain
very high image quality and stability. It has four main modes of operation:
imaging, long-slit spectroscopy, multi-object spectroscopy (MOS), and integral
eld unit (IFU) spectroscopy (Davies et al. 1997). The Nod-and-Shu e mode,

https://noirlab.edu/public/images/iotw1952a/
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Figure 3.1: 8.1-meter Gemini South telescope located in Cerro Pachoén, Chile, with the
Milky Way galaxy in the background. Credit; International Gemini Observatory/NSF
NOIRLab/AURA/Kwon o chul %,

which enables superior sky subtraction, is available in most spectroscopic modes.

In MOS mode, GMOS enables simultaneous spectroscopy of multiple targets
within a single eld of view of approximately  5:5square arcminutes. This prop-
erty makes it highly e cient for surveys and follow-up observations of crowded
stellar elds or galaxy clusters. The MOS con guration utilizes custom-designed
masks that contain slits positioned to match the coordinates of pre-selected sci-
ence targets. These masks are typically fabricated based on pre-imaging ob-
servations, allowing precise alignment with the astronomical objects of interest.
The number of slits per mask is typically on the order of tens to over a hun-
dred, depending on the slit length and spacing requirements. Once the mask
is installed, GMOS disperses the light from each slit using a grating, producing
individual spectra for each target on the detector. The MOS mode supports a
variety of gratings and Iters, providing exible spectral resolution (typically
R 1000 4000 and wavelength coverage.

3.1.a Photometric observations and data reduction

Photometric observations of Trumpler 11 were conducted on 11/02/2024 in two
elds as shown in Fig. 3.5. The GMOS broadband Iters u®g®r® and i®were
used, which are similar to the lters provided by the Sloan Digital Sky Survey
(Fukugita et al. 1996, SDSS,), along with a narrow-band H lter. The instru-
mental con guration is summarized in Table 3.1. The lter transmission curves
are shown in Fig. 3.3.

2https://www.gemini.edu/instrumentation/gmos
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Figure 3.2: Gemini Multi-Object Spectrographs (GMOS). Credit: Gemini Observatory
o cial website “.

For bias and at corrections, 40 bias frames and sequences ofl4; 8; 7; 10; and
10 at frames in u®g®r%i® and H lters were obtained, respectively. Two
standard eld frames were obtained in each Iter for ux calibration (explained
in detail in the Appendix A.2). Finally, four science frames in two elds were
observed with exposure times of 8 sec, 2 sec, 2 sec, 3 sec, and 16 seci? g% r%i°
and H lters, respectively.

Table 3.1: Information about photometric Iters

Filter Filter number E ective wavelength Wavelength interval

[nm] [nm]
uo G0332 350 336-385
g G0325 475 398-552
r0 G0326 630 562-698
i0 G0327 780 706-850
H G0336 656 654-661

Data reduction was carried out by Dr. Carlos Escudero (co-PI of the proposal)
using the gmos pipeline within the gemini IRAF* package. The process in-

3https://www.gemini.edu/instrumentation/gmos/components#Filters
*IRAF is distributed by the Community Science and Data Center at NSF NOIRLab, which is
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Figure 3.3: Transmission e ciency curves for broadband u%g%r%i° and narrow band
H Iters. These transmission curves were obtained from the o cial Gemini Observa-
tory website 3.

volved systematic calibration data veri cation, where bias and at- eld frames
were con rmed to match the instrumental con guration of science observa-
tions through header parameter analysis using imstat . Master bias frames were
created by combining the 40 individual bias exposures using the gbias task
with overscan subtraction and trimming applied. Master at- eld frames were
generated for each Iter using the giflat command with median combination
and sigma-clipping rejection methods. Science images were then reduced us-
ing gireduce to apply bias and at- eld corrections, followed by the creation

of a mosaic with gmosaic to convert multi-extension FITS les into a single-
extension format. Final image combination was performed using imcoadd with
WCS-based alignment and appropriate data range limits, producing stacked
images ready for photometry. Quality control procedures were implemented
throughout the pipeline to verify proper cosmic ray rejection and avoid masking

managed by the Association of Universities for Research in Astronomy (AURA) under a coopera-
tive agreement with the U.S. National Science Foundation
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of non-saturated astronomical sources. The reduced images were analyzed as
part of this Thesis work using aperture photometry, following the procedure
described in section 4.3 and Appendix A.1.

3.1.b Spectrocopic observations and data reduction

To characterize the stellar population of Trumpler 11, the Pl selected GMOS in
MOS mode, which allowed the simultaneous acquisition of spectroscopic data
for multiple stars in the cluster. Based on quick reduction and analysis of earlier
obtained photometric data, B-type candidates were selected according to their
index colors. The observations were carried out on the night of 10/05/2024
from 00:52:16.9 UTC till 02:06:21.0 UTC. Six science observations were taken,
each with an exposure time of 80 sec in eld 1 and 150 sec in eld 2. In between
these observations, four atframes of exposure 3 sec taken along with six images
of the wavelength calibrator CuAr lamp with an exposure time of 40 sec were
observed. The GMOS/MOS instrument was con gured with two masks (named
hereinafter C1 and C2) with 1-arcsec slits, a B480 grating, and a detector array
of three 2048 4176Hamamatsu chips arranged in a row. A spectral resolving
power of R = 1522 was achieved, covering the spectral range 3750 8500A.
Table 3.2 contains information about the grating, and Fig 3.4 shows the grating
e ciency and throughput percentage for B480.

Table 3.2: Information about B480 grating

Grating Grating Ruling Blaze  Resolution Wavelenght Dispersion
name number density wavelength coverage

[lines/mm] [nm] [R] [A] [nm/pixel]
B480 G5327 480 422 1522 3750-8500 0.062

There were 45 targets observed in two masks (23 in eld 1 and 22 in eld 2,
with 6 sources in common in each mask), which have been reported in Table 3.3.
The spectra were also reduced by Dr. C.Escudero using Gemini IRAF pack-
ages. The tasks and method employed were the same as for the longslit case,
extended to multiple slitlets. Initial preprocessing steps were performed, includ-
ing overscan correction, where virtual pixels beyond the physical CCD area were

®B480 grating is centered at 4700 and 4800 A with binning setto2 2 to observe the Balmer
discontinuity. We use the same grating, centered at 6400 and 6500 A, to observe theH line. If
the slit is in the middle of the CCD, the respective wavelength ranges will be 3750 6750 A and
4500 8500 A. The wavelength ranges vary from source to source due to the slit positions not being
in the middle of the CCD.

Shttps://www.gemini.edu/instrumentation/gmos/components#Gratings



14 CHAPTER 3. DATA AND OBSERVATIONS

Figure 3.4: Grating e ciency and Throughput percentage for Gemini B480. These
transmission curves were obtained from the o cial Gemini Observatory website .

characterized and tted with third-order Legendre polynomials to achieve root
mean square (RMS) values below 0.5. Trimming procedures removed 5-10 pixels
from image edges, followed by bias correction using master bias frames com-
bined from multiple zero-exposure images to eliminate electronic o sets using
gbiasand gsreducdRAF tasks. Flat- eld correction was implemented through
the combination and normalization of uniformly illuminated exposures, with
low-order polynomial ts applied to isolate pixel-to-pixel sensitivity variations
before dividing science frames by the normalized master at using the task
g at. For multi-slit instruments like GMOS, slit positions were veri ed using
lamp spectra, and individual spectra were extracted through table-based crop-
ping procedures. Wavelength calibration was achieved by tting third-order or
higher polynomials to comparison lamp lines, with RMS requirements below
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0.2 and two-dimensional corrections applied to address line tilting in GMOS
data with gswavelengthor mgswavelengthasks. Spectrum extraction involved
aperture identi cation, background window de nition, spatial pro le tracing
along the dispersion axis to account for optical distortions and atmospheric
refraction e ects, followed by integration within extraction windows and sky
subtraction using the gsextraciRAF package. Local ID numbers were generated
and assigned to the targets during the reduction process. This reduced data was
analyzed in our study, which has been discussed in Section 4.1.

Figure 3.5: Trumpler 11 photometric observation of Field 1 and 2 in green squares with
selected spectroscopic sources in blue circles and a soft estimation of cluster radius as a
red circle of 6 arcmins.

Figure 3.5 shows the Trumpler 11 region in the sky captured by the DECaPS in
the gband (Schlay et al. 2018). The red circle was a soft estimation of the radius
of the cluster (see 5.2.a and 3.2). In green are the areas covered by the two Fields
during photometric observations. Blue circles were the selected spectroscopic
sources for observations. The reduced spectra were analyzed as part of this
Thesis work, following the procedure described in section 4.1 and Appendix
A3.

3.2 GAIADR3

Complementary, the Gaia DR3 data (Gaia Collaboration et al. 2023) for the star
cluster Trumpler 11 were extracted using the astroquery:gaia module (Ginsburg
et al. 2019) to identify cluster members. A cone search was performed centered
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Table 3.3: Spectroscopic observed targets. Local ID numbers of each star were generated
during the reduction process. nobs is the number of observations acquired per target.

ID RA DEC nobs
[ded] [deq]

663 151.2628 -61.5746
814 151.2283 -61.578

1216 151.2685 -61.5912
1557 151.2228 -61.5855
1811 151.3348 -61.589

1823 151.174 -61.5898
1960 151.2569 -61.5993
1979 151.1287 -61.5977
2099 151.3642 -61.5968
2342 151.2369 -61.5984
2403 151.301 -61.6026
2684 151.2329 -61.6112
2792 151.2685 -61.6085
2921 151.2828 -61.6118
2996 151.2471 -61.618

2998 151.2447 -61.6114
3002 151.2441 -61.6147
3029 151.2047 -61.6096
3084 151.322 -61.6192
3169 151.1619 -61.615

3200 151.2182 -61.6153
3249 151.1708 -61.6136
3494 151.1494 -61.6206
3537 151.249 -61.629

3612 151.18 -61.6212
3664 151.1154 -61.6217
3718 151.1943 -61.6256
3775 151.2208 -61.6271
3780 151.3522 -61.6233
4061 151.3145 -61.6298
4149 151.3641 -61.632

4345 151.264 -61.6364
4474 151.2342 -61.6385
4906 151.2703 -61.6491
4919 151.2619 -61.6475
5129 151.2142 -61.648

5580 151.3347 -61.6601
6000 151.2782 -61.6648
7196 151.2054 -61.5638

PP RPRPRPRPRPRPPRPRPPNRPPNRPRPNNRPRPNRPPNRPRPNRPRPPRPPRPRPRPRERRERER
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at coordinates =151:248 = 61:619with a search radius of 10arc minutes.
The query was executed asynchronously through the Gaia archive, retrieving
all available columns for 24,322 sources within the speci ed region. From the
extracted dataset, relevant parameters for this study were selected, including
astrometric parameters (positions, proper motions, parallaxes) and photometric
measurements (G; BP; RP magnitudes). The nal dataset was subsequently
saved in CSV format for further analysis.

3.3 TESS

The Transiting Exoplanet Survey Satellite (TESS), launched by NASA in 2018,
aims to detect exoplanets orbiting bright, nearby stars through an all-sky sur-
vey Ricker et al. (2015). The time-series data from the TESS High Level Sci-
ence Products (HLSP) mission were downloaded from the Mikulski Archive for
Space Telescopes (MAST) via the STScl portal. Data from various programs
were utilized, depending on the reduction technique used by the TESS team,
'RAW_FLUX' or 'cal_apr_ ux' (calibrated aperture ux) or 'SAP_FLUX' (Simple
Aperture Photometric ux) was made available. Light curves were plotted using
Python and each spectroscopic source was inspected. The results are described
in Chapter 5.

"https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html






Methodology

4.1 Spectroscopic Analysis

Spectroscopic analysis of the stars observed with GMOS/MOS was carried out
to determine their fundamental properties and assess cluster membership. To
this aim, we performed the spectral classi cation based on line identi cation.
Later, we derive quantitative stellar parameters by comparing observed spectra
with synthetic models generated from state-of-the-art stellar atmosphere codes.
Custom Python codes' were developed to perform an automatic classi cation.
Details on the procedures are outlined in the following subsections and Ap-
pendix A.

4.1.a Lines Identi cation and Measurements

Spectral data were read, plotted, and analyzed using the splottask in IRAF (ver-
sion V2.17, Tody 1986). The data was not ux calibrated and was prone to the
detector's blaze. Hence, spectra were normalized by tting an n'"-order poly-
nomial. Normalization was checked by eye. Polynomials of order 7 or 8 were
used for most spectra in masks C1 and C2. A polynomial of order 5was used for
the stars ID 2966, ID 2792, and ID 3537 (listed in Table 3.3), as it ts better than
higher-order polynomials. The spectral lines identi ed by Didelon (1982, see
Table 4.1) were prioritized for identi cation and measurement of B-type stars,
due to their sensitivity to temperature and surface gravity. Spectral classi cation
was performed using the average equivalent width curves, plotted against spec-
tral type and luminosity class, as presented in that work. Apart from these few

1Al the custom Python codes developed and used for analysis in this project are available on
https://github.com/theanish37?tab=repositories
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lines, other common lines found in B-type stars, such as He |

He |

4009, He | 4921,

5875, Fe |l 4549, 4385, and O | 7772 were also considered.

Table 4.1: Principal lines used for the spectral classi cation (Didelon 1982)

Element

Name used Wavelength (in A)

H

He

Si

Fe

H_alpha
H_beta
Hel_3819
Hel 4026
Hel 4120
Hel 4143
Hel 4387
Hel 4471
Hell_4685
Sill_3856
Sill_4128
Silll_4552
Silll_4574
SilvV_4088
SilV_4116
Mgll_4481
Cll_4267
Clll_4650
NIl_3994
NIl_4630
NIIl_4097
Oll_4069
Oll_4641
Fell_4178
Fell_4233
Fell_4583

6562.79
4861.35
3819.16
4026.19
4120.81
4143.76
4387.93
4471.48
4685.7
3856.02
4128.07
4552.62
4574.76
4088.85
4116.1

4481.32
4267.26
4650.25

3994.99
4630.54

4097.33
4069.88
4641.81
4178.85
4233.16
4583.83

Identi ed lines were manually measured using two methods: the Gaussian
tting and the Bisector technique. In the Gaussian method, a range of wave-
lengths, which includes a single spectral line, is selected manually using the
"k" key of the splotIRAF task. Two cursor positions de ne the region to be t,
and the task adjusts a Gaussian pro le at the center of the line relative to the
normalized continuum. It returns the full width at half maximum (FWHM),
equivalent width (EW), and the center of the t curve. Blended lines can also

be measured by tting multiple Gaussian pro les using the

splot "d" key. For a

blended line, the center of lines needs to be marked, and the IRAF task returns
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deblended Gaussian pro les for the individual lines. In the case of the bisector
method, a range of wavelengths including the line is de ned with appropriate
normalized ux level following the continuum, using the  splot "e" key. Area
under the line is returned, as well as the equivalent width and position of the
line core indicated by the line bisector. Blended lines are complicated to measure
using this method. The measured center of lines from both methods were used
to calculate radial velocity of the stars using the formula for the Doppler shift,
Eq. (4.1).

Viad = C  ( obs line )= line ; (4.1)

where, Vyq is the radial velocity inkm's 1, ,usis the observed wavelength that
is the measured center of the line, jine is a reference wavelength measured in
the laboratory (or rest-frame), and cis the speed of light. The measured center
of lines, equivalent widths, and radial velocities for star ID 2403 are reported
in Table 4.2. These measurements for all the other sources are reported in
Appendix B. Table 4.2 also compares the results from our Python code, which
automatically identi es certain lines, measures equivalent widths, and provides
centers of the lines for radial velocity calculations. Detailed working of the code
has been explained in Appendix A.3.

4.1.b Spectral Classi cation

Didelon (1982) provides a quantitative relation for the given lines (Table 4.1)
between stellar spectral types from BO to A9 and luminosity classes | to V and
equivalent widths. They provide curves for each line based on the distribution
of observed stars plotted between spectral types and equivalent width in A. As
an example, the curves for He | 4471 and Mg Il 4481 have been presented in
Fig. 4.1. To facilitate spectral classi cation, an automated Python-based code
was developed that compares measured equivalent widths against the relevant
curve and assigns spectral types accordingly (see Appendix A.3). Online soft-
ware GAVO Dexter 2 (Centre 2008) was used to extract points from the plots,
as the original data for these curves was not available. A spline was t to the
extracted points to obtain a continuous relation, and a Python function was
written to match equivalent width to the corresponding spectral type. Spline ts
forHe | 4471 and Mg Il 4481 curves have been given in Fig. 4.2. Finally, the
observed spectra were compared by eye to standard B-type stars provided by
Negueruela et al. (2024). A combination of these two methods was considered,
and the derived spectral classi cation is reported in Table 5.1. In addition, based

2https://dc.g-vo.org/sdexter
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Table 4.2: IRAF and auto measurements comparison for lines in star ID 2403

IRAF Python code
Line lab obs EW RV obs EW RV
[Al (Al Al [kms '] [A] Al [kms ']
H 6562.79 6563.05 7.38 12 6562.94 7.9 7
H 4861.35 4861.69 8.33 21 4861.35 10.2 22
H 4340.47 4341.19 8.16 50 4340.47 14.32 45
H 4101.73 4102.76 8.75 75 4103.03 94 94
4009.26 4009.26 - 35 4009.47 0.2 16
4026.19 4026.57 0.34 28 4026.21 0.47 2
He | 4143.76 414437 0.41 44 - - -
4387.93 4388.09 0.29 11 - - -
4471.48 4471.48 0.36 25 - - -
5875.62 5876.45 0.24 42 5876.49 0.15 44
Sill 4128.07 - - - - - -
Silll 4552.62 - - - 4553.23 0.09 41
4574.76 - - - - - -

. 4088.85 - - - - - -
StV 4116.10 - - - - - -
Mg Il 4481.32 4481.88 0.27 37 4481.98 0.19 45
Cll 4267.26 - - 4268.39 0.11 80
NI 4630.54 - - - - - -

4069.88 - - - - - -
ol 4641.81 - - - - - -
4178.85 - - - - - -
4233.16 - - - - - -
Fell 4385.38 - - - - - -
4549.47 blended - - - - -
4583.83 blended - - - - -
He Il 4685.70 - - - - - -
cli 4650.25 - - - - - -
NI 4097.33 - - - - - -
Average radial velocity 42 21 46 28
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on our analysis, we also identi ed early A- and F-type stars. The F-type stars
exhibit prominent hydrogen lines as well as transitions from neutral atoms. Un-
fortunately, the Ca Il lines, which are typically used as a primary classi cation
criterion for F-type spectra, fall outside the observed spectral range. We identi-
edthe Cal 4226 andthetripletofMgl 5167,5172,5183. Given the spectral
resolution of our data, these lines are blended. One target, ID 4474, shows a
particularly intense CH G-band (4300 A).

Figure 4.1: He | 4471 and Mg Il 4481 curves given in Didelon (1982), used for spectral
classi cation.

Figure 4.2: He |1 4471 and Mg |l 4481 spline derived from the curves given in Didelon
(1982). The spectral type index (0 to 20) corresponds to the spectral types (BO to A9).

4.1.c Stellar Model Grids
OBSTAR 2025: NLTE Model Spectra for O and Early-B Stars

The OBSTAR 2025 libraries are publicly available through the PACE repository
at the Space Telescope Science Institute Box This new comprehensive set of

3https://stsci.app.box.com/v/tlustyOB2025
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nonlocal thermodynamic equilibrium (NLTE) stellar spectral models has been
developed speci cally for O and early-B stars (OBSTAR 2025), addressing the
critical need for accurate theoretical spectra of hot massive stars (Hubeny et al.
2025). These models are particularly important since NLTE e ects become sig-
ni cant due to the low atmospheric densities and strong radiation elds that
characterize these objects. The improved physics treatment enables more ac-
curate determinations of stellar parameters, including e ective temperatures,
surface gravities, and metallicities for O and B-type stars.

The new OBSTAR 2025 grid (Hubeny et al. 2025) was presented as a successor
of the most extensive grids of NLTE metal line-blanketed model atmospheres
for early-type stars, OSTAR2003 (Lanz & Hubeny 2003) and BSTAR2007 (Lanz
& Hubeny 2007). This was computed based on TLUSTY program (Hubeny &
Lanz 1995) using SYNSPEC(Hubeny et al. 2021). The models cover the e ective
temperature range from 15,000 to 55,000 K, spanning the entire range of O and
early-B spectral types. This temperature range encompasses main-sequence,
giant, and supergiant phases of hot massive stars, making the library applicable
to a wide variety of astrophysical sources. These codes incorporate detailed
metal line blanketing e ects, which are crucial for accurate ux prediction and
stellar parameter determination in hot stars. The inclusion of NLTE physics
ensures that the departure from LTE conditions, particularly important in the
low-density atmospheres of hot stars, is properly accounted for in the spectral
synthesis.

Table 4.3: NLTE Model Library Parameters for O and Early-B Stars

Parameter Range/Values

E ective Temperature ( Te ) 15,000 55,000 K

Metallicity (Z/Z ) 2.0,1.0,0.5,0.2,0.1, 0.05, 0.02, 0.01
Microturbulence Velocity ( Vmicro) 2,5,10kms t

Wavelength Coverage 200A 32 m

Spectral Resolution R =100; 000

Wavelength Points 739,791 (vacuum scale)

Total Models 192 (8 metallicities 3wvym 8Te )
Atmospheric Treatment NLTE metal line-blanketed
Wavelength Scale Uniform vacuum wavelengths

The atmosphere models extend from 200 A to 32 m with a resolution of
R = 100; 000, providing exceptional spectral detail across ultraviolet, optical,
near-infrared, and mid-infrared wavelengths. The metallicity grid spans two or-
ders of magnitude, from twice solar ( Z=Z =2.0) down to extremely metal-poor
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conditions (Z=Z = 0.01), enabling studies of hot stars in diverse galactic envi-
ronments. Each model is computed for three di erent micro-turbulent velocities
(2,5, and 10 km s 1), allowing for proper treatment of small-scale, non-thermal
motions of gas in stellar atmospheres. The micro-turbulent velocity a ects line
strengths and pro le widths, particularly for metal lines, making this parameter
crucial for accurate abundance determinations. Detailed parameters of the grid
models were reported in Fig. 4.3 and their distribution in parameter space was
presented in Section 4.3.

Figure 4.3: Grid points of the adopted model atmosphere grids for which the spectra are
calculated. Blue diamonds indicate models from the OSTAR grid, while red diamonds
and circles represent models from the BSTAR grid as given in Hubeny et al. (2025).

The BOSZ Synthetic Stellar Spectral Library 2024

The BOSZ (BOhlin-SZabolcs) synthetic stellar spectral library represents a com-
prehensive collection of theoretical stellar spectra based on radiative transfer at-
mospheric models (Bohlin etal. 2017; Mészaros et al. 2024). The library provides
synthetic spectra covering a broad range of stellar parameters and is particularly
valuable for stellar population synthesis, spectral tting, and stellar parameter
estimations.

The recently updated BOSZ grid (2024 version, Mészaros et al. 2024) super-
sedes the original 2017 release (Bohlin et al. 2017) and represents a signi cant
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advancement in synthetic spectral modeling. The new BOSZ grid includes
628,620 synthetic spectra from 50 nm to 32m with models for 495 e ective tem-
perature (Te ), surface gravity (log(g)) parameter pairs per composition and per
micro-turbulent velocity ( Vmicro). The new grid was calculated with  SYNSPEC
(Hubeny et al. 2021) using the local thermodynamic equilibrium (LTE) approx-
imation and covers metallicities [M=H ] from -2.5 to 0.75 dex,[ =M ] from -0.25
to 0.5 dex, and [C=M] from -0.75 to 0.5 dex, providing spectra for 336 unigue
compositions.

The atmospheric models employ di erent grids depending on the e ective
temperature range: for stars between 2800 and 8000 K, MARCS model atmo-
spheres (Gustafsson et al. 2008) are used, and ATLAS9 (Mészaros et al. 2012)
is used between 7500 and 16000 K. This hybrid approach ensures optimal ac-
curacy across the entire temperature range by utilizing the most appropriate
atmospheric model for each stellar type. Table 4.4 summarizes the parameter
ranges, and Fig. 4.4 shows sampling of the BOSZ 2024 grid. The library provides
exceptional coverage in both atmospheric parameters and spectral resolution,

making it suitable for diverse astrophysical applications.

Table 4.4: BOSZ 2024 Atmospheric Model Grid Parameters

Parameter

Range/Values

E ective Temperature ( Te )
Surface Gravity (log(g))
Metallicity ( [M=H1])

Alpha Enhancement ([ /M])
Carbon Abundance ([C=M])
Micro-turbulence ( Vmicro )
Wavelength Coverage
Spectral Resolution

Original Resolution
Atmospheric Models

Total Spectra
Unique Compositions

2800 16000 K
0:5to +5:5 dex (steps of 0.5)
2:5t0 +0:75dex (steps of 0.25)
0:25t0 +0:50dex (steps of 0.25)
0:75to +0:50dex (steps of 0.25)
0,1,2,4kms?
50nm 32 m
R = 500 50,000, plus original
200,000 600,000
MARCS ( T, : 2800 8000 K, log(g): -0.55.5),
ATLAS9 (Te : 7500 16000 K, log(g): 2 5)
628,620
336

Each synthetic spectrum in the BOSZ library is available at eight di erent
instrumental broadening, ranging from R =500 to R = 50000, as well as at the
original synthesis resolution. The spectral resolving power of original spectra
varies from 200000to 600 000depending on the main atmospheric parame-
ters. Italso includes line identi cation les that catalog absorption features with
equivalent widths greater than 0.1 A, facilitating detailed spectroscopic analysis.
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The BOSZ library is publicly available through the Space Telescope Science
Institute's Mikulski Archive for Space Telescopes (MAST) “. Current limitations
and known issues have also been pointed out by the BOSZ team. These include
incorrect inclusion of OH * molecular absorption a ecting spectra below 6500 K
in certain wavelength regions, and limitations in hydrogen line modeling above
5.8 m due to the use of an eight-level H atom model. None of these issues
a ected our study as we only used models with T, more than 7500 K and most
of the parameter estimation was done using spectral region below 5.8 m (i.e.,
4000 7500R).

Figure 4.4: The parameter space covered by the new BOSZ grid as given in Mészaros
etal. (2024). Top panel:Te log(g) diagram of the new BOSZ grid. Middle panel: [=M ]
as a function of [M=H]. Bottom panel: [C=M] as a function of [M=H]. There are 336
di erent chemical compositions included in the database, and each composition has 322
MARCS and 173 ATLAS9 model atmospheres.

“https://archive.stsci.edu/hlsp/bosz
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4.2 Parameter estimation

Hubeny et al. (2025) and Mészaros et al. (2024) stellar atmospheric model grids
were considered. However, as the observed sample consists mostly of late-B
and but also early A- and F-type stars, the ATLAS9 models grid from Mészaros
et al. (2024) was used with e ective temperature ( T¢ ) ranging from 7 500K to
12 000K with steps of 250K and 12 500K to 16 000K with steps of 500K. Surface
gravities (log(g)) ranging from 2 to 5 with steps of 0.5. Microturbulence ( Vi )
of 0, 1, 2, and 4 in km s 1. Models of solar metallicity, [Fe=H] = 0, and solar

-element abundance,[ =Fe ] = 0, with instrumental broadening of R = 10000,
sampled on a wavelength grid at corresponding resolution were downloaded °.
These models were used to compare with observed spectra to estimate physical
parameters. A custom Python code was used for this analysis, which has been
explained in detail in Appendix A.4. Determined parameters were reported in
Chapter 5, Table 5.1.

4.3 Photometric Analysis

4.3.a Aperture Photometry

Aperture photometry is one of the fundamental techniques in observational as-
tronomy for estimating the brightness of stars over a broad wavelength band of
radiation. This method involves de ning circular or elliptical apertures around
target sources within the CCD image, then summing the ux contained within
these apertures while accounting for background contamination through care-
ful sky subtraction procedures. This technique was proposed by Howell (1989).
Even with its known limitations (Daugevi£ius et al. 2024), this method is widely
used because of its conceptual simplicity (Naylor et al. 2002). This makes it
particularly valuable in obtaining magnitudes of isolated stars in open elds,
time-series analysis of variable stars, and exoplanet transit detection. Unlike
point spread function (PSF) photometry, aperture photometry assumes that stel-
lar light pro les remain constant and that atmospheric conditions are stable.
Aperture photometry is faster than PSF and produces similar results in the case
of stars in an open eld with minimal distortion and overlaps. In this study,
the aperture photometry procedure was applied to two elds in Trumpler 11
using four wideband lIters ( u®g®r© and i9. Observations in narrow-band H
were not analyzed due to the lack of calibration data in this Iter. To apply this
method e ciently, we developed a Python code as described in the following

®https://archive.stsci.edu/hlsp/bosz
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section.

Automated Procedure

A custom Python program (phot_analysis.pywas written to automatically per-
form aperture photometry for stars in each Iter. The procedure starts by initial-
ising the class PhotometryPipelinavith the name of the image le in FITS format.
Further, masked regions based on pixel range can also be de ned depending on
the image. We used masks for a bright saturated foreground star in images from
eld 1 (as also shown in Fig. A.1) and for the sources on the edge of the image
in both elds. The function run_full_pipeline() was used to perform aperture
photometry, which reads the le, converts the pixels to the world coordinate
system, estimates the background ux, nds and lters sources, de nes an aper-
ture with 99% ux containment, and performs aperture photometry for each
source. Parameters like right ascension (RA), declination (Dec), aperture radius,
ux, ux error, signal-to-noise ratio (SNR), full-width half maximum (FWHM),
instrumental magnitude, and instrumental magnitude error are the outputs of
this procedure. Detailed working of the automated pipeline is described in Ap-
pendix A.1.

These photometric results were calibrated with observations of Southern Stan-
dard Stars for the u%g%3%°System®. The same code was used to perform aper-
ture photometry of the standard eld in each lter, and zero-points ( Mzero) Were
calculated based on the following equation:

Msid = Mzero 2:5 10go(N [e ]=exptime) Kkcp(airmass  1:0); (4.2)

where, mgy is the standard magnitude of the source, kcp is the mean atmo-
spheric extinction coe cient at Cerro Pachon, N[e ]is the electrons inside the
aperture and above the sky level, exptime is the exposure time, and airmass is
the air mass, contained in the keywords EXPTIME and AIRMASS in the primary
header unit, respectively. Although color correction terms exist for the GMOS-S
instrument, they were not taken into account in these measurements, as these
were very minute corrections well within the magnitude error range. Detailed
analysis of standard elds has been described in the Appendix A.2. Through
which we have obtained the following myero for the ug% 4° Iters (see Table 4.5).

®https://www-star.fnal.gov/Southern_ugriz/Old/index.html
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Table 4.5: Zero points (Mo ) Obtained using standard eld analysis for u%%4° lters
with their corresponding kcp values.

Filter mMgero Kcp
u 24.3611 0.38
g° 27.87  0.18
ro 28.131 0.1
i0 28.2188 0.08

Thesem,ero Values were also included as an input in the pipeline while ana-
lyzing the science frames, and in addition to the output parameters mentioned
earlier, apparent magnitude and apparent magnitude error using Eq. 4.2 were
also obtained. This automated procedure was carried out for both elds and
in all four lters. Next, all the detected sources were cross-matched based on
spatial coordinates, and a list of sources with magnitudesin u®g®rCandi® Iters
was compiled. Magnitudes measured for the same source in the same Iter in
both elds were averaged in the nal compiled database. Further analysis of the
studied open cluster was carried out by identifying cluster members and using
color-magnitude diagrams in order to compare it with isochrones. Details have
been presented in the Chapter 5.



Results

Optical spectra (R = 1522) for 45 sources in Trumpler 11 were obtained using the
Gemini South GMOS spectroscopy in multi-object (MOS) mode. Observations
were carried out in two separate masks. From the entire sample, 6 sources were
observed in both masks, and 16 sub-exposure spectra were dropped due to their
low data quality, with SNR being lower than 30. Spectral data with di erent
SNRs in our sample have been shown in Fig. 5.1. With photometric analysis,
2918 unique sources with SNR>5 were observed in thei? Iter, which were cross-
matched with sources identi ed inthe rest of the lters. For our analysis, sources
fainter than 22 magnitudes in r%and g° Iters were dropped. Data points with
NaN values were also excluded from the analysis, and a clean dataset of 632
stars was obtained. The next sections discuss the stellar and cluster parameters
determined using this data.

5.1 Stellar Parameters

For the determination of spectral type, various commonly found lines in B-type
stars were identi ed. Beginning with Hydrogen lines of the Balmer series in
the optical range: H ,H ,H ,and H . These lines are produced by hydro-
gen extending till the upper atmosphere and may show di erent behavior than
metallic lines, especially H and H . Interestingly, these same lines, if seen in
complete or lled-in emission, can be due to the formation of a circumstellar
disk. In this context, we report the discovery of a Be-type star with ID 1960. The
spectrum shows a clear single-peaked H emission component superimposed
on the underlying photospheric absorption line, as shown in Fig. 5.2. According
to Fig. 2.1, these characteristics suggest that the star is viewed close to pole-on.
Considering the population mainly consists of late-B type stars, nding one or

31
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Figure 5.1: Spectroscopy data with di erent SNR in our sample.

two Be stars aligns with the expectations.

Helium lines are the next commonly found lines. As suggested by Didelon
(1982), neutral Helium (He 1) lines at 4009 A, 4026 A, 4120 A, 4143 A, 4387 A,
4471 A and 5875 A.

A second criterion of classi cation is the intensity of Mg Il line at 4481 A next
to He | line at 4471 A that gives an idea of the range of T, and spectral type of
a star. The line He | 4471 A tends to be more intense than Mg Il 4471 A for
temperatures higher than 13 000 K (spectral type B7 V and earlier) and became
comparable for T around 12500 K (spectral type B8 V). The Mg Il line gets
more intense than the He I line for stars with T lower than 12 000 K (spectral
type B9 V and later). Mg Il line starts to weaken toward the spectral type A5 and
can be di cult to detect between A5 and FO, as metal lines from Fe |, Ca |, and
other neutral species start to dominate the spectrum. Finally, it vanishes around
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Figure 5.2: ID 1960: a new Be star in Trumpler 11. A noticeable emission feature is
presentin H

the spectral type FO.

From the analysis of the whole sample, no He Il lines were detected, and the
few observed He | lines are weak and comparable in strength to the Mg Il fea-
tures. These characteristics indicate spectral types mostly consistent with late-B
stars, mainly around B8. These He-Mg pair trends can be seen in Fig. 5.3 for
the sample of stars used in this study. The same trend has been presented in
Negueruela et al. (2024) for a wider range of spectral types of B-type stars and
represents the latest standard for spectral classi cation.

Additionally, metallic lines like Si ll, Si lll, Si IV, C II, C lll, N 1l, and N IlI
were considered. None of the lines from highly ionized atoms were found in the
spectrum of our data. Some weak Fe Il lines were detected at 4178 A, 4233 A,
and 4583 A. These lines are prominent and are expected to be seen in hotter stars
like early B and O-type stars. In addition, some other He | lines at 4009 and
5875 and the Fe Il line at 4549 were identi ed and reported in the results. From
our analysis, we identi ed seven early A-type stars and one F-type star showing
strong H lines. One of these stars, ID 4474, exhibits an intense G-band and is the
coolest star of our sample. Measurements of line equivalent width and radial



34 CHAPTER 5. RESULTS

Figure 5.3: Stellar spectra with di erent Temperatures.

velocities for all the sources are presented in Appendix B.

The spectroscopic Hertzsprung-Russell (sHR) diagram or Kiel diagram, in-
troduced by Langer & Kudritzki (2014), plots e ective temperature ( T, ) against
surface gravity (log(g)). Its main advantage is that it does not require prior
knowledge of the stellar distance or luminosity. An alternative version of this
diagram is the relation between log(Te ) and log of solar normalized gravita-
tionally weighted luminosity ( log(L =L ))denedas L = Tg‘ =g Eg. 5.1 was
used to compute (log(L =L )).

log(L =L )=4log(Te ) log(g) log(L ); (5.1)

where, Te is e ective temperature, g is surface gravity and L is solar gravi-
tationally weighted luminosity ( log(L ) = 10:61). Unlike the traditional Hertz-
sprung-Russell diagram, the Kiel diagram directly relates two fundamental at-
mospheric parameters that can be measured spectroscopically, enabling us to
estimate stellar masses and evolutionary states.
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In this analysis, the PARSEC v2.0' (PAdova and TRieste Stellar Evolution
Code) stellar evolutionary tracks with rotation (Costa et al. 2019a,b; Nguyen
et al. 2022) were used to determine initial stellar masses. These models incorpo-
rate the e ects of stellar rotation, which signi cantly in uences stellar structure
and evolution, particularly for more massive stars. Models with angular rota-
tionrate ! = = i with solar metallicity (metal mass fraction Z= 0.014) were
used. Where is the angular velocity, i is the critical angular velocity (or
breakup velocity), that is, the angular velocity at which the centrifugal force is
equal to the e ective gravity at the equator (Nguyen et al. 2022). We selected
these models because rotational mixing a ects the stellar interior composition
gradients and can extend main-sequence lifetimes, making these tracks more
reliable for comparison with observed stellar populations.

Through visual inspection of source positioning on the Kiel diagram, shown
in Fig. 5.4, and comparing their locations with the theoretical evolutionary
tracks, initial masses of the stars were estimated. These values are listed in
Table 5.1. Thus, the intersection of a star's position in the Te log(g) and
log(Te ) log(L =L ) plane with the evolutionary track provides constraints on
both the current evolutionary phase and the initial mass. This method was par-
ticularly e ective because it uses two independently measurable quantities that
are less a ected by interstellar extinction compared to photometric approaches,
providing more robust mass estimates for the stellar sample. For the stars out-
side the evolutionary tracks, an estimated initial mass value has been reported
based onthe error bars. A grid of atmospheric models was used, which produces
a discrete distribution and also limits the determination of precise parametric
values. Especially in the case of surface gravity, the models had steps of 0.5 dex,
and hence for certain sources with high log(g), it may not be determined pre-
cisely. Unresolved lines in low-resolution binary star spectra may show highly
broadened lines that mimic lines of stars with high surface gravity. For example,
star ID 2998 ts a model with log(g) of 4.5 but is a binary system (as reported
in Table. 5.5). Hence, the stars reported with log(g) 4.5 or 5 sets an upper limit,
whereas they may have a lower surface gravity.

From the atmosperic model tting stellar parameters like Te , l0og(Q), Vmic , and
v sin i were estimated in Sec. 4.2. Additionally, spectral and luminosity classes
were determined for each star, along with their radial velocities, which were
determined using line identi cation and measurements in Sect. 4.1.a. The initial

hitps://stev.oapd.inaf.itPARSEC/tracks_v2_rot.html
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Figure 5.4: Spectroscopic HR diagram. Stellar evolutionary tracks with | =0:6.

mass of the stars was constrained with the spectroscopic HR diagram. These
values are reposted in Table 5.1.

The spectroscopic analysis reveals that the stellar sample is dominated by late
B-type stars, predominantly B9 spectral class with some B7, A0, and F types,
characterized by e ective temperatures ranging from 7,000 K to 13,500 K, with
most stars falling between 10,500 K and 12,500 K. Although, BSTAR models
were considered for the analysis but the temeprature ranges of our targets were
covered solely by BOSZ models. The spectrum of the stars with similar Te
has been shown in Fig. 5.5 to show the similarities. And the spectrum of the
stars with similar temperatures has been shown in Fig. 5.6 in order to highlight
di erences and contrast features between these spectra. All observed stars ex-
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Table 5.1: Derived stellar parameters using spectral analysis. Values with ":" were
estimated by extrapolation of the models.

ID RA Dec Te log (9) v sini Initial Spectral Radial
mass type velocity
[deg] [degl [k [dex] [kms ‘] [M ] [kms %]
1216 151.26851 -61.59124 11000250 5 0.5 100 20 :25 B9V 30 9
1960 151.25688 -61.59933 11750250 3.5 0.25 220 20 4 Be8V -9 13

2342 151.23688 -61.59839 10000250 4.5 0.25 240 20 :2.2 A0V 23 22
2403 151.30104 -61.60258 13000500 4 0.25 270 20 3.6 B7V 42 21
2684 151.23291 -61.61116 10625250 4.25 0.25 155 20 2.5 BOV 62 11
2792 151.26854 -61.60847 8750250 4 0.25 200 20 2.1 A3V 48 9
2996 151.24709 -61.61795 12000375 4.25 0.25 115 20 2.9 BOV 43 10
2998 151.24474 -61.61137 9000250 4.5 0.5 150 20 :1.8 A2V 44 16
3002 151.24414 -61.61471 11500250 4.5 0.25 280 20 :2.6 BOV 26 6
3084 151.322 -61.61916 11750250 5 0.5 240 20 :2.7 BOV 49 10
3169 151.16191 -61.61503 11750250 5 0.5 220 20 2.7 BOV 53 18
3200 151.21819 -61.61533 11625250 4 0.25 180 20 3 BOV 35 14
3249 151.17079 -61.61359 9000250 4 0.5 240 20 2.2 A2V 41 10
3494 151.14944 -61.62062 9000250 3.5 0.25 200 20 2.8 A2V 65 11
3537 151.24896 -61.629 11625375 4.25 0.25 250 20 2.8 BOV 40 3
3718 151.19429 -61.62558 10625250 3.75 0.25 275 20 3 BOV 41 13
3775 151.22075 -61.62706 12500500 4 0.25 200 20 3.4 B8V 37 1
4149 151.36407 -61.63198 11750250 5 0.5 240 20 :2.7 BOV 36 18
4345 151.26395 -61.63642 13500500 4 0.25 200 20 3.8 B7V -5 13
4474 151.23418 -61.6385 7000250 4 0.25 200 20 2.5 F2Vv 20 3
4906 151.27028 -61.6491 9000250 3.5 0.5 150 20 2.8 A2V 43 20
4919 151.26192 -61.64751 12500500 4.5 0.25 130 20 :3 B8V -13 8
5129 151.2142 -61.64799 11000250 4.5 0.25 200 20 :2.4 BOV 54 27
814 151.22833 -61.57798 10000250 4.5 0.25 280 20 :2.2 A0V -3 35
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hibit rapid rotation with projected velocities reaching up to half their critical
rotation rates, and surface gravity measurements con rm their main-sequence
evolutionary status. Initial mass estimates for the sample range from 1.8 to
4 M , consistent with their spectral classi cations. Systematic velocity of the
cluster based on the mean of radial velocities of the target was 33 15kms 1.
Notably, the sample contains one new Be star (ID 1960) distinguished by clear
H emission, the lowest surface gravity (log(g) = 3:5 0:25), and rapid rotation
(vsini =220 20km s 1), while exhibiting atmospheric parameters similar
to other cluster members. The temperature extremes are represented by star ID

4474 at the cool end (7,000 250 K) and stars ID 3494 at the hot end (13,500
500 K).

Figure 5.5: Spectrum of 8 stars with similar T, ranging from 11000 K to 11800 K.

Absolute magnitude in Johnson and Morgan visible Iter ( M) and intrinsic
color (B V) values were estimated using Te by interpolating the tabulated
values in the book Allen's Astrophysical Quantities, 4th edition (Cox 2000). To
maintain consistency, these values were changed from Johnson and Morgan
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Figure 5.6: Spectrum of 13 stars with unique T, in the sample ranging from 7000 K to
13500 K.

to the SDSS photometric system as the Gemini photometric observations were
taken in Iters similar to SDSS. M, was rst converted to Mg_V PHAS using
the formula Mg _VPHAS = M, +0:595 (B V)0 (Ruiz Diaz et al. 2025). As
the VPHAS+ survey uses the Vega calibration system and the SDSS uses the AB
system, there exists a magnitude o set de ned by the relation mag = Myega+
oset. In g° lter the o set is -0.094 (Barker et al. 2018). HenceM g©_SDSS =
Mg_V PHAS +( 0:094) equation was used to calculate Mg_SDSS. Colors in
SDSS lters ((g° r%_SDSS) were detemined based on T, and log(g) using the
values reported in Lenz et al. (1998). The relation M;0o_SDSS = Mg _SDSS
(° r9_SDSS was used to calculate the absolute magnitude in SDSS in ther©
Iter. All these calculated values were reported in Table 5.2.
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Table 5.2: Absolute magnitudes and colors of the stars in di erent photometric systems
derived based on their T, and log(g).

ID My, (B V)o Mg VPHAS M 4 SDSS (g° r%_SDSS M ,o_SDSS

1216 -0.03 -0.09 -0.084 -0.178 -0.299 0.121
1960 -0.34 -0.12 -0.411 -0.505 -0.318 -0.187
2342 0.53 -0.04 0.506 0.412 -0.259 0.671
2403 -0.65 -0.15 -0.739 -0.833 -0.34 -0.493
2684 0.18 -0.07 0.138 0.044 -0.295 0.339
2792 1.5 0.08 1.548 1.454 -0.1827 1.637
2996 -0.4 -0.13 -0.477 -0.571 -0.323 -0.248
2998 1.3 0.05 1.33 1.236 -0.1845 1.421
3002 -0.28 -0.11 -0.345 -0.439 -0.312 -0.127
3084 -0.34 -0.12 -0.411 -0.505 -0.317 -0.188
3169 -0.34 -0.12 -0.411 -0.505 -0.317 -0.188
3200 -0.31 -0.12 -0.381 -0.475 -0.317 -0.158
3249 1.3 0.05 1.33 1.236 -0.2078 1.444
3494 1.3 0.05 1.33 1.236 -0.2246 1.461
3537 -0.31 -0.12 -0.381 -0.475 -0.316 -0.159
3718 0.18 -0.07 0.138 0.044 -0.292 0.336
3775 -0.53 -0.14 -0.613 -0.707 -0.333 -0.374
4149 -0.34 -0.12 -0.411 -0.505 -0.317 -0.188
4345 -0.78 -0.16 -0.875 -0.969 -0.346 -0.623
4474 3.6 0.35 3.808 3.714 0.1511 3.563
4906 1.3 0.05 1.33 1.236 -2246 1.461
4919 -0.53 -0.14 -0.613 -0.707 -0.33 -0.377
5129 -0.4 -0.09 -0.454 -0.548 -0.2991 -0.249

814 -0.03 -0.04 -0.054 -0.148 -0.2591 0.111
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5.2 Cluster Parameters

To investigate the stellar population and evolutionary status of the sample, we
employed color magnitude diagrams (CMDs). These observational analogues
of the Hertzsprung-Russell diagram provide a graphical representation of stellar
populations through the relationship between stellar color and apparent mag-
nitude. This way, the color index, typically B-V but in this case ¢° r9(proxy
for stellar temperature), is plotted on the horizontal axis against apparent mag-
nitude (proxy for luminosity of the star) on the vertical axis. The distinctive
features of CMDs, such as the main sequence, turn-o point, red giant branch,
and horizontal branch, enable us to determine stellar distances, ages of star clus-
ters, and metallicity distributions within stellar populations by comparing them
with theoretical isochrones. This technique was used to characterize the star
cluster Trumpler 11.

Bressan et al. (2012) models of stellar evolutionary tracks and isochrones were
used for this analysis. These models cover a wide range of ages, masses, and
metallicities and are available in many photometric systems. Isochrones from
the SDSS ugriz photometric system were downloaded from the o cial website
of Padova CMD 2. Before comparing the isochrones, cluster members were iden-
ti ed using proper motions and parallaxes provided by the GAIA DR3 release.

5.2.a Cluster Members

Open clusters have low spatial density, are irregular, and often show a di use ap-
pearance, which makes it challenging to de ne their boundaries. This structure
contrasts with that of globular clusters, which are highly concentrated and well
described by King pro les. In order to tackle this issue, spatial and astrometric
data from GAIA DR3 (Gaia Collaboration et al. 2023) were utilized. A query
with a cone search of 10 arcmins from the center of the cluster, as reported on
SIMBAD, was used to download the data. The radial density pro le was studied
to estimate a ducial radius for the cluster. A manual cut-o was set at the point
where the density of stars in radial progression from the center of the cluster
became similar to that of the eld stars. Then, a radius of 6 arcmin has been
estimated based on the Fig. 5.7. Whereas Sagar & Cannon (1994) reported the
angular diameter of the cluster as 5 arcmins.

The pyUPMASK algorithm (Pera et al. 2021) was used to estimate mem-

2http://stev.oapd.inaf.it/cmd
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Figure 5.7: Radial density pro le of stars from the center of the cluster Trumpler 11.
The vertical line is the point where the density of stars in the cluster drops to the density
of the eld.

bership probability in the cluster. Spatial parameters, RA and DEC, along
with astrometric parameters, such as proper motions and parallaxes, and errors
(named pmra ( ), pmdec( ), parallax, pmra_error, pmdec error, and
parallax _error) were used with default hyperparameters of the algorithm. A
probability was assigned to each source as an output. For this study, stars with
membership probability greater than 90% were considered as cluster members.
The spatial distribution, proper motions, and position in a Gaia-based CMD of
cluster members with eld stars have been shown in Fig. 5.8.

We also selected the spectroscopic targets in the identi ed cluster members list.
Using the apparent magnitudes obtained from aperture photometry, distance
modulus, my,o Mo, and color excess,E(g0 r(), of each star were calculated.
Some of the sources that showed unusual deviation from expected magnitude
values were ltered out based on their magnitude comparison with the GAIA
G lters. Correlations between our derived magnitudes in  gand r© Iters with
measurements from GAIA G and R, bands were presented in Fig. 5.9. Deviations
from these correlations allowed us to Iter out unreliable Gemini measurements
and gave an o set in magnitudes. Further, the distance was calculated using
the distance modulus equation in the r© Iter given in Eq. 5.2. Stars with 1
deviation (here is the standard deviation) from the mean distance obtained
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Figure 5.8: Orange points are the determined cluster members using the pyUPMASK

algorithm (Pera et al. 2021). Blue points are the eld stars. Top left: spatial distribution

of cluster members with a circle of 6 arcmins radius in black. Top right: proper motions
of stars in the eld. Bottom: color-magnitude diagram using GAIA G, B,, and Ry
photometric lters.

for all the sources were considered as spectroscopic cluster members (spec cm).
Spectroscopic disatnce approach o ered an independent means of identifying
cluster members. Through this method, we obtained a distance of 4300 850 pc,
with an intrinsic distance modulus of 13.14  0.43 mag corrected with extinction
Ao, which was given by the formula A,o= R0 E(g® r9=1:2, where reddening
coe cient was R0 = 2:31 as given by Yuan et al. (2013) and a color excess,
E(g® r9,0f0.23 0.04 mag.
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Mo Mo=5log(D) 5+ A (5.2)

Figure 5.9: Correlations between derived magnitudes in Gemini g°and GAIA G band
(left) and in Gemini r®and GAIA R, band (right).

Next, after obtaining the cluster members using GAIA and spectroscopic data.
These members were identi ed in our sample of 632 sources. A portion of aper-
ture photometric measurements was presented in Table 5.3. A CMD was plotted
in g° rOvsrP Iters along with isochrones of solar metallicity ( [M=H]=0) and
log(Age) from 7.8 to 8.2 with steps of 0.1. These curves were adjusted and man-
ually t, as shown in Fig. 5.10, to get the value of the intrinsic distance modulus
((m M)o) as 13.7 mag and color excess ing® r°(E(¢° r9) as 0.275 mag.
During manual tting, appropriate errors were assigned to these values. The
best t was obtained for the isochrone with solar metallicity and  log(Age) = 8.

Synergy with Gaia o ered two methods to measure distance to the cluster.
First, the parallax of selected cluster members was used to calculate the distance
of each source in parsecs (pc) with the formula d = 1=parallax 100Q This
yielded a mean distance of 4100 pc with a standard deviation of 950 pc from
which an intrinsic distance modulus of 13:06 0:47 mag was calculated. Next,
similar to the analysis performed for Gemini data, isochrones with the same
age (og(Age) = 8) were tted with the CMD acquired using GAIA lters. A
distance of 4200 pc, a distance modulus (m M )g) of 13.15 mag, and a color
excess (EBp Rp)) of 0.26 mag were determined, as illustrated in Fig. 5.11.

Finally, we present the estimated distance to the cluster Trumpler 11 using
four independent techniques and its comparison with the value reported in the
literature in the Table 5.4. The discrepancies are brie y discussed in Chapter 6.
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Table 5.3: Aperture photometry measurements in u® g® r° and i° lters. S.T stands for
Spectral target and indicates if the source was selected for Gemini spectroscopy.

Source RA Dec ud q° r0 i0 ST
ID

663 151.2628 -61.5746 19.040.35 16.04 0.15 15.54 0.15 14.68 0.15 1
814 151.2283 -61.578 16.870.34 15.51 0.15 1554 0.15 16.55 0.15 1
1216 151.2685 -61.5912 16.040.34 1491 0.15 1494 0.15 15.09 0.15 1
1557 151.2228 -61.5855 19.440.35 17.82 0.15 17.61 0.15 17.11 0.15 1
1811 151.3348 -61.589 19.090.25 17.43 0.1 1743 0.1 16.86 0.11 1
1823 151.174 -61.5898 19.210.26 17.87 0.1 17.31 0.11 17.05 0.11 1
1960 151.2569 -61.5993 11.710.34 11.02 0.15 11.11 0.15 11.46 0.15 1
1979 151.1287 -61.5977 19.210.26 17.8 0.1 17.35 0.11 17.16 0.11 1
2099 151.3642 -61.5968 19.390.25 17.63 0.1 17.63 0.1 16.91 0.11 1
2342 151.2369 -61.5984 15.770.34 14.7 0.15 14.73 0.15 14.87 0.15 1
2403 151.301 -61.6026 13.090.34 12.39 0.15 12.49 0.15 12.78 0.15 1
2684 151.2329 -61.6112 14.90.34 14.01 0.15 14.08 0.15 14.33 0.15 1
2792 151.2685 -61.6085 16.550.34 15.39 0.15 15.39 0.15 1543 0.15 1
2921 151.2828 -61.6118 19.160.35 18.01 0.15 179 0.15 17.17 0.15 1
2996 151.2471 -61.618 16.990.34 15.8 0.15 15.74 0.15 15.68 0.15 1
2998 151.2447 -61.6114 15.280.34 14.19 0.15 14.2 0.15 1433 0.15 1
3002 151.2441 -61.6147 15.130.34 14.16 0.15 14.22 0.15 1443 0.15 1
3029 151.2047 -61.6096 18.210.35 16.97 0.15 16.82 0.15 16.59 0.15 1
3084 151.322 -61.6192 16.120.24 15 0.1 15 0.1 15.11 0.11 1
3169 151.1619 -61.615 16.210.24 15.08 0.1 15.09 0.11 15.27 0.11 1
3200 151.2182 -61.6153 13.880.34 13.1 0.15 13.19 0.15 1345 0.15 1
3249 151.1708 -61.6136 15.990.24 149 0.1 1492 0.11 15.06 0.11 1
3494 151.1494 -61.6206 17.10.24 1593 0.1 15.79 0.11 15.72 0.11 1
3537 151.249 -61.629 14.90.34 1398 0.15 14.04 0.15 14.22 0.15 1
3612 151.18 -61.6212 17.470.35 16.32 0.15 16.2 0.15 15.99 0.15 1
3718 151.1943 -61.6256 14.380.34 13.57 0.15 13.65 0.15 13.89 0.15 1
3775 151.2208 -61.6271 12.740.34 12.06 0.15 12.14 0.15 1243 0.15 1
3780 151.3522 -61.6233 19.070.25 16.94 0.1 16.94 0.1 16.1 0.11 1
4061 151.3145 -61.6298 19.860.25 18.2 0.1 18.2 0.1 1747 0.11 1
4149 151.3641 -61.632 15.930.24 1489 0.1 14.89 0.1 15.05 0.11 1
4345 151.264 -61.6364 13.420.34 12.75 0.15 12.85 0.15 13.14 0.15 1
4474 151.2342 -61.6385 16.350.34 15.06 0.15 14.95 0.15 15.05 0.15 1
4906 151.2703 -61.6491 16.890.24 15.66 0.1 1566 0.1 1563 0.11 1
4919 151.2619 -61.6475 14.440.24 13.62 0.1 13.62 0.1 1398 0.11 1
5129 151.2142 -61.648 16.90.35 15.83 0.15 15.78 0.15 15.75 0.15 1
5580 151.3347 -61.6601 19.190.25 17.18 0.1 17.18 0.1 16.26 0.11 1
6000 151.2782 -61.6648 18.780.25 17.54 0.1 1754 0.1 17.02 0.11 1
7196 151.2054 -61.5638 18.440.25 18.21 0.11 17.85 0.11 16.74 0.11 1
3 151.2293 -61.5809 00 18.53 0.15 18.42 0.16 1852 0.11 O
7 151.1639 -61.6291 23.160.44 17.08 0.15 16.87 0.16 16.84 0.15 O
10 151.2048 -61.5998 00 20.06 0.16 19.81 0.16 1964 0.11 O
12 151.2246 -61.5855 23.50.95 20.62 0.22 19.68 0.16 19.39 0.11 O
13 151.1649 -61.629 0O 17.07 0.15 16.65 0.16 16.84 0.15 O
15 151.2346 -61.5783 22.270.51 20.21 0.15 19.8 0.16 1959 0.11 O
16 151.2263 -61.5844 00 20.68 0.17 20.62 0.18 53.21 0.11 O
19 151.2086 -61.598 00 18.44 0.15 17.84 0.16 53.21 0.11 O
21 151.2091 -61.5979 00 184 0.15 17.79 0.16 1751 0.15 O
22 151.2132 -61.5951 H0 19.89+ 0.15 19.54+ 0.16 19.04:0.11 O
25 151.212 -61.5961 €0 19.97+£ 0.16 19.480.16 19.21+0.11 O
26 151.1807 -61.6193 H0 21,13+ 0.13 19.780.16 19.0A40.11 O
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Figure 5.10: Color magnitude diagram with tted isochrones for Gemini data.

Table 5.4: Distance to Trumpler 11

Source Distance modulus Color excess Distance
(m M)o
[mag] [mag] [kpc]
Gemini photometric data 13.7 0.3 0.275 0.02Y 55
Gemini spectroscopic data 13.14 0.43 0.254 0.036Y 4.3 0.85
GAIA photometric data 13.15 0.3 0.26 0.02Y 4.2
GAIA Astrometric data 13.06 0:47 - 4.1 0.95
Sagar & Cannon (1994) 12.45 0.2 0.21 0.02wY 3.1 03

VE(® 19; WE(Bp Rp); WE(B V)

5.3 Eclipsing binaries

TESS light curves of spectral targets were extracted for a quick inspection. Eight
sources showing typical eclipsing binary light curves were identi ed as binary
system candidates in our sample. These systems have been reported in the
Table 5.5 along with their light curves in Fig. 5.12.
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Figure 5.11: Color magnitude diagram with tted isochrones for GAIA data.

Table 5.5: Binary systems candidates in Trumpler 11

Spectral source RA Dec Identi er

ID 2996 151.24709  -61.61795  Gaia DR3 5256283613715293056
ID 2998 151.24474  -61.61137 Gaia DR3 5256283922952951936
ID 3002 151.24414  -61.61471  Gaia DR3 5256283613715295488
ID 3200 151.21819  -61.61533 UCAC4 142-033225

ID 3537 151.24896  -61.629 Gaia DR3 5256283613715269120
ID 3718 151.19429  -61.62558 UCAC4 142-033186

ID 3775 151.22075  -61.62706  TYC 8943-1802-1

ID 4474 151.23418  -61.6385 Gaia DR3 5256283575025094528
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Figure 5.12: TESS light curves of binary system candidates in Trumpler 11



Discussion

We conducted detailed photometric and spectroscopic observations of the little-
studied cluster Trumpler 11, located in the southwestern region of the Carina
Nebula. The spectroscopic properties of its stellar population are presented
here for the rsttime. We nd that the cluster is composed mainly of an evolved
population of B9-type stars. One star exhibits the Be phenomenon, and eight
sources were identi ed as eclipsing binaries. Six of them are newly discovered
in this work, while two were previously reported by cespeert et al. (2021).

To determine the cluster distance, the observed magnitudes obtained from
GMOS Sloan u® g% r®i° photometry were matched to the theoretical Main Se-
guence (MS) derived from Padova isochrones. Particular care was taken to t
the upper portion of the diagram populated by intermediate- and high-mass
bright stars. The t accounts for the cluster's reddening, ensuring that the
derived distance modulus re ects its intrinsic luminosities. We obtained an
intrinsic distance modulus of (m M) = 13:7 0:3 mag and a color excess
of E(g° r9 =0:275 0:02 mag using Gemini photometry. A small discrep-
ancy is observed with the results calculated by Gemini spectroscopic analysis
((m M)o = 13:14 0:43 mag), and the ones inferred from Gaia photome-
try ((m M)g = 13:15 0:3 mag) and astrometric parallaxes ((m M)q =
13.06 0:47mag). The discrepancy may arise due to the presence of a signi cant
magnitude o set of 0.27 mag in the Gemini r° Iter as compared to GAIA Rp. If
corrected for the possible o set, the distance modulus becomes consistent with
other methods presented in this work. Averaging values from these indepen-
dent methods, we can conclude that the distance to Trumpler 11 from the sun
is 42 0:2kpc. We also compared the obtained Gemini g%band photometric
measurements of the spectroscopic targets with the Gaia G-band data. The re-

49
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sults show an excellent agreement, with a systematic o setof 0.025 mag. This
comparison provides a reliable consistency to our photometry in the g°band.
Unfortunately, a direct comparison with the observations reported by Sagar &
Cannon (1994) was not possible, since the stellar coordinates in their catalog are
given only in a CCD-relative reference frame. Systematic radial velocity of the
cluster was calculated to be 33 15km s 1. Large errors were obtained due to
the low resolution of the spectra, which limits the ability to correctly identify the
metallic lines and estimate an accurate radial velocity of the stars.

The age of the cluster is estimated to be 100 Myr, providing stronger constraints
on the previous determination (Sagar & Cannon 1994). Given the older age of
the cluster and elongated morphology (shown in Fig. 5.11), it may indicate that
it has been shaped by external tidal forces or dynamical interactions.

Furthermore, from the inspection of TESS light curves, we identi ed 8 eclips-
ing binary system candidates. Stars UCAC4 142-033225 and TYC 8943-1802-1
from our sample were also reported as eclipsing binaries by cespeert et al. (2021).
Hence, we present 6 new binary candidates. Although UCAC4 142-033186 was
reported as a cluster member of Trumpler 11 by Cantat-Gaudin et al. (2020b), no
information on its binarity is present in the literature. Eight out of 24 spectral
sources were identi ed as probable binaries, which suggests 33% of the cluster
population consists of binary stars, similar to a nearby cluster, Collinder 228, as
proposed by Carraro & Patat (2001). We also identi ed one Be star with the H
line in emission. Considering the emission pro le (as shown in Fig. 2.1) of our Be
star, it is possible that it was observed pole-on. On the other hand, observations
of eclipsing binary light curves indicate that they are oriented edge-on. These
stars exhibit fast projected rotation velocities (v sini), approaching half of the
critical velocity (critical velocity for late B-type stars are 380km s 1, Zorec
et al. 2016).

6.1 Age gradient

The Carina Nebula and its surroundings are well known for displaying evi-
dence of multiple and possible sequential episodes of star formation. To help
characterize the spatial distribution of young and old clusters, we examine the
nearby open cluster population to discuss the age distribution and compare it
with current theories of spiral arms.
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Figure 6.1: Dobbs & Pringle (2010) presented the galaxy models representing (a) a spiral
with a xed pattern speed, (b) a barred galaxy, (c) a occulent spiral, and (d) a tidally
induced spiral at the times. They show here the estimated positions of star clusters of
various ages. The galaxies with a relatively constant pattern speed[the xed spiral (a)
and the bar (b)] contain younger stars in the spiral arms or bar, with older (100Myr)
stars downstream in the interarm regions. The distribution of stellar clusters is more
complicated inthe occulent (c) and tidally induced spirals (d). Forthe occulent galaxy,
each segment of a spiral arm tends to contain clusters of a similar age. In contrast, the
tidally induced spiral generally shows a complex and somewhat incoherent distribution.

Dobbs & Pringle (2010) demonstrated that di erences between stellar rota-
tional velocities and spiral arm motion create distinct cluster distributions that
depend on the underlying spiral formation process, see Fig. 6.1. Their simula-
tions examined four spiral excitation mechanisms: global density waves, central
rotating bars, occulent spirals, and tidally induced arms, each producing char-
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acteristic age patterns across the arms. As discussed by Castro-Ginard et al.
(2021), density wave and bar-induced spiral arms generate systematic age gra-
dients across their width due to di erential rotation between the xed-pattern-
speed spiral structure and clusters following the Galactic rotation curve. This ve-
locity di erence causes older clusters to lead the spiral arm inside the co-rotation
radius, while younger clusters lead outside this radius. Conversely, occulent
and tidally induced arms, where spiral patterns and stellar components move
at similar velocities, exhibit multiple age peaks without systematic gradients
across the arm width. These theoretical predictions provide a framework for in-
terpreting observed cluster age distributions and inferring the dominant spiral
arm formation mechanism in di erent galactic regions.

Table 6.1: Open clusters in the Carina Nebula region and its surroundings.

Cluster Galactic Coordinates Distance Age Reference

I b

[deg] [deg] [kpc] [Myr]
Hogg 16a 307.4773 +01.3372 0.6 40 [1]
Hogg 16b 307.4773 +01.3372 3.2 113 [1]
NGC 4755 303.2060 +02.5020 2.605 11 [2]
NGC 3766 294.1170 -00.0340 2.10.3 31 [2]
NGC 3590 291.2100 -00.1770 2.2 25 [3]
Hogg 12 291.1178 -00.1768 2.1 10 [3]
Hogg 11 290.8831 +00.1418 2.5 10 [3]
Hogg 10 290.7873 +00.0884 2.5 3 [3]
Trumpler 18 290.9650 -00.1180 1.4 25 [3]
Collinder 228 287.6677 -01.0471 1902 8 [4]
Trumpler 16  287.6010 -00.6450 5 [5]
Collinder 232 287.49295 -00.54363 2.30.3 20 [5]
Trumpler 14  287.4090 -00.5790 2.3 0.3 20 [5]
Collinder 223 286.3576 -01.7051 1.7 25 [1]
Trumpler 11  284.4640 -04.8680 5.5 100 This work
NGC 3114 283.2140 -03.8250 0.90.05 100-300 [1][4]
NGC 3105 279.9190 +00.2660 7.20.7 28 6 [6]

[1] Aidelman et al. (2015); [2] Aidelman et al. (2012); [3] Molina-Lera et al. (2016); [4]
Carraro & Patat (2001); [5] Carraro et al. (2004); [6] Alonso-Santiago et al. (2018)

Based on these previous models, we put our observations in context and an-
alyzed them by comparing our results with the properties of nearby clusters.
This way, in Table 6.1, we compiled information about clusters in the region.
Within the central Carina Nebula, the youngest clusters, such as Trumpler 14
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Figure 6.2: Open clusters in the Carina Region. In brackets are mentioned the age

of the cluster in Myr. Clusters NGC 3590 (25), Hogg 10 (3), 11 (10), and 12 (10) are
near Trumpler 18. Collinder 228 (8), Collinder 232 (20), and Trumpler 16 (5) are near

Trumpler 14.

and Trumpler 16, harbor large numbers of O-type stars and massive objects still
in early evolutionary stages, indicating ages of only a few Myr (Carraro et al.
2004). Recent studies in the inner region of the arm atl = 291 , for example,
Trumpler 18 (25 Myr), NGC 3590 (25 Myr), Hogg 10 (3 Myr), Hogg 11 (10 Myr),
and Hogg 12 (10 Myr), reported by Molina-Lera et al. (2016), also show recent
star formation. An interesting, relatively older cluster, NGC 3105 (28 Myr),
studied by Alonso-Santiago et al. (2018), claimed to have low metallicity that is
comparable to typical LMC stars.

In contrast, slightly older clusters such as Collinder 223 (25 Myr), NGC 3114
(100-300 Myr) and presented in this work, Trumpler 11 (100 Myr) located in the
outer region of the arm, exhibit more evolved stellar populations. Beyond the
central nebula, several additional clusters and stellar groups display a broader
spread in ages, pointing to multiple star-forming episodes. Figure 6.2 summa-
rizes the outlined spatial distribution of the clusters along the arm, along with
their corresponding ages. Overall, there appears to be a trend of a shallow
age gradient along the spiral arm, suggesting that star formation began outside
the Carina region and progressed toward the core, con rming prior ndings
by Carraro et al. (2004) and Feinstein (1995). Moreover, the combined results
of the properties of galactic clusters in the surroundings of the Carina region
support evidence on galaxy models represented either by a occulent spiral or
tidally induced spirals. For the occulent galaxy model, each segment of a spiral
arm tends to contain clusters of a similar age. In contrast, the tidally induced
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spiral generally shows a complex and somewhat incoherent distribution (Dobbs
& Pringle 2010).

In this context, follow-up studies will be very valuable, to better understand
the star formation history and observed age gradient trends around the Carina
nebula and across the Carina galactic arm.



Conclusions

This work contributes to our understanding of stellar populations and evolution
in Galactic open clusters, particularly for B-type stars located in the outer edge
of the Carina arm. The following observations about the stellar population and
properties of Trumpler 11 can be drawn from the obtained results:

1.
2.

This is the rst spectroscopy survey of Trumpler 11.

The majority of observed stars exhibit e ective temperatures ranging from
10000 K to 12500 K and have large values oflog g, characteristic of main-
sequence stars. This narrow temperature range indicates a relatively ho-
mogeneous stellar population within our sample.

. These stars are late B- and early A-type, with most of them being B7-B9

spectral type. There are some A0-A2 and an F2 spectral type stars as well.

. Initial stellar masses were constrained for a subset of spectral targets, rang-

ingfrom 1:8to4.0M

. Allthe stars in the sample are fast rotators with projected rotation velocities

(v sini)) reaching up to half of the critical velocities.

. Mean radial velocities of the stars gave a systemic cluster velocity of 33 15

kms 1.

. Six new eclipsing binary system candidates were identi ed by inspecting

the TESS light curve.

. Only one classical Be star (ID 1960) was identi ed through clear H emis-

sion (a pole-on type pro le). This star has the lowest log(g) of 3:5 0:25and
is one of the fast rotators with v sini of 220 20. The remaining derived
properties of this star are similar to the rest of the sample.

. The open cluster Trumpler 11 was estimated to have a radius of 6 arcmins,

located at a distance of4:2 0:2 kpc, and has an age of 100 Myr.
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10. A signi cant age gradient is observed among open clusters in the Carina
arm region, with cluster ages increasing both radially outward from the
Carina Nebula and from the inner to outer edge of the spiral arm.

Insummary, we analyzed photometric, spectroscopic data from Gemini GMOS
with synergy with GAIA and TESS observations of open cluster Trumpler 11 and
it's stellar population. The cluster has a radius of 6 arcmins, located at a distance
of 4.2 0:2kpc, and has an age of 100 Myr constituting of late B-type stars with
a few A and F type stars. We also reported a new Be star and six unreported
eclipsing binaries. This study also contributes to the unique age gradient feature
shown by the Carina-Sagittarius arm.



Appendix 1: Python codes

A.1 Automated aperture photometry procedure

A custom Python based data analysis pipeline was written to perform auto-
mated source detection and aperture photometry of astronomical images in FITS
le format. The pipeline can be implemented through the PhotometryPipeline
class, which encapsulates all processing steps and maintains data state through-
out the analysis. The main execution pathway was controlled by the function
run_full_pipeline()method, which executes the complete analysis procedure. Be-
low is the detailed explanation of working of the code and its implementation

for our study.

The class PhotometryPipelinevas initialized with the name and path of the
FITS le. Next, run_full_pipeline()was used to perform the analysis with detec-
tion threshold ( threshold and expected FWHM (fwhm) values as input for detec-
tion and selection of good sources. Other hyperparameters like mask_regions,
plot_results, save_results, snr_threshold, max_fwirne also adjusted as per need.

The pipeline reads FITS les and extracts the primary image data along with
header information. It automatically detects the appropriate extension contain-
ing image data, handling both single-extension and multi-extension FITS les.
Essential parameters were extracted from the header, including the gain (GAIN),
read noise (RDNOISE), exposure time (EXPTIME), airmass (AIRMASS), and the
name of the Iter (FILTER2). The method also performed data validation, replac-
ing NaN values with the median pixel value and initializing a boolean mask array
for subsequent processing. Using setup_wcs(jhe pipeline establishes the World
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Coordinate System (WCS) transformation from the FITS header. It extracts WCS
parameters, including reference pixels (CRPIX), reference coordinates (CRVAL),
and transformation matrix elements (CD matrix). This enables conversion be-

tween pixel coordinates and celestial coordinates (RA and DEC).

estimate_background€inployed a two-dimensional approach using Background2D
from the photutils package (Bradley et al. 2024) to estimate the background ux.
The process involved sigma-clipped statistics with 3-sigma rejection over 10 iter-
ations, median background estimation in 50 G50 pixel boxes, 38 median ltering
for smoothness, and calculation of background RMS for noise characterization.
In case 2D background estimation fails, the pipeline defaults to global sigma-
clipped statistics. The background-subtracted image was generated for subse-
qguent source detection. nd_sources()utilized the DAOStarFinderalgorithm from
photutils package with the user-de ned detection threshold ( threshold, expected
FWHM, and default Shape parameters (sharpness (0.2-1.0) and roundness (-1.0to
1.0)) parameters. The algorithm identi es local maxima that satisfy the speci ed
criteria and generates a source catalog with centroid positions and photomet-
ric properties. The Iter_sources()function implemented comprehensive quality
control measures to ensure reliable source detection and remove unwanted de-
tections from the photometric catalog. Geometric Itering excluded sources
within a 10-pixel bu er from image boundaries and enforced minimum 5-pixel
separation between neighboring detections to prevent confusion and blending
e ects. Morphological ltering employed radial pro le analysis to estimate
source FWHM values, applying a maximum threshold of 25 pixels while eval-
uating sharpness and roundness parameters to distinguish stellar sources from
extended objects and artifacts. Signal quality Itering assessed peak brightness
levels and signal-to-noise ratios to retain only well-detected sources suitable for
accurate photometric measurements. These combined ltering criteria e ec-
tively removed edge e ects, cosmic ray hits, extended background structures,
and poorly characterized detections, resulting in a clean stellar catalog optimized
for subsequent photometric analysis.

For each source, the Full Width at Half Maximum was estimated through a
systematic process usingestimate_source_fwhm(@yhere circular cutouts around
source positions were extracted, radial intensity pro les with 0.3-pixel sampling
were generated, and median-based pro le values were calculated for noise ro-
bustness. Half-maximum crossing analysis was performed, and Gaussian pro le
tting was applied where applicable to determine the nal FWHM measure-
ments. Optimal aperture radii that contained 99% of source ux were calculated
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through cumulative ux analysis in concentric circular apertures using  calcu-
late_99 percent_apertureRadial sampling was performed at 0.25-pixel intervals
for precision, and normalization to total ux within the maximum radius was
applied. Constraints were enforced based on the estimated FWHM, with aper-
ture radii restricted to the range of 0.7 to 4.0 times the FWHM values. Field 1
imageinr' Iter with detected sources shown in Fig A.1 and respective estimated
aperture radii in a zoomed-in view in Fig.A.2. Photometric measurements were
performed using circular apertures with individual sizing for each source. The
aperture con guration was established with source apertures set to the 99% ux
containment radius, inner annuli positioned at 1.5 times the aperture radius,
and outer annuli placed at 3.0 times the aperture radius. Photometric calcu-
lations were conducted where source ux was measured within each aperture,
background levels were estimated from the annular region, and background sub-
traction was applied using the formula: ux_corrected = ux_aperture - (back-
ground_per_pixel *aperture_area). Error propagation was performed to include
both Poisson noise and background uncertainty contributions. For magnitude
computation with GEMINI data, instrumental magnitudes were calculated with
electron rates using the formula:

Minst = 2:5 logio(N [e ]=exptime) (A.1)

When zero-point calibration data were available, apparent magnitudes were
computed with atmospheric extinction correction applied through the following
eqguation:

Mapr = Mzero  2:5 logio(N[e ]=exptime) Kcp(airmass  1:0); (A.2)

As a result, a comprehensive output table was generated by the pipeline
containing source identi ers and positions (both pixel and world coordinates),
aperture parameters and ux measurements, magnitude calculations with un-
certainties, quality metrics (SNR, FWHM, shape parameters), and background
measurements. It was automatically saved in CSV format with systematic nam-
ing conventions. Robust error handling was implemented throughout the pro-
cessing chain, where automatic fallback methods were established for failed
operations, data validation and ltration procedures were applied, quality ags
were assigned for measurement reliability assessment, and comprehensive log-
ging of processing steps and warnings was maintained. This systematic ap-
proach ensured reproducible and reliable photometric measurements.
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Figure A.1: Image of Field 1 inr' Iter with automatically detected sources.

Figure A.2: Zoomed-in image of Field 1 inr' Iter with automatically detected sources
with individually estimated aperture radii.
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A.2 Standard eld analysis

Prior to the photometric observations, a standard eld is captured, having stars
with known magnitudes for calibration. For this study, Southern Standard Stars
for the u'g'r'i'z’ System ! was referred from which the eld E4-A ? centered at
RA=09:23:44 and Dec=-45:26:02 was selected. Two images of this standard eld
were captured in all four lters, i.e., U, g, r, and i. 14 bright stars were selected
from this eld with previously reported magnitudes as shown in Table A.1.

Table A.1: Magnitudes of bright stars in the standard eld

ID RA Dec u' g r' i

[ugriz J092]

401.0-452549 09:24:01.030 -45:25:49.85:236 0:007 13947 0:004 13456 0:003 13264 0:002
349.9-452621 09:23:49.980 -45:26:21.48:341 0:009 14040 0:005 13565 0:002 13387 0:002
352.1-452551 09:23:52.100 -45:25:51.96:881 0:020 14:717 0:007 13919 0:003 13661 0:003
353.7-452725 09:23:53.710 -45:27:25.96:163 0:012 14810 0:010 14279 0:008 14:084 0:004
400.0-452407 09:24:00.080 -45:24:07.98:673 0:051 15800 0:014 14383 0:007 13638 0:004
348.6-452331 09:23:48.660 -45:23:31.58:609 0:132 15810 0:035 14423 0:005 13756 0:002
405.9-452442 09:24:05.990 -45:24:42.86:719 0:011 15170 0:007 14506 0:004 14:235 0:004
410.0-452355 09:24:10.030 -45:23:55.88:446 0:061 16,555 0:010 15548 0:013 14982 0:007
342.4-452331 09:23:42.480 -45:23:31.28412 0:035 16506 0:026 15568 0:019 15088 0:008
350.7-452642 09:23:50.740 -45:26:42. 38332 0:094 16549 0:030 15735 0:019 15381 0:014
343.7-452600 09:23:43.770 -45:26:00.68:766 0:076 16:661 0:033 15860 0:016 15459 0:009
403.8-452604 09:24:03.870 -45:26:04.58:777 0:059 16970 0:040 15939 0:015 15411 0:030
356.2-452416 09:23:56.200 -45:24:16.98:611 0:224 17:134 0:048 16136 0:014 15611 0:012
355.1-452447 09:23:55.180 -45:24:47.18986 0:081 17:274 0:041 16:349 0:009 15863 0:009

Using the above-mentioned aperture photometry pipeline, the reduced (same
as described in 3.1.a) standard eld images were analyzed, for example, in the r'
Iter as shown in Fig.A.3, and the instrumental magnitude of the standard stars
was obtained. These instrumental magnitudes were plotted with the cataloged
magnitudes. The Y-interception of a linear t to this data gave the value mzero
in that Iter. For the stars in r' Iter Y-intercept of -28.131 was obtained, hence
the value of Mo is 28.131 as shown in Fig.A.3. Similarly, m e for all the Iters
obtained were reported in Table 4.5.

A.3 Automated spectral classi cation

A Python code was developed which identi es line, measures its equivalent
widths, and detects the center of the lines automatically for a given normalized
spectrum These results are then used to assign spectral type and luminosity class
to the star sample, based on Didelon (1982)'s classi cation scheme. The module

https:/iwww-star.fnal.gov/Southern_ugriz/Old/
2hitps://www-star.fnal.gov/Southern_ugriz/Old/www/E4_a.html
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Figure A.3: Image of standard eld inr' Iter with automatically detected sources with
individually estimated aperture radius.

classi er.pycontains all the necessary functions required for spectral classi ca-
tion. Functions read_ts_ le() orread_dat_ le()can be used to read the normalized
spectral data, which returns a pandasdata frame with columns of wavelength
and normalized ux values.

The function t_all_lines() takes input of pandasdata frame with wavelength
and normalized ux values, names of blended lines if any, and tolerance of ra-
dial velocity range used to judge goodness of the t and identi cation of a line.
The names of blended lines must be the same as de ned in the dictionary of
classi cation lines given in the NumPy array dlines.npy if using this function.
Otherwise, t_line() and t_blended_lines()functions can be used to check the
automatically obtained t, measure a new line, or ttwo blended lines not given
in dlines.npy These two functions take input of the same pandasdata frame,
line/middle of the blended lines, and width of the wavelength range, including
the line (in the units of wavelengths in the data, in our case).

The function t_all_lines() rst estimates the radial velocity range using hy-
drogen absorption lines (H ;H ;H ; and H ). Adding the inputted tolerance
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Figure A.4: Catalog magnitude of standard stars vs instrumental magnitude of these
stars calculated by the automated aperture photometry pipeline.

level value to this range, it gives a range of acceptable radial velocities. This
range is used to identify and validate the obtained ts. Next, it iterates over
lines in the array dlines.npyand ts a Voigt pro le using the function t_line()
(and t_blended_lines(¥or blended lines) to obtain equivalent widths and radial
velocities. Module t_line() (and t_blended_lines() estimates guess pro le pa-
rameters based on given data to get the best Voigt pro le t and also iterates
with the range of wavelengths for a line to get a robust measurement of the
equivalent width. It is to be noted that the bounds for tting blended lines in

t blended_lines(Jare optimized for measuring He | 4471 and Mg Il 4481 line
pair. The automated identi cation tting has been shown in Fig.A.5. ltis to
be noted that the ts follows the line pro le as precisely as possible and the
equivalent width is calculated as the area under the line unto the level of the
continuum (i.e. 1in our case) or the base of the tted pro le based on whichever
is higher. After identifying and analyzing all the lines, a pandasdata frame is
returned with measured equivalent widths and radial velocities.

This output can be directly given to the task assign_class(p obtain the most
probable spectral type and luminosity class of the star. If not the automated
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Figure A.5: Automated line identi cation and voigt pro le tting for lines in star ID
2403 at 6562.79AH ), 4861.35Ad ), 4026.57AHel) and blended pro le in region
4477A(Hel and Mgll blended lines).

measurements, a CSV le with names of lines (same as in dlines.npy and equiva-
lent widths can be used as input in the task assign_class()All the measured lines
are assigned spectral type and luminosity class based on the equivalent widths.
Multiple spectral types and luminosity classes are possible for the line equiva-
lent width because its strength does not vary monotonically with temperature
or luminosity over the whole range.

Hence, results from all the selected lines are properly combined, and the most
probable spectral type and luminosity class are presented based on the number
of times they are assigned for the measured lines. A pandaglata frame is obtained
with spectral type, luminosity class, and their probability.
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A.4 Automated model tting for stellar parameter estima-
tion

A self-written Python le, model_best_t.pyconsisting of functions to perform
an automated model tting, was built. The functions read_model BOSZ@nd
read_ ts() were used to read synthetic spectral models and observed spectrum.
The est_shift()routine was used to estimate the Doppler shift due to the rel-
ative motion between the source and the observer. The hydrogen lines were
employed to correct for the expected horizontal shift when tting the models.
Models were degraded to the resolution of our observations, i.e., R = 1522 and
convolved with a projected rotation velocity ( v sin i), using the Python package
PyAstronomy Czesla et al. (2019). The functionbest_ t() used a weighted linear
combination of 2 values (Eq. A.3) for di erent regions of the spectrum (using
the function t_region()) as described in Table A.2. Which was used to obtain an
overall 2 goodness of t.

Table A.2: Dened 2 weights for selected regions. Here, ange is the range of wave-
lengths for a region containing important lines in A.

Region range Weight
H_alpha 6400-6700 0.25
H_beta 4750-5000 0.5
H_gamma 4250-4500 0.5
H_delta 4000-4200 0.5

Hel and Mgll  4400-4600 2
Full spectrum  4000-7000 0.1

The statistical test 2 is given by

X
2= (obs model)?; (A.3)
i=1

where obs and model, are the observed and synthetic spectra at a given wave-
length with index i, respectively, and n is the total number of spectral pixels
considered. The function est_params(raverses all the models in the grid, unless
initial Te or log(g) values were provided, with a given rotation or with a default
value of 150 km s 1. The model with minimum overall 2 is considered, and the
function est_vrot()checks for the best twithinarange 100kms ! ofareference
initial v sin i value with the step of 10kms *. Theest_param_with_vrot(@unction
iterates over the grid models and a range of rotational velocities in search of the
best tting model, i.e., the one with the minimum overall 2. The number of
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tted paraeters were 4 and hence, dergees of freedom for 2 in each region was 3.
The resulting t and parameters were manually checked and tweaked to avoid
any mis ts caused by noise or improper normalization of the data. As a result,
stellar parameters like Te , 10g(Q), Vmic, and v sin i are obtained with an error of
at least the respective grid step sizes.

Figure A.6: Atmospheric spectral model tting for star ID 2403 with residuals and best
tweighted 2 value.



Appendix 2: Results

Measurements of radial velocity and equivalent width of the spectroscopic star
sample using IRAF. Here, 'nan’ refers to the lines which were out of the observed
spectral range.
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Table B.1: Equivalent width measurements of identi ed lines using IRAF Gaussian and
Bisector measuring tools, along with corresponding calculated radial velocities for stars

ID 2684 and ID 2792. Here, jne is the wavelength of the line at rest in A,

wavelength at the center of the observed line in A, EW is the measured equivalent width,
and RV is the calculated radial velocities in kms 1.

ID 2684 ID 2792
[A] [Al [A] [kms 1] [A] Al [kms 1]

H 6562.79 6563.34 11.1 25 6563.15 11.4 16
H 4861.35 4861.86 14.8 31 4861.9 12.9 34
H 4340.47 4341.26 12.6 55 4341.09 135 43
H 4101.73 4102.6 13.2 64 4102.3 13.9 42

4009.26 nan - - nan - -

4026.19 4027.23 05 77 - - -
He | 4143.76 - - - - - -

4387.93 4388.83 0.1 62 - - -

4471.48 4472.03 0.2 37 - - -

5875.62 5876.77 0.1 59 - - -
Sill 4128.07 \ 4129.08 1.3 73 \ - - -
Sl 4552.62 4553.61 0.3 65 - - -

4574.76 - - - - - -

. 4088.85 - - - - - -
StV 4116.10 - - - - - -
Mg Il 4481.32 4482.43 0.3 74 4882.18 0.38 58
cl 4267.26 - - - - -
NI 4630.54 - - - - - -

4069.88 - - - - - -
ol 4641.81 - - - - - -
4178.85 - - - - - -
4233.16 - - - - - -
Fe ll 4385.38 4386.24 0.22 59 - - -
4549.47 - - - - - -
4583.83 458492 0.1 71 - - -
He ll 4685.70 - - - - - -
cli 4650.25 - - - - - -
N I 4097.33 - - - - - -
Average radial velocity 62 11 48 9

Note: H andH
of the source.

lines were not considered for calculating the average radial velocity
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Table B.2: Idem for stars ID 2996 and ID 3002

ID 2996 ID 3002
Line lab obs EW RV obs EW RV
[A] [A] A] [kms 1] (Al [A] [kms 1]
H 6562.79 6562.95 8.9 7 6563.25 11.2 21
H 4861.35 4861.98 13.2 39 4862.02 14.3 41
H 4340.47 4341.06 11.6 41 4340.99 14.6 36
H 4101.73 410256 6.5 61 4102.04 11.8 23
4009.26 4009.89 0.4 47 nan - -
4026.19 - - - - - -
He | 4143.76 - - - - - -
4387.93 - - - - - -
4471.48 - - - - - -
5875.62 - - - - - -
Sill 4128.07 | - - - - - -
Sl 4552.62 4553.06 0.4 29 - - -
4574.76 - - - - - -

. 4088.85 - - - - - -
StV 4116.10 - - - - - -
Mg Il 4481.32 4482.03 0.6 48 4481.67 0.34 23
cl 4267.26 - - - - -
NIl 4630.54 - - - - - -

4069.88 - - - - - -
ol 4641.81 - - - - - -
4178.85 4179.28 1.2 31 - - -
4233.16 - - - - - -
Fell 4385.38 4385.96 0.4 40 4385.81 0.31 29
4549.47 - - - - - -
4583.83 458459 0.2 50 - - -
He ll 4685.70 - - - - - -
cl 4650.25 - - - - - -
N I 4097.33 - - - - - -
Average radial velocity 43 10 26 6
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Table B.3: Idem for stars ID 3084 and ID 3200

ID 3084 ID 3200
Line lab obs EW RV obs EW RV
[Al (Al [A] [kms 1] (Al [A] [kms 1]
H 6562.79 6563.17 12.3 17 6563.21 8.7 19
H 4861.35 4862.01 16.2 41 4861.76 11.1 25
H 4340.47 4340.92 15.9 31 4341.0 10.6 37
H 4101.73 4102.40 14 49 41025 10.1 56
4009.26 nan - - nan - -
4026.19 - - - 4026.36 0.4 13
He | 4143.76 - - - - - -
4387.93 - - - blended - -
4471.48 - - - 4471.86 0.3 25
5875.62 - - - 5876.16 0.3 28
Sill 4128.07 ‘ - - - ‘ 4128.81 1 54

. 4552.62 - - - - - -
St 4574.76 - - - - - -

. 4088.85 - - - - - -
StV 4116.10 - - - - - -
Mg Il 4481.32 4482.08 0.44 51 4481.9 0.4 39
cl 4267.26 - - - - -
NI 4630.54 - - - - - -

4069.88 - - - - - -
ol 4641.81 - - - - - -
4178.85 4179.65 0.11 57 - - -
Fe ll 4233.16 4233.97 0.23 57 - - -
4385.38 4386.08 0.2 48 - - -
4549.47 - - - 4549.88 0.2 27
4583.83 - - - 4584.41 0.2 38
Average radial velocity 49 10 35 14
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Table B.4: Idem for stars ID 3537 and ID 3718

ID 3537 ID 3718
Line lab obs EW RV obs EW RV
[A] [A] Al [kms 1 [A] [A] [kms 1]
H 6562.79 6563 9.3 10 6563.1 8.8 14
H 4861.35 4861.86 12.9 31 48619 11.4 34
H 4340.47 4341.04 12.4 39 4341.2 10.7 50
H 4101.73 4102.28 121 38 4102.29 10.9 41
4009.26 nan - - nan - -
4026.19 nan - - nan - -
He | 4143.76 - - - 4144.08 0.2 23
4387.93 - - - 4388.41 0.3 33
4471.48 - - - 447299 0.2 34
5875.62 - - - 5876.3 0.1 35
Sill 412807 | - - - - - -

. 4552.62 - - - - - -
St 4574.76 - - - - - -

. 4088.85 - - - - - -
StV 4116.10 - - - - - -
Mg Il 4481.32 4481.96 0.17 43 4482.08 0.45 51
Ccl 4267.26 - - - - - -
NI 4630.54 4631.09 0.02 36 - - -
Ol 7771.94 - - - 7773.28 0.5 52

4069.88 - - - - - -
ol 4641.81 - - - - - -
4178.85 - - - - - -
Fe Il 4233.16 - - - - - -
4385.38 - - - 4386.31 1.3 64
4549.47 - - - - - -
4583.83 - - - - - -
Average radial velocity 40 3 41 13




APPENDIX B. APPENDIX 2: RESULTS

Table B.5: Idem for stars ID 3775 and ID 4149

ID 3775 ID 4149
Line lab obs EW RV obs EW RV
(Al [A] [A] [kms 1] [A] [A] [kms 1]
H 6562.79 6562.86 6.9 3 6563.03 11.7 11
H 4861.35 4861.76 8.7 25 4861.65 18.2 19
H 4340.47 4340.79 9.6 22 4340.89 18.4 29
H 4101.73 - - - 4102.37 16.8 47
4009.26 - - - - - -
4026.19 - - - - - -
He | 4143.76 - - - 4144.11 0.14 25
4387.93 - - - - - -
4471.48 4471.77 0.53 20 4471.64 0.13 11
5875.62 5876.3 0.21 35 5876.72 0.11 56
Sill 4128.07 \ - - - \ - - -
Sl 4552.62 - - - - - -
4574.76 - - - 457499 0.12 15
Mg Il 4481.32 weak - - 4481.96 0.3 43
cl 4267.26 - - - - - -
N Il 4630.54 blended - - - - -
ol 7771.94 blended - - - - -
4069.88 - - - - - -
ol 4641.81 - - - - - -
4178.85 - - - - - -
Fe Il 4233.16 - - - - - -
4385.38 - - - 4386.29 0.13 63
4549.47 - - - - - -
4583.83 - - - 4584.42 0.29 39
Average radial velocity 37 1 36 18
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Table B.6: Idem for stars ID 4345 and ID 4919

ID 4345 ID 4919
Line lab obs EW RV obs EW RV
(Al [Al [A] [kms 1] (Al [A] [kms 1]
H 6562.79 6562.62 6.7 -8 6562.63 9.3 -7
H 4861.35 4861.47 8.7 7 4861.42 11.6 4
H 4340.47 4340.78 8.4 21 4340.22 11 -17
H 4101.73 410155 8.1 -13 - - -
4009.26 - - - - - -
4026.19 - - - - - -
He | 4143.76 - - - - - -
4387.93 4387.72 0.38 -14 - - -
4471.48 4471.23 0.47 -17 4471.16 0.17 -21
5875.62 5875.48 0.25 -7 5875.56 0.18 -3
Sill 4128.07 - - - - - -

. 4552.62 - - - - - -
St 4574.76 - - - - - -
Mg Il 4481.32 4481.36 0.29 3 4481.14 0.35 -12
cl 4267.26 - - - - - -

N 1l 4630.54 - - - - - -
ol 7771.94 - - - blended - -
oll 4069.88 - - - - - -
4641.81 4641.73 0.03 -5 - - -
4178.85 - - - - - -
Fe Il 4233.16 - - - - - -
4385.38 - - - - - -
4549.47 - - - - - -
4583.83 - - - - - -
Average radial velocity -5 13 -13 8




APPENDIX B. APPENDIX 2: RESULTS

Table B.7: Idem for stars ID 1216 and ID 1960

ID 1216 ID 1960
Line lab obs EW RV obs EW RV
[Al [Al Al [kms '] [A] Al [kms ']
H 6562.79 6562.79 22 0 6562.44 -7.1 -16
H 4861.35 4861.78 18.4 26 4861.31 6.7 -3
H 4340.47 4340.62 17.6 32 434043 7.6 -3
H 4101.73 4102.49 16.8 40 4101.74 7.3 1
4009.26 - - - 4009.02 0.52 -18
4026.19 - - - 4025.97 0.38 -16
He | 4143.76 - - - 414345 0.21 -22
4387.93 - - - - - -
4471.48 - - - 447158 0.26 7
5875.62 - - - 5875.91 0.17 15
Sill 4128.07 | - - - | 4127.88 0.63 -14
. 4552.62 - - - - - -
St 4574.76 - - - - - -
Mg I 4481.32 4481.65 0.46 22 4481.16 0.36 -11
Cll 4267.26 - - - - - -
N I 4630.54 - - - - - -
Ol 7771.94 - - - - - -
4069.88 - - - - - -
ol 4641.81 - - - - - -
4178.85 4179.35 0.07 36 - - -
Fe Il 4233.16 - - - - - -
4385.38 4385.66 0.33 19 - - -
4549.47 - - - - - -
4583.83 - - - - - -
Average radial velocity 30 9 -9 13




Table B.8: Idem for stars ID 2342 and ID 2998

ID 2342 ID 2998
Line lab obs EW RV obs EW RV
[A] Al [Al kms 1| [Al  [A] [kms ]

6562.79 6563.15 11.4 16 6562.99 12.7 9
4861.35 4861.73 17.2 23 4861.54 19.5 12
4340.47 4340.83 16.3 25 4341.06 16.7 41
4101.73 4102.45 16.6 53 4102.56 17 61

4009.26 - - - - - -
4026.19 - - - - - -
4120.76 - -
4143.76 414392 0.25 12 - - -
4387.93 - - - - - -
4471.48 - - - - - -
5875.62 - - - - - -

Sill 4128.07 ‘ - - - ‘ - - -

4552.62 - - - - - -
4574.76 - - - - - -

Mg Il 4481.32 4481.35 0.42 2 4481.75 0.62 29
cl 4267.26 - - - - - -
NI 4630.54 - - - - - -
Ol 7771.94 - - - - - -

4069.88 - - - - - -
4641.81 - - - - - -

4178.85 - - - - - -
4233.16 - - - - - -
4385.38 - - - - - -
4549.47 - - - - - -
4583.83 - - - - - -

ITITT

He |

Silll

ol

Fe ll

Average radial velocity 23 22 44 16




76

APPENDIX B. APPENDIX 2: RESULTS

Table B.9: Idem for stars ID 3169 and ID 3249

Line

lab

[A]

obs

[A]

ID 3169
EW

[Al  [km

RV
s 1

obs

[A]

[kms

ID 3249
EW

[A]

RV
']

ITITT

He |

Sill
Silll
Mg II
oAl
NI
ol

ol

Fe ll

6562.79
4861.35
4340.47
4101.73

4009.26
4026.19
4120.76
4143.76
4387.93
4471.48
5875.62

4128.07 |

4552.62
4574.76

4481.32
4267.26
4630.54
7771.94

4069.88
4641.81

4178.85
4233.16
4385.38
4549.47
4583.83

6563.33
4862.21
4340.98
4102.44

10.5
16.1
15.9
10.1

25
53
35
52

6563.48
4861.94
4340.92
4102.41

11.6
17.9
19.3
16.7

32
36
31
50

Average radial velocity

53

18
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Table B.10: Idem for stars ID 3494 and ID 4474

Line

lab

[A]

obs

[A]

ID 3494
EW

[A]

RV

[kms 1]

obs

[A]

ID 4474
EW
[A]

RV

[kms

g

ITITT

He |

Sill
Silll
Mg Il
cll
NIl
ol

ol

Fe ll

6562.79
4861.35
4340.47
4101.73

4009.26
4026.19
4120.76
4143.76
4387.93
4471.48
5875.62

4128.07

4552.62
4574.76

4481.32
4267.26
4630.54
7771.94

4069.88
4641.81

4178.85
4233.16
4385.38
4549.47
4583.83

6563.76
4862.20
4341.29
4102.73

8.2
11.6
10.7
9.09

44
52
57
73

6563.31
4861.66
4340.79
4101.97

6.9
10.8
9.8
8.6

24
19
22
18

Average radial velocity

65

11




APPENDIX B. APPENDIX 2: RESULTS

Table B.11: Idem for stars ID 5129 and ID 814

ID 5129 ID 814
Line lab obs EW RV obs EW RV
[A] Al (Al [kms Y] [A] Al [kms 1]

6562.79 65629 9.1 5 6563.09 114 14
4861.35 4861.88 14.2 33 4861.92 17.5 35
4340.47 4340.97 11.5 35 4340.74 16.2 19
4101.73 4102.73 7.1 73 4101.93 154 15

4009.26 - - - - - -
4026.19 - - - - - -
4120.76 - - - - - -
4143.76 - - ; ; ) ]
4387.93 - - - - - -
4471.48 - - - - - ;
5875.62 - - - - - -

Sill 412807 | - - - | blended - -

4552.62 - - - - - -
4574.76 - - - - ; -

Mg Il 4481.32 - - - 448067 035  -44
oAl 4267.26 - - - - - -
NI 4630.54 - - - - - -
ol 7771.94 - - - - - -

4069.88 - - - - - -
4641.81 - - - - - -

4178.85 - - - - - -
4233.16 - - - - - -
4385.38 - - - - - -
4549.47 - - - - - -
4583.83 - - - - - -

ITTITT

Hel

Silll

oll

Fell

Average radial velocity 54 27 -3 35




Appendix 3: Quantitative spec-
tral Analysis

This section presents the atmospheric model ttings to the observed spectra for
the star sample, together with their residuals and the associated best- t weighted
2
value.
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