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Abstract

We present the far-UV (FUV) photometry of images acquired with UVIT on AstroSat to probe the horizontal
branch (HB) population of the Galactic globular cluster NGC 2298. UV-optical color—-magnitude diagrams
(CMDs) are constructed for member stars in combination with Hubble Space Telescope UV Globular Cluster
Survey data for the central region and Gaia and ground-based photometric data for the outer region. A blue HB
(BHB) sequence with a spread and four hot HB stars are detected in all FUV-optical CMDs and are compared with
theoretical updated BaSTI isochrones and synthetic HB models with a range in helium abundance, suggesting that
the hot HB stars are helium enhanced when compared to the BHB. The estimated effective temperature, radius, and
luminosity of HB stars, using the best spectral energy distribution fits, were compared with various HB models.
BHB stars span a temperature range from 7500 to 12,250 K. Three hot HB stars have 35,000—40,000 K, whereas
one star has around ~100,000 K. We suggest the following evolutionary scenarios: two stars are likely to be the
progeny of extreme HB (EHB) stars formed through an early hot-flasher scenario, one is likely to be an EHB star
with probable helium enrichment, and the hottest HB star, which is about to enter the white dwarf cooling phase,
could have evolved from the BHB phase. Nevertheless, these are interesting spectroscopic targets to understand the
late stages of evolution.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Horizontal branch stars (746); Blue straggler

stars (168); Hertzsprung Russell diagram (725)

Supporting material: extended figure

1. Introduction

Galactic globular clusters (GGCs) are one of the oldest (age
~10-13 Gyr) stellar systems known to exist in our galaxy. It has
been well established from the last two decades that globular
clusters (GCs) host multiple stellar populations instead of simple
stellar populations. Complex populations with different chemical
compositions are detected in all phases of stellar evolution, such
as the Main Sequence (MS; Piotto et al. 2007), Sub-Giant Branch
(SGB; Milone et al. 2008; Anderson et al. 2009; Piotto et al.
2012), Red Giant Branch (RGB; Marino et al. 2008; Yong &
Grundahl 2008; Lee et al. 2009; Piotto et al. 2015; Milone et al.
2017, 2018), and Asymptotic Giant Branch (AGB; Lagioia et al.
2021). Helium abundance variations among the distinct sequences
along the MS, SGB, and RGB have been found from various
photometric and spectroscopic studies within a few clusters
(D’ Antona et al. 2005; Piotto et al. 2005, 2007; Hema et al. 2020).
Recently, Dondoglio et al. (2021) identified and characterized, for
the first time, multiple stellar populations along the red horizontal
branch (RHB) in 14 GCs based on the distribution of RHB stars in
UV-optical two-color diagrams. UV observations are an essential
tool to detect and analyze the exotic populations residing in GCs
that tend not to follow standard stellar evolution, such as blue
straggler stars (BSSs), cataclysmic variables, extreme HB (EHB),
and blue-hook (BHk) stars. Identifying these hot populations in
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optical images can be extremely difficult mainly because of two
reasons: (1) the severe crowding of optical images (especially in
the cores of GCs), which are dominated by MS and RGB stars,
and (2) most exotic stars are optically faint and present in the core
of the GCs. However, all of these are hotter than other cluster
members and emit much of their radiation in the UV. Crowding is
generally not a problem in the UV images as normal cluster stars
(MS and RGB) are cooler than late A-type stars and considerably
fainter at wavelengths less than 2000 A. Thus, a combination
of optical and far-UV (FUV) magnitudes is the most powerful tool
to analyze the hot stars in GCs (Ferraro et al. 1998; Dieball et al.
2010; Dalessandro et al. 2011, 2013; Subramaniam et al. 2017;
Sahu et al. 2019; Rani et al. 2020, 2021; Singh et al. 2020; Prabhu
et al. 2021).

HB stars represent the late stages in the evolution of low-mass
stars where helium is burning in the core of mass ~0.5 M
surrounded by a hydrogen-burning shell (Hoyle & Schwarzschild
1955). The HB is of particular interest as the morphology of the HB
varies from cluster to cluster. The change in the HB morphology is
actually a well-known problem in GCs and known as the second
parameter problem. It has been first suggested that metallicity is a
principal parameter governing the shape of HBs in GGCs. In
general, metal-rich clusters have red HBs whereas metal-poor ones
have stars distributed at higher effective temperatures (bluer colors)
along the HB. Moreover, there are several clusters sharing the same
metal content, but with different HB morphologies, e.g., the GC
pairs M3-M13, NGC 288-NGC 362. Even some metal-rich clusters,
namely NGC 6388 and NGC 6441, have blue HBs (Rich et al.
1997; Busso et al. 2007; Dalessandro et al. 2008). These exceptions
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have indicated the need for a second and possibly a third
parameter to explain the HB distributions in GCs. Parameters
other than metallicity playing a role in shaping the HB are
suggested to be age, helium abundance, mass loss along the RGB
etc., but the answer is not obvious as some of these parameters are
not well constrained from theory. For more information, see
Gratton et al. (2010) and references therein. Milone et al. (2014)
analyzed the HBs of 74 GGCs using Hubble Space Telescope
(HST) data in optical filters and concluded that age and metallicity
are the main global parameters, while the range of helium
abundance within a GC is the main nonglobal parameter defining
the HB morphology. Recently, Tailo et al. (2020) studied the HBs
of 46 GCs by comparing the HST data set with theoretical stellar
evolutionary models and concluded that helium enhancement and
mass loss both contribute to the HB morphology.

The hot subpopulations, namely EHB and BHK, located at the
blue and hot end of the BHB, follow a vertical sequence in the
optical color-magnitude diagrams (CMDs) as their optical colors
become degenerate at high temperatures because of the large
increase of the bolometric corrections. In general, EHB and BHk
stars are defined as HB stars that have effective temperatures ()
higher than ~20,000 and ~32,000 K, respectively. BHk stars,
also known as subluminous stars, are fainter than canonical EHB
stars in optical as well as in FUV CMDs. They form a hook-like
structure at the hot end of the EHB in (FUV — NUYV, FUV)
CMDs and hence are known as blue-hook stars (see FUV CMDs
in D’Cruz et al. 2000; Brown et al. 2001, 2010). The hottest EHB
and BHk stars have extremely thin envelope masses
(Meyy < 0.01M.) due to severe mass loss on the RGB. Therefore,
these stars, when helium is exhausted in their core, evolve into the
AGB-manqué stars or post-early AGB (peAGB) stars but do not
ascend to the AGB (Greggio & Renzini 1990; Dorman et al.
1993). It is extremely difficult to detect them in optical images due
to their faintness and location near the crowded core of GCs.
Here, UV CMDs play an important role as these stars are bright
compared to the cooler stars in UV images and also they follow a
particular sequence in UV CMDs separating them from BHB and
hot BSSs. It has been well demonstrated from spectroscopy and
spatially resolved imaging that EHB stars are the dominant
contributors to the UV upturn in the spectra of elliptical galaxies
(Dorman et al. 1995; Brown et al. 1997, 2000, 2008; Chung et al.
2011; Bekki 2012). The dominating mechanism for producing
these hot objects in GCs is still unclear. Until now, many theories
have been proposed to explain the formation of both types of stars
in GCs, although the population of these stars mainly depends on
the cluster mass and density (Moehler et al. 2004; Rosenberg et al.
2004). Very massive and dense clusters such as NGC 2808 and w
Cen have large samples of EHB and BHk stars. The possible
formation scenarios suggested for EHB and BHk stars in clusters
are dynamical interactions among binary stars, helium mixing,
early hot flasher, late hot flasher, and helium enhancement
(Mengel et al. 1976; Sweigart 1997; Brown et al. 2001, 2010; Lei
et al. 2015; Heber 2016).

The southern GGC NGC 2298 is located in the constellation
Puppis at a distance of 10.6 kpc and has metallicity [Fe/H] =
—1.92dex (Carretta et al. 2009; Harris 2010; Monty et al.
2018). The adopted reddening value and age for the cluster in
this work are (0.2 £0.01) mag and (13.2 £ 0.4) Gyr, respec-
tively (Monty et al. 2018). NGC 2298 is also known for hosting
multiple stellar populations along the MS and the RGB (Piotto
et al. 2015; Milone et al. 2017). This cluster is widely studied
in the optical, but UV studies of this cluster are sparse. As this
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cluster is metal poor, its HB mainly comprises BHB and a few
EHB stars and hence is ideal for studying the UV properties of
the very hot HB population. In our quest to understand the
formation and evolution of hot HB stars, here we present, for
the first time, an FUV photometric study of hot HB stars in
NGC 2298. This work aims to identify and shed light on the
properties of hot HB stars in this cluster and find their
formation mechanisms in comparison with theory.

The structure of this paper is as follows. Section 2 describes
the observational data and their reduction. In Section 3, the
proper-motion (PM) membership determination using Gaia
EDR3 data is presented. Section 4 presents the selection of HB
and BSS samples as well as details of the observed UV and
optical CMDs. In Section 5, a comparison of observed HB with
theoretical models is discussed. In Sections 6 and 7, we
describe the properties of HB stars derived from UVIT
photometry along with HST, Gaia, and ground-based photo-
metry and their evolutionary status. A detailed discussion of all
results is provided in Section 8. Finally, we summarize and
conclude our results in Section 9.

2. Data Used and Analysis
2.1. UVIT Data

To investigate the stellar populations along the HB in GGC
NGC 2298, we have used images taken with the UVIT
instrument on board the AstroSat satellite. The observations
of NGC 2298 were carried out on 13 December 2018 in three
FUV filters: F148W, F154W, and F169M. UVIT consists of
twin 38 cm telescopes, one for the FUV region (130-180 nm)
and the other for the NUV (200-300 nm) and visible (VIS)
regions (320-550 nm). UVIT is primarily an imaging instru-
ment, simultaneously generating images in the FUV, NUV, and
VIS channels over a circular field of diameter 28’. Full details
on the telescope and instruments, including initial calibration
results, can be found in Tandon et al. (2017a). The magnitude
system adopted for UVIT filters is similar to that used for
GALEX filters, and hence the estimated magnitudes will be in
the AB magnitude system.

In order to complete the required exposure times in given
filters, UVIT takes data over multiple orbits. A customized
software package, CCDLAB (Postma & Leahy 2017), was
utilized to correct for the geometric distortion, flat-field
illumination, and spacecraft drift and to create images for each
orbit. Then, the orbit-wise images were coaligned and
combined to generate science-ready images in order to improve
the signal-to-noise ratio. The photometry was performed on
these final science-ready images to derive the magnitudes of the
stars detected with UVIT. A detailed log of UVIT observations
of NGC 2298 is reported in Table 1. The color image of
NGC 2298 in the F148W band is shown in Figure 1. In
this figure, the blue color indicates UVIT FUV detections in
the F148W filter. Crowding is not a problem here, as we
are able to resolve stars well into the core of the cluster in
FUV images.

2.2. Photometry

In order to derive the magnitudes of stellar sources, crowded
field photometry was carried out on all FUV images using the
DAOPHOT package in IRAF/NOAO (Stetson 1987). The
following steps are taken to extract point-spread function (PSF)
photometry. At first, the stars were located in the images using
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Figure 1. The color image of NGC 2298 in UVIT FUV band F148W. The hot
stellar populations displayed in blue are well resolved at the center of the
cluster.

Table 1
Observational Details of NGC 2298 in UVIT FUV Filters
Filter Amean AN 7P Exposure Ay
(A) (A) (AB mag) Time (sec) (mag)
F148W 1481 500 18.016 2300 1.63
F154W 1541 380 17.78 558 1.59
F16OM 1608 290 17.45 1263 1.55

Note. The last column lists the extinction value calculated in each FUV filter
using Fitzpatrick’s (1999) law of extinction.

the DAOFIND task, and then the aperture photometric magni-
tudes were computed using the PHOT task in DAOPHOT. The
model PSF was constructed by selecting isolated and bright stars,
and then it was applied to all the detected stars using the
ALLSTAR task to obtain PSF-fitted magnitudes. A curve-of-
growth analysis was carried out to estimate aperture correction
values in each filter, which were then applied to the estimated PSF
magnitudes. As the detector works in the photon-counting mode,
saturation correction (to account for more than one photon per
frame), was done to the PSF-generated magnitudes to get the
instrumental magnitudes. The saturation correction mainly affects
stars brighter than 17 mag. The details of the saturation correction
are described in (Tandon et al. 2017b). We have calibrated the
instrumental magnitudes into the AB system by using zero-point
magnitudes provided in the calibration paper (Tandon et al.
2017b). We show our PSF-fit errors for all filters as a function of
magnitude in Figure 2. Stars detected with UVIT are considered
up to ~22 mag in the FUV F148W filter, and ~21 mag in the
F154W and F169M filters for further analysis, which effectively
puts an upper limit of ~0.3 mag on our photometric errors. The
observed UVIT stellar magnitudes are corrected for extinction and
reddening. To compute the extinction value in the visual band
(Ay), we have adopted reddening E(B — V)=0.20mag from
Monty et al. (2018) and the ratio of total-to-selective extinction as
Ry=3.1 from Whitford (1958) for the Milky Way. The
Fitzpatrick reddening law (Fitzpatrick 1999) was used to calculate
extinction coefficients A, for all bandpasses as tabulated in
Table 1. We adopted the following relation to correct for
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extinction and reddening in observed magnitudes:
Mfcorr = Meobs — CERVE(B — V), (H

where mgo, 1S the extinction corrected magnitude for a
particular bandpass f, mg s 1S the observed PSF magnitude,
A L
and ¢f = o is the extinction law.
v

2.3. Other Catalogs

In this study, we have combined UVIT data with UV-optical
photometric data from the HST UV legacy survey catalog of
GCs in five filters, namely, F275W, F336W, F438W, F606W,
and F814W, provided by Nardiello et al. (2018) in the inner
region (central region ~2'7 x 2!7 covered by HST WFC3/
UVIS) and for the external region (not observed with HST), we
used the optical catalog provided by Stetson et al. (2019)
obtained by analyzing ground-based observations. To select the
PM members of the cluster in the outer region, the Gaia EDR3
PM catalog is utilized (Gaia Collaboration et al. 2021).

3. Proper-motion Membership

To select the confirmed members of the cluster in the inner
region covered by HST, we have used membership probability
information given in the astrophotometric catalog of Nardiello
et al. (2018). To obtain the membership probability of stars in
the outer region of the cluster, we have utilized Gaia EDR3 PM
data released on 2020 December 3 (Gaia Collaboration et al.
2021). The Gaia EDR3 catalog provides the photometric and
astrometric information for all the stars with Gmag down to
21 mag. We have employed a probabilistic Gaussian mixture
model (GMM) method to select member stars in the cluster and
infer the intrinsic parameters of the distributions of both
member and nonmember stars. The distribution of stellar
sources in PM space (i, tts) consists of a well-defined clump
corresponding to the cluster members and a wide distribution of
field stars. In most clusters, both distributions overlap each
other, and we cannot distinguish between the two by eye. Each
of the distributions follows a Gaussian distribution, and hence
these two distributions are assumed to overlap two Gaussian
distributions. The Gaussian probability distribution corresp-
onding to the sum of two distributions is

2 exp[—1/200 — T - ) |

Pl 329 = 35w 2m Jdety,

(2)
2
Wi>0,2W121 (3)
i=1

where p is the individual PM vector, y; are field and cluster
mean PMs, > is the symmetric covariance matrix, and w; are
weights for the two Gaussian distributions. Full details of this
method for an n-dimensional case are described in Vasiliev
(2019).

We selected Gaia EDR3 stars with complete astrometric data
within twice the tidal radius from the cluster center (de Marchi
& Pulone 2007). In order to choose the stars with good
astrometric solution, we removed those with parallaxes that
deviate by more than 3¢ from the expected parallax calculated
using the previously known distance to the cluster, where o is
the error in parallax given in Gaia EDR3 catalog. We also
removed the sources with renormalized unit weight error
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Figure 2. PSF-fit errors as a function of magnitude for our UVIT observations
of NGC 2298 in FUV bandpasses. From top to bottom, the panels show results
for the F148W, F154W, and F169M bandpasses, respectively.

exceeding 1.2 as larger values of this parameter might lead to an
unreliable astrometric solution (Lindegren et al. 2018; Riello et al.
2021). The PMs in R.A. and decl. of the cluster members are
supposed to follow two Gaussian distributions. So, GMM is
created for these two distributions, and at first, it is assumed that
cluster members and field stars follow isotropic Gaussian
distributions. Initial guesses for the cluster PM p,, and ps values
and internal velocity dispersion are taken from Vasiliev (2019).
We utilized GaiaTools* to maximize the total log-likelihood of
GMM and measure the mean PM and standard deviation of
both Gaussian distributions. The membership probabilities
(MPs) of all the selected stars are calculated using the same
technique simultaneously. The equations used to maximize the
log-likelihood of GMM and estimate the MP of ith star
belonging to the kth component are given in Appendix A in
Vasiliev (2019).

We determined the PM mean and standard deviations of the
cluster distribution to be 1, =3.31 mas yr ' and ps = —2.176 mas
yr ', with 0, =0.055mas yr '. Figure 3 shows the position of
stars in the sky, in the PM space known as vector point diagram
(VPD), and in an optical CMD created using Gaia filters. In this
figure, blue dots indicate the member stars belonging to the cluster,
and gray dots represent the field stars. The stars with an MP of
more than 90% are selected as confirmed cluster members. The
number of PM members in the outer region of the cluster is found
to be ~1240 and considered for further analysis.

4. Color-Magnitude Diagrams
4.1. Selection of HB and BS Stars

We have data in three FUV filters of UVIT, and only very
hot and bright stars are expected to be detected. It is not easy to
classify the stars belonging to different evolutionary sequences
from the FUV CMDs. Therefore, optical CMDs are needed to
identify different evolutionary sequences. Because UVIT has a

4 https://github.com/GalacticDynamics-Oxford /GaiaTools
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large field of view, it covers the outer parts of the cluster. As
GCs are very dense and massive objects, the HST is an ideal
telescope to resolve and study the central region of the clusters
in all available bandpasses.

In order to identify and classify UVIT-detected stars into
various evolutionary phases, we used the HST catalog
(Nardiello et al. 2018) to cross-match with our stars inside a
central region and ground-based photometric data for the
region outside the HST coverage. Nardiello et al. (2018)
estimated the PM membership probabilities of stars detected in
the inner region of the cluster using HST data and suggested
that the most likely members have a PM probability of more
than 90%. Therefore, we have selected stars with a membership
probability of more than 90% in the inner as well as outer
regions using the HST and Gaia EDR3 catalogs, respectively.
However, there are four stars in the inner region with a
membership probability of more than 80%, which are bright in
UV images and found to lie along the HB locus. We have also
included these stars in our study. To identify member stars in
the outer region of the cluster, we first cross-matched ground-
based photometric data (Stetson et al. 2019) with Gaia EDR3
PM membership data. In order to plot stars detected in the inner
and outer regions in the same optical (V — I, [) CMD, we have
transformed the HST ACS/WFC photometric system into the
standard Johnson—Cousins photometric system using the
transformation equations given in Sirianni et al. (2005). The
optical CMD, created using member stars detected with the
HST and the ground-based observations, is shown in Figure 4,
where filled and open symbols indicate the stars detected in the
inner and outer regions, respectively. The magnitude system
adopted for the Johnson—Cousins filters is Vega, hence, the
V — I color and I magnitude shown in Figure 4 are in the Vega
magnitude system.

The HB stars were selected by giving a specific color and
magnitude cutoff (—0.2 <V — I< 1.0, 14.5<1<20.1) in an
optical CMD and indicated with the filled and open red-colored
symbols in Figure 4. Because this is a metal-poor cluster, the
HB is populated mainly with BHB and hot HB stars. However,
there are also one or two RHB stars present along the HB.
Because of its low metallicity, very few variable stars such as
RR Lyrae were detected in the cluster. Until now, only four RR
Lyrae are known in this cluster (Clement et al. 2001). We have
cross-matched the HST and ground-based photometric data
with the available variable star catalog to identify the cluster’s
previously known RR Lyrae stars. The green inverted triangles
correspond to the variable stars in Figure 4. In order to select
the BSSs in the inner region, we have employed the same
approach used by Raso et al. (2017). Their study highlighted
the importance of using UV CMDs over optical CMDs for the
proper selection of BSSs in GCs. The BSSs are selected from
the UV CMD created using the HST F275W and F336W
passbands and are shown by the filled blue symbols in
Figure 4. BSSs are selected from an optical CMD in the outer
region and are displayed with open blue symbols.

4.2. UV and UV-optical CMDs

This section presents the FUV-optical CMDs generated by
cross-identifying common stars between optical and our FUV
detections. As only hot and bright stars have detectable
emission in the FUV, we have cross-matched FUV-detected
sources with the above-selected sample of HB and BSSs in the
cluster’s inner and outer regions using optical passbands. The
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Figure 4. Optical CMD of NGC 2298. Gray and colored filled symbols in the
optical CMD represent the HST-detected stars whereas stars shown by gray and
colored open symbols are cross-identified using ground-based data and Gaia
EDR3 data. All colored symbols represent the selected HB and BS stars used
for further cross-matching with UVIT data. All the stars shown in the above
CMD are confirmed PM members of the cluster. The known RR Lyrae stars are
shown with green inverted triangles. For comparison with theoretical models,
we overlaid the updated BaSTI-IAC model isochrone with an age of 13.2 Gyr
and metallicity [Fe/H] = —1.92 dex shown by black dots. Along the HB locus,
the solid and dashed black lines indicate zero-age HB (ZAHB) and terminal-
age HB (TAHB), where the star has completed 99% of its core He-burning
lifetime, respectively.

Vega magnitude system used in the standard Johnson—Cousins
photometric system is converted into the AB magnitude system
to make it similar to the UVIT magnitude system.

In Figure 5, three panels display the FUV-optical CMDs
created using all three FUV filters, where filled and open
markers represent the detections in the inner and outer regions,
respectively. The photometric error bars shown in all panels of
Figure 5 are the median of the photometric errors of stars at a
selected magnitude. We have also recovered already known RR
Lyrae variables indicated by filled and open green inverted

triangles in all FUV-optical CMDs (See Figure 5). In our FUV
images, the variable stars are basically sampled at a random
phase. Out of four previously known RR Lyrae stars, we found
three in F148W, one in F154W, and two in F169M filter. Their
positions in the optical and FUV-optical CMDs are shown in
Figures 4 and 5, respectively. We notice that fewer HB stars are
detected in the outer region of the cluster when compared to the
inner region.

In all CMDs, we detect four stars at the extreme blue end of the
HB. These stars are quite separated from the observed HB
sequence and are likely to be very hot, as suggested by their FUV-
optical color. Out of the four stars, three are found to be brighter
and bluer than normal BHB and EHB stars. The three bluer stars
might be post-HB (pHB) stars, as evident from their FUV
magnitudes in all FUV bands. These hot HB stars are confirmed
PM members of the cluster and are well resolved in all FUV
images, as shown in Figure 6. The total number of detected BHB,
hot HB, BSSs, and variable stars in all UVIT filters are tabulated
in Table 2. In the FUV-optical CMDs, we observe that the HB
stars no longer lie along the horizontal sequence as found in the
optical CMDs; instead, they follow a diagonal sequence with a
significant spread. In all FUV CMDs, we also detect a few (up to
four) FUV-bright BSSs.

The optical and FUV-optical CMDs overlaid with updated
BaSTI-IAC isochrones and HB tracks are shown in Figures 4 and
5, respectively (Hidalgo et al. 2018). The updated BaSTI-IAC’
isochrones are considered for an age 13.2 Gyr (Monty et al.
2018), a distance modulus of 15.75 mag (Monty et al. 2018),
and a metallicity [Fe/H]= —1.92dex (Carretta et al. 2009)
with helium abundance Y;,;=0.247, [«/Fe] =0, encompass-
ing overshooting, diffusion, and mass-loss efficiency parameter
1n=0.3. The BaSTI-IAC model also provides the HB model,
which comprises zero-age HB (ZAHB), post-ZAHB tracks, and
end of the core-helium-burning phase known as terminal-age
HB (TAHB) with or without diffusion for a particular mass
range. We have generated the ZAHB and TAHB tracks for a
metallicity [Fe/H] = —1.92 dex, including diffusion happening
in the subatmospheric regions of these stars.

The overlaid HB tracks in the FUV CMDs help in defining
the location of HB stars, which span an extensive range in color
and magnitude, when compared to the optical CMDs. The HB
sequence is not well fitted with the theoretical HB models at the

3 http:/ /basti-iac.oa-abruzzo.inaf.it/
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Figure 5. FUV-optical CMDs of NGC 2298. The red filled and open symbols indicate the HB stars detected with UVIT in the inner and outer region of the cluster,
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shown in orange, magenta, and cyan color, correspond to alpha-enhanced and helium-enhanced ZAHB and TAHB tracks.
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Figure 6. Location of hot HB and BHB44 stars on FUV F148W image of UVIT. The field of view of each image is 2'x 2'.

Table 2
The Number of Detected HB and BS Stars in Different UVIT Filters is Listed
in this Table

Filter NH B NBSS
NguB NHot—HB NgrrL

F148W 63(68) 4(4) 34) 4

F154W 60(68) 4(4) 1(4) 3

F169M 63(68) 4(4) 2(4) 4

Note. Here Nyp and Npgs indicate a number of detected HB and BS stars,
respectively. Column 2 displays the subpopulations of HB stars, where Npyg,
Not—uB, and Nggy, denote the number of BHB, hot HB, and RRL identified
with UVIT. The total number of selected HB and RRL stars from an optical
CMD are shown in parentheses.

brighter end (above 20 mag) with normal helium abundance
(Y;,; = 0.247 dex) shown by the black solid and dashed lines.
The color/magnitude spread at brighter FUV magnitudes might
be related to chemical composition differences among BHB
stars or the evolutionary effects from ZAHB or photometric
errors. In order to probe the cause of this spread, we have
compared observations with theoretical HB models generated
for enhanced [ca/Fe]=0.4dex and different initial helium
abundances available in the updated BaSTI-IAC database, i.e.,
Yini = 0.247, 0.275, and 0.3. The ZAHB and TAHB tracks
corresponding to these initial helium abundances are indicated

by different color solid and dashed lines in Figure 5,
respectively. We find that ZAHB tracks with different initial
helium abundances are not producing the color/magnitude
spread observed along the BHB sequence in all FUV-optical
CMDs. We also notice that HB stars are located between the
ZAHB and TAHB tracks, suggesting that some may be
evolving from the HB. Out of four hotter HB stars, three stars
are found to be brighter than TAHB tracks, indicating that they
are in the pHB phase, whereas one is lying within the ZAHB
and TAHB tracks, implying that it is an EHB star. In order to
confirm the nature of these stars further, effective temperatures
and bolometric luminosities are measured using the spectral
energy distribution (SED) fitting technique described in
Section 6.

5. Comparison with Models
5.1. Synthetic Helium HB Models

We constructed the synthetic HB stellar populations for
enhanced [«/Fe] = 0.3 and different initial helium abundances
to check for the spread in helium abundance as well as
evolution. Chung et al. (2017) demonstrated the implications
and prospects for the helium-enhanced populations in relation
to the second-generation populations found in the Milky Way
GCs using the Yonsei Evolutionary Population Synthesis
(YEPS) model. The synthetic HB models presented here are
based on Yonsei-Yale (Yz) stellar evolutionary tracks with
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Figure 7. FUV-optical CMDs showing the comparison of the observed HB with synthetic HB models. The meaning of the red and green symbols is the same as in
Figure 5. The simulated HB populations for the initial helium abundance Y;,; = 0.23, 0.28, and 0.33 are marked with gray, orange, and blue dots, respectively.

enhanced initial helium abundance (Lee et al. 2015). We
choose three values for Y;,; as 0.23, 0.28, and 0.33, at a fixed Z
value of 0.0002 ([Fe/H] = —1.9 dex) and age of 13 Gyr (close
to the cluster age of 13.2 Gyr). Evolutionary effects from
ZAHB and observational photometric errors are taken into
account. Figure 7 displays the synthetic CMDs for three
different Y;,; values, 0.23 (gray), 0.28 (orange), and 0.33 (blue),
overlaid on the observed FUV-optical CMD where observed
HB stars are highlighted in red. We notice that observations
match well with synthetic HB models, especially in the case of
BHB stars. It is clear from the comparison of synthetic HB
models with observations that all BHB stars have the same
helium abundance, implying that BHBs consist of a single
Yini = 0.23. Therefore, we suggest that the color/magnitude
spread among BHB stars is not caused by helium variation. Out
of four hot HB stars, one star is found to have Y;,; = 0.33, and
another at the brighter extension appears to be the product of
enhanced helium, which, in turn, implies that these stars
originated from helium-enhanced populations. The other two
hot HB stars are brighter than the simulated stars for
Yini = 0.33, suggesting that they are in an evolved stage and
might be the progeny of helium-enhanced EHBs in this cluster.
Therefore, using synthetic HB models, we estimate Y;,; = 0.23
for BHB stars and four hot BHB stars are likely to have
Yini = 0.33. Thus, enhanced helium abundance seems to play a
role in the formation of hot HB stars in this cluster.

5.2. Hot Flasher Models

The location of very hot HB subpopulations known as BHk
stars in FUV-optical CMDs is not reproduced by the canonical
HB models; this subpopulation is hotter than the hottest point
along the ZAHBs (See Figure 8 in Dalessandro et al. 2011).
The proposed formation scenarios for very hot HB populations
such as EHB and BHKk stars in clusters are extreme mass loss
on RGB, helium enrichment, helium mixing, and hot flasher. In
a hot-flasher scenario, stars experience huge mass loss during
the RGB phase, leave the branch before the occurrence of the
helium core flash, and move quickly to the He-core white dwarf
cooling curve, where they experience a helium flash under
conditions of strong electron degeneracy in their core
(Castellani & Castellani 1993).

Further, depending upon the location of ignition of helium
flash along the white dwarf (WD) cooling sequence, hot-flasher
models are classified into two types: early hot flasher and late
hot flasher. The details of these scenarios are well described in
Brown et al. (2001). The progeny of hot flashers ends up on the
hotter and bluer side of normal BHB stars. The stars, which are
products of the early hot-flasher scenario, are expected to be
hotter and of similar UV magnitudes compared to BHB stars in
UV CMDs known as EHB stars, whereas the stars that are
hotter and fainter than normal EHB stars in UV CMDs are
expected to be late hot flashers. Although we did not detect any
BHk star in this cluster, there are three hot HB stars that are
brighter than synthetic HB populations, and their location is not
reproduced by the ZAHB and TAHB tracks.

In order to check whether the hot HB stars are the product of
strong mass loss, we have compared observations with hot-
flasher models, i.e., the early hot-flasher and late hot-flasher
models. The hot-flasher models were generated in UVIT and
Gaia EDR3 filters (Cassisi et al. 2003) (Cassisi 2021, private
communication). The hot-flasher models superimposed on the
observed hot HB stars are presented in Figure 8. These four
stars are marked with the names UV1, UV2, UV3, and UV4 in
this study, as shown in Figure 8. Two stars, namely UV2 and
UV3, are found to lie close to the early hot-flasher model in all
three FUV-optical CMDs, suggesting that they are the progeny
of EHB stars formed through an early hot-flasher scenario. We
notice that UV2 is slightly brighter than the hot-flasher model.
UV4 is lying close to the late hot-flasher model (dashed black
line), only in the (F154W, F154W — V) CMD, suggesting that
it may be an evolved product of a BHk star. However, in the
rest of the FUV-optical CMDs, its location is not reproduced by
hot-flasher models. From this comparison, the nature of the
UV4 star is not very clear. None of the hot-flasher models
reproduce the position of one EHB star designated with UV1,
but it is well produced by helium-enhanced synthetic HB
models, suggesting that it could be a result of helium
enrichment in the cluster. As the stars tend to shift location
among the CMDs, locating them in the Hertzsprung—Russell
(H-R) diagram will be ideal for evaluating their evolutionary
status. Further estimation of atmospheric parameters and
comparison with theoretical models in the H-R diagram is
required to probe these stars’ evolutionary status in detail and
shed more light on their nature.
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Figure 8. FUV-optical CMDs overplotted with hot-flasher models where the solid and dashed black lines correspond to the early and late hot-flasher models,
respectively. The four hot HB stars are indicated by magenta symbols. The filled symbols represent stars within the HST FOV and the open symbol the star in the outer

region.

6. Spectral Energy Distribution Fitting

We have detected three hot HB stars in the central region and
one in the outer region. As these stars are well separated from the
rest of the HB, we aim to check the evolutionary status of these
stars by estimating their stellar parameters. In order to estimate the
physical parameters like effective temperature (7), luminosity
(ﬁ), and radius (Ri) of the hot HB stars, we constructed their

SEDs. SEDs are génerated with the observed photometric data
points spanning a wavelength range from FUV to IR and fitted
with selected theoretical models. We made use of the virtual
observatory tool, VOSA (VO SED analyzer; Bayo et al. 2008) for
SED analysis. VOSA utilizes the filter transmission curves to
calculate the synthetic photometry of the selected theoretical
model. By using the fixed distance to the cluster, synthetic fluxes
are scaled with the observed fluxes. After constructing the SED, it
performs a x> minimization test to compare the observations with
the synthetic photometry to derive the best-fit parameters. We
computed reduced Xfe 4 through the following expression:

2 1 X (B — MyFyy)?

Xred = ) 4)
red N — Nf; U(Z)’j

where N is the number of photometric data points, Nt is the
number of free parameters in the model, F,; is the observed
flux, MyF,,; is the model flux of the star, My = (%)2 is the
scaling factor corresponding to the star (where R is the radius of
the star and D is the distance to the star), and o, ; is the error in
the observed flux. The number of photometric data points (N)
for stars varies from 9 to 13 depending upon their detection in
different available filters. The number of free parameters (Ny)
used to fit SED are Yy, log g, and effective temperature Teg.
The radii of the stars were calculated using scaling factor, M.

The Kurucz stellar atmospheric models are employed to
construct SEDs (Castelli et al. 1997; Castelli & Kurucz 2003)
for HB stars, which have photometry ranging from UV to IR
wavelengths. We fixed the value of metallicity [Fe/H] = —2.0,
close to the cluster metallicity, and gave the range of T from
5000 to 50,000K and log g from 3.5-5dex in the Kurucz
models to fit the SED of HB stars. The locus of ZAHB reflected
in the T.¢ versus log g plane is used to constrain the range of
log g for HB stars.

We combined three FUV UVIT photometric data points with
five HST photometric data points from Nardiello et al. (2018)
to create the SED for HB stars detected in the inner region
of the cluster. For those detected in the outer region of the
cluster, we combined the photometric data points of UVIT
(three passbands) with Gaia EDR3 (three passbands) (Gaia
Collaboration et al. 2018), ground-based photometry (five
passbands) (Stetson et al. 2019), GALEX (two passbands), and
2MASS (three passbands). VOSA makes use of the Fitzpatrick
reddening law (Fitzpatrick 1999; Indebetouw et al. 2005) to
correct for extinction in observed data points.

It is a well-known fact that HB stars hotter than 11,500 K are
affected by atmospheric diffusion, which increases the atmo-
spheric abundances of heavy elements like iron and reduces the
atmospheric abundances of light elements. To take this effect
into account, we fitted the SEDs of BHB stars with
Terr > 11,500 K with solar-metallicity models and determined
their atmospheric parameters. As the late hot-flasher scenario
predicts enrichment in helium, the non-LTE helium-rich
Husfeld models (Husfeld et al. 1989) are used to fit the
observed SEDs of four hot HB stars. The model grid covers the
range of stellar parameters typical of extremely helium-rich
sdO stars: 35,000 K < T4 < 80,000 K, 4.0 < log g < 7.0, and
0.01 < Y < 0.7. In the case of the UV4 star, we have noticed
that T.e derived using the Kurucz and helium-rich Husfeld
model fits to the observed SED corresponds to their upper
limit, which indicates that this star is likely to be hotter than
the estimated temperature from these models. In order to
compute the accurate T of this star, we have fitted its SED
with the Tiibingen NLTE Model Atmosphere Package (TMAP)
(Grid4) model used for hot stars (Rauch & Deetjen 2003;
Werner et al. 2003). This model grid spans a range of
atmospheric parameters such as 20,000 K < T< 150,000
K, 4.0 < logg < 9.0, and 0 < Xy < 1. Out of three models
used for the SED fit of UV4 star, the TMAP (Grid4) model
gives the best fit as indicated from the smaller Xfe 4 value
tabulated in Table 3.

We carried out SED-fitting analysis for 63 BHB and 4 hot
HB stars. Figures 9 and 10 show the SED fit for four hot HB
and two BHB stars overplotted with the corresponding best-fit
models (smallest value of Xfed) shown with the light-gray
color. In the lower panels of all plots, we show the residuals
between the observed SED and the best-fit model. The star ID
used in this work, metallicity value of the fitted model
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Figure 9. SEDs of four hot HB stars detected with UVIT after correcting for extinction. The stars, denoted UV1, UV2, and UV3, are observed in the inner region of
the cluster and UVIT (red) and HST (green) photometric data points are used to create and fit the SED, whereas for UV4, apart from UVIT, GALEX, Gaia EDR3, and
ground-based photometric data points are utilized as it is identified in the outer region. Blue diamonds represent the synthetic flux from the helium-rich Husfeld model
used to fit the observed SED of UV1, UV2, and UV3 stars, whereas in UV4, they correspond to the TMAP (Grid4) model. The best-fit atmospheric parameters are
mentioned in the figure. In UV1, UV2, and UV3 stars, the light-gray solid line represents the theoretical helium-rich Husfeld model spectra and the TMAP (Grid4)

model spectra in UV4. The residuals of the SED fit are presented in the bottom panel of all plots.

Table 3
Atmospheric Parameters Derived from SED Fitting of Four Hot HB Stars Detected with UVIT in NGC 2298
L R Niit
Star ID R.A. Decl. Model Used Yini Tog . e Y2y Mot
(deg) (deg) (dex) X
Uv1? 102.2541 —35.99134 Husfeld 0.35 35,000 (35,000—40,000) 36.14 £0.12 0.17 £ 0.003 5.1 8/8
Kurucz 29,000 + 2,000 27.58 +£0.12 0.2 +0.004 2.8 8/8
uv2? 102.2512 —36.00361 Husfeld 0.25 35,000 (35,000—40,000) 103.9 £0.24 0.28 £ 0.005 7.8 8/8
Kurucz 32,000 *3:000 86.39 & 1.01 0.3 £ 0.006 5.7 8/8
Uuv3 102.2446 —35.99501 Husfeld 0.25 40,000 (40,000—60,000) 128.3 £0.26 0.24 £ 0.004 104 8/8
Kurucz 50,000 _7 g0 235.7 + 1.06 0.2 +0.004 8.7 8/8
Uuv4?* 102.2379 —36.03683 TMAP (Grid4) 120,000 (120,000—150,000) 1148 +303.4 0.08 £ 0.002 7.8 13/13
102.2379 —36.03683 Husfeld 0.35 80,000 (75,000—80,000) 469.2 +17.9 0.11 4 0.002 10.7 13/13
Kurucz 50,000 _g g0 108.5 £5.05 0.14 £ 0.003 17.4 11/13

Note. Column 1 lists the star ID used in this work. Columns 2 and 3 display the R.A., decl. of all the stars considered for fitting, respectively. Column 4 presents the
different models used for the SED fit of these stars. Columns 5 and 6 list the obtained helium mass fraction and 7.¢ from SED fitting using different theoretical models.
The luminosities and radii of these stars along with errors are tabulated in columns 7 and 8, respectively. Columns 9 and 10 list the reduced x* value corresponding to
the best fit and ratio of the number of photometric data points (%) used for the fit to the total number of available data points. Note that stars marked with “a” have

estimated temperatures corresponding to the best-fit SEDs and equal to the helium-rich model’s lower or upper limit. The range of temperatures for 10 best fits is also
mentioned in the parentheses. The other atmospheric parameters are listed according to the best-fit model.

spectrum, and estimated temperature are displayed in all the
SED plots. As mentioned above in Section 4.2, variables such
as RR Lyrae are observed at random phases, so we have not
considered them for SED analysis. The estimated parameters of

four hot HB stars using the Kurucz, Husfeld, and TMAP
(Grid4) models are tabulated in Table 3. The Husfeld model fits
find UV1 and UV4 to be much hotter when compared to the
estimates from Kurucz model fits, and also suggest these stars
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Figure 10. SEDs of BHB stars detected with UVIT in the central (left panel) and outer (right panel) regions after correcting for extinction. The left panel shows the
composite SED fit of the BHB44 star where purple and cyan color spectra indicate Kurucz and Koester model spectra as displayed in legend, respectively. The black
color represents the composite spectra. The best-fit parameters are displayed in the figure. The rest of the details are the same as in Figure 9.

to be helium rich. On the other hand, the Husfeld model fits to the
SEDs of UV2 and UV3 provide normal helium values along with
T.s similar to those obtained from the Kurucz model fits (within
errors). The T (120,000 K) and luminosity (1148L.) of UV4
obtained using the TMAP (Grid4) model are much higher than
estimated from the other two models. The derived values of
parameters Teﬂ, R and — corresponding to the best-fit Kurucz

model spectrum along w1th the errors for BHB stars are listed in
Table 4. VOSA computes uncertainties in the -effective
temperatures as half the grid step, around the best-fit value. As
errors estimated through VOSA are not realistic, we have reported
the range in T as found from the 10 best-fit values. While the log
g values for these stars are also estimated using this technique,
these values are not reliable as SED fits are not sensitive to this
parameter.

In Figure 9, it can be seen from the residuals that the observed
data points are well fitted with the model spectrum. However, in
most of the SED fits, the HST F275W data point does not fit with
the model flux. The observed flux at F275W is found to be less
than the expected flux from the model, which, in turn, gives a
negative residual. We note the presence of strong absorption lines
such as Fe Il and Mg I lines in the wavelength range covered by
this filter. It might be possible that there is a mismatch in the
strength of these spectral lines between the observations and the
models. From the comparison of synthetic Kurucz spectra at
different T, we notice that the contribution of these lines to the
integrated flux of F275W is more at cooler temperatures than the
hotter ones, which results in a larger deviation from the expected
flux for cooler stars than the hotter stars. In order to establish the
best fit to the observed SED, we have only considered the data
points that fit well to the model spectra. The high temperatures of
UV1 (35,000 K) and UV2 (35,000 K) suggest that they may
belong to the class of EHB stars as they have temperatures around
30,000 K (Heber 1986). The other two hot HB stars UV3 and
UV4, with very high temperatures of 40,000 and 120,000 K,
respectively, might belong to the pHB phase. Also, note that
SEDs of all hot HB stars are well fitted with a single spectrum
with minimum residual across wavelength, which, in turn,
indicates that these are likely to be single stars.

The SEDs of all BHB stars are presented in Appendix. The BHB
stars span an effective temperature range from 8000-12,250 K. For
one BHB star, namely BHB44, the observed SED is not fitted with
a single spectrum as shown in the left panel of Figure 10.
Compared to the Kurucz model spectrum and synthetic flux, there

10

seems to be a large amount of excess flux in FUV filters. We
checked whether the star is well resolved in all FUV images (see
Figure 6) and also ensured that the cross-identification with the
HST catalog is correct. It is located at a distance of 0/68 from the
center of the cluster. It is possible that this star might be a binary
star or variable star. If we check the position of this star, marked
with a black outlined star symbol in Figures 4 and 5, in optical as
well as in UV CMDs, it is lying close to or in the variable region. In
the literature, it is not reported as a variable star. The temperature
derived from the single fit of BHB44 corresponds to that of an
RHB star, which shows significant FUV excess due to a possible
hot companion, as RHB stars are too cool to be seen in FUV. In
order to check what type of hot companion is present, we fitted the
SED with a combination of hot and cool theoretical spectra. To fit
the FUV region of the observed SED of this star, we selected a
Koester WD model (Koester 2010; Tremblay & Bergeron 2009).
The free parameters of the Koester model are 7. and log g. The
value for the T for the Koester model ranges from 5000 to
80,000K and log g from 6.5 to 9.5 dex. We utilized VOSA to
obtain the binary fit of this star. The composite SED fit of this star is
presented in the left panel of Figure 10 where we can see that the
hotter part of SED is well fitted with a Koester model
corresponding to a temperature of 17,000 K, and the cooler part
is fitted with the Kurucz model of temperature 5750 K. The detailed
parameters of both companions are listed in Table 5. The Ts and
radius obtained for the cooler part from the best Kurucz model fit
correspond to an RHB star. From the 7. and radius, we suggest
that the hot companion might belong to the class of subluminous
sdB stars (Heber et al. 2003).

Further, to confirm the nature of four hot HB stars, the
comparison of the obtained parameters from the SED fit with
theoretical evolutionary tracks is needed and discussed in the
following section.

7. Evolutionary Status of Hot HB and BHB Stars

The derived atmospheric parameters of hot HB and BHB stars
from SED fit are compared with theoretical evolutionary tracks in
order to check their evolutionary status. We plotted the theoretical
evolutionary tracks employing the models presented by Moehler
et al. (2019). The MS to RGB evolutionary track is generated using
the updated BaSTI-IAC models presented by Hidalgo et al.
(2018). We selected the model with metallicity close to the cluster
metallicity. We show the theoretical evolutionary tracks from MS
turnoff to the tracks corresponding to different masses starting
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Table 4
Atmospheric Parameters Derived from the SED Fit of BHB Stellar Populations Detected with UVIT in NGC 2298

Rani et al.

Star ID

R.A. (deg)

Decl. (deg)

Terr (K)

L

R

Nt

Lo R Xred Niot
BHB1 102.2435 —36.01081 10,750 + 250 70.15 + 1.25 2.38 4+ 0.04 3.8 7/8
BHB2 102.2357 —36.01813 12,500 + 500 43.64 4+ 0.59 1.3 4+0.03 127 8/8
BHB3 102.2252 —36.02032 11,500 + 250 50.83 +0.39 1.78 + 0.03 14.3 8/8
BHB4 102.2281 —36.01802 12,250 + 500 48.67 4 1.08 1.5 4 0.03 4.7 8/8
BHB5 102.2501 —36.00238 10,250 + 250 73.27 +2.46 2.78 +0.05 9.2 8/8
BHB6 102.2629 —35.98792 10,500 + 250 57.85+2.0 2.340.04 49 8/8
BHB7 1022271 —36.01273 10,500 + 250 54.65 + 1.92 2.2340.04 8.4 8/8
BHBS 102.2475 —36.00676 10,250 + 250 4437 +1.59 2.04 + 0.04 14.1 8/8
BHB9 102.2552 —36.01549 12,000 + 500 30.79 + 0.39 1.2 40.02 11.4 8/8
BHB10 102.2459 —36.00806 11,000 =+ 250 4273 + 1.51 1.79 £ 0.03 6.1 8/8
BHBI1 102.2508 ~36.0122 12,250 + 500 33.13 + 047 1.23 +0.02 8.9 8/8
BHB12 102.2564 —36.00318 97504239 4334 +1.95 2.26 + 0.04 35.1 8/8
BHBI13 102.2595 —36.0062 11,000 + 250 39.01 + 1.63 1.69 + 0.03 7.4 8/8
BHB14 102.2239 —36.01842 10,250 =+ 500 56.95 + 4.86 2.14 4 0.04 7.6 8/8
BHB15 102.2633 —35.99884 12,0007239 32354 0.51 1.31 4 0.03 3.6 8/8
BHBI16 102.2467 —36.00291 12,500*259 33.43 + 0.37 1.23 £ 0.02 7.1 8/8
BHB17 102.2439 —36.00493 97503%) 48.07 + 1.44 2.42 +0.05 13.2 8/8
BHB18 102.2486 —36.00619 10,2503% 42.13 +£2.43 1.99 4+ 0.04 5.4 8/8
BHBI19 102.2498 —36.01167 92504399 45.49 + 1.46 2.53 +0.05 16.7 8/8
BHB20 102.2576 —35.98383 950043%) 53.68 +2.26 2.64 +0.05 12.1 8/8
BHB21 102.2608 —35.99758 10,5003% 37.39 + 1.78 1.79 £ 0.03 6.7 8/8
BHB22 102.2467 —36.01245 10,0003% 46.03 + 1.82 2.23 £ 0.04 32 8/8
BHB23 102.2292 —36.01033 9500 + 250 51.97 +2.09 2.66 £ 0.05 5.5 8/8
BHB24 102.237 —36.00386 9250 + 500 49.44 +2.62 2.68 + 0.05 10.8 8/8
BHB25 102.2694 —36.00772 10, 25013% 33.76 + 1.81 1.72 +0.03 6.9 8/8
BHB26 102.2431 —35.97799 950013% 46.76 + 3.05 2.49 £ 0.05 1.5 8/8
BHB27 102.2673 —36.02095 97503% 42.58 +3.83 2.09 £ 0.04 2.7 8/8
BHB28 102.2465 —-36.01901 9000 + 500 54.19 +2.11 2.95 4 0.06 8.0 8/8
BHB29 102.248 —35.99478 9500723 44.69 +2.14 2.41 £ 0.05 52 8/8
BHB30 102.2554 —36.01623 9250739 41.46 £ 3.01 2.24 +0.04 7.9 8/8
BHB31 102.2475 —36.00208 9250+3%) 4592 +2.18 2.52+0.05 8.6 8/8
BHB32 102.2441 —36.00356 9250739° 38.76 & 2.55 2.08 £ 0.04 12,5 8/8
BHB33 102.25 —36.01609 90003% 46.43 +£3.92 2.75 £+ 0.05 2.7 8/8
BHB34 102.2466 —35.99503 90004739 41.83 £3.11 2.36 + 0.04 6.1 8/8
BHB35 102.2407 —36.00629 97503% 58.94 + 4.15 3.19 £ 0.06 9.5 8/8
BHB36 102.2623 —36.01596 9000 + 500 4343 +2.52 2.53 4+ 0.05 75 8/8
BHB37 102.2406 —36.0042 87501399 48.16 + 2.15 2.97 + 0.06 12.2 8/8
BHB38 102.2408 —36.01402 8500300 77.59 +£3.12 4.03 £+ 0.08 1.8 7/8
BHB39 102.2499 —35.99423 875073% 44.66 + 2.54 2.81 4 0.05 11.7 8/8
BHB40 102.2469 —36.00461 8500 =+ 500 46.42 4 6.17 2.97 4+ 0.06 9.9 8/8
BHB41 102.2284 —36.00907 8500 =+ 500 52.18 4 6.35 3.01 + 0.06 5.1 8/8
BHB42 102.2741 —35.99637 87504330 40.41 +2.48 2.73 +0.05 2.0 8/8
BHB43 1022631 —36.00405 8250+5% 48.52 +3.31 3.34 4 0.06 10.6 8/8
BHB45 102.2548 —36.00226 850073500 49.53 +3.74 3.15+0.06 12.4 8/8
BHB46 102.241 —35.99525 825073% 54.8 + 3.61 3.52 £ 0.07 5.3 8/8
BHB47 102.2486 —35.99375 950073% 41.89 +2.25 2.27 £0.04 8.6 8/8
BHB48 1022521 —36.01067 7750 + 500 51.41 +2.84 3.8 +0.07 14.0 6/6
BHB49 102.2503 —36.01369 8000 + 125 51.16 +4.78 3.65 +0.07 32.9 8/8
BHB50 102.1974 —36.0043 12,250 + 250 53.02 +2.62 1.59 +0.03 12 15/16
BHB51 102.302 —36.00933 11, 0007%) 62.62 +3.29 2.15£0.04 2.0 15/16
BHB52 102.2673 —36.06088 10, 000729 46.22 + 6.76 2.22 4 0.04 3.9 15/16
BHB53 102.2418 —36.04874 10, 250*239 54.08 + 8.19 232 +0.04 3.9 15/16
BHB54 102.1568 —36.10535 9500 + 250 66.63 + 4.47 2.99 + 0.06 0.74 15/16
BHB55 102.2196 —35.98094 10,000 + 500 5223 + 6.51 2.39 +0.05 2.6 15/16
BHB56 102.2171 —35.97486 9750723 43.27 + 6.56 2.27 £ 0.04 1.4 15/16
BHB57 102.2633 —36.03276 8750723 50.34 + 10.56 3.01 £ 0.06 1.7 15/16
BHBS5S 102.2021 —36.01866 87504339 64.73 + 11.11 3.44 +0.06 1.8 15/16
BHB59 102.2339 —36.04152 80001239 65.59 + 5.47 4.16 £ 0.08 35 11/11
BHB60 102.2492 —36.00759 10, 750729 35.41£20 1.62 4 0.03 7.9 8/8
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Table 4
(Continued)
L S 5 Nfit
Star ID R.A. (deg) Decl. (deg) Teir (K) I Ro Xred Mot
BHB61 102.2539 —36.00547 9250+3%) 47.15 +2.99 2.61 £ 0.05 3.5 8/8
BHB62 102.2809 —36.01208 8250 £ 500 54.26 £ 4.36 3.36 + 0.06 2.7 6/6
BHB63 102.2535 —35.99972 8000 £ 500 49.49 £3.77 3.48 £0.07 3.0 7/7
Note. The notation of all columns is the same as in Table 3.
Table 5
Derived Parameters of the BHB44 Star from the Composite SED Fit
L R N
Star ID R.A. (deg) Decl. (deg) Type Model Used Teir (K) o Ro Xfed N; '[
BHB44 102.2532 —36.01526 sdB Koester 17,000 £ 1000 446 £0.23 0.24 £ 0.005 29 8/8
RHB Kurucz 5750 £ 125 63.38 £ 5.7 8.17 £ 0.15

from the ZAHB through to a point late in the pHB evolution or a
point on the pAGB cooling sequence in Figure 11. The ZAHB
and TAHB, representing the end of the HB phase, are shown with
a dashed and dashed—dotted line in Figure 11. We also have
plotted the early hot-flasher and late hot-flasher tracks shown with
magenta and black solid lines. The parameters estimated from the
best SED fit for hot HB and BHB stars are plotted in the H-R
diagram and shown with different symbols and colors. We can see
in Figure 11 that most of the BHB stars marked with red crosses
are lying along the BHB tracks shown with blue lines.
Nevertheless, there are a few BHB stars, indicated by purple
crosses, lying above the TAHB, indicating that these stars’ cores
have already run out of helium and they have started evolving
toward the pHB or peAGB phase.

To compare the estimated parameters of hot HB stars computed
using different models, we plotted the hot HB stars’ location in the
H-R diagram as shown in Figure 11. As the hot HB star UV1 was
found to be helium rich by the synthetic HB models, we have
shown only the location of this star in the H-R diagram as found
from the helium-rich Husfeld model. UV1 is found to be located
between the ZAHB and TAHB and slightly hotter than the EHB
track for 0.502 M. Thus, UV1 is still in the HB evolutionary
phase, which implies that it is an EHB star, as also seen from
Figures 5 and 7. Figure 11 shows that the hot HB star UV2 is found
along the AGB-manqué evolutionary stage, corresponding to the
initial EHB mass range 0.506-0.51M,, which is likely to evolve
from the EHB phase. Stars UV3 and UV4 are found to be much
hotter and brighter than the EHB tracks. UV3 is found to be located
close to the evolutionary track corresponding to an early hot flasher.
We infer from here that UV3 is the progeny of an EHB star (with
~0.502 M) formed through an early hot-flasher scenario. The
position of the UV4 star indicates that it might have crossed the
post-early-AGB (p(e)AGB) stage and is about to enter the WD
cooling stage. TMAP (Grid4) model parameter estimates for the
UV4 star suggest that it is a product of a BHB star with a mass of
~0.7 M. From the model, the mass of the EHB star UV1, turns
out to be 0.502 M_.,. The rest of the hot stars are likely to be evolved
from the EHB stars with a ZAHB mass of ~0.5M.. In
comparison, the BHB stars have masses in the range 0.6-0.75
M. This suggests that the hot HB stars have lost ~0.1-0.2 M,
more envelope mass due to mass loss in the RGB. The reason for
this enhanced mass loss could be many, including enhanced helium
due to mixing, binary interactions, high rotation, etc. In the case
of the BHB44 star, a comparison of the L and T of the
hot companion with the theoretical evolutionary sequences for
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extremely low-mass (ELM) WDs computed by Althaus et al.
(2013) suggests that it has a low mass of ~0.187 M. As the mass
of the sdB is too low to support the core-helium burning, it might
be evolving into a helium-core WD and is likely to be an ELM WD
candidate. Therefore, this binary is most likely to be a post-mass-
transfer system, consisting of an ELM WD candidate and an
RHB star.

The expected number of pHB stars in the cluster is estimated
based on the fact that the number of stars in two post-MS phases, in
general, will be proportional to the ratio of the lifetimes of these
phases (Knigge et al. 2002). The following relation is used to
calculate the expected number of pHB stars:

-

pHB

NpuB = NHB(—),
THB

where Npyg is the expected number of pHB stars in NGC 2298,
Nyg is the number of HB stars in the cluster, and 7, and Tyg
represent the lifetimes of the pHB and HB evolutionary phases
of a low-mass star, respectively. We have taken the duration of
the HB phase to be myp = ~108 yr (Dorman 1992) and that of
the pHB phase to be ~10” yr from BaSTI pHB tracks. We
therefore estimate the number of expected pHB stars to be ~7.
The observed number of pHB stars is six in this cluster, which
is in fair agreement with the theoretically expected number.

8. Discussion

We have analyzed the UVIT data aboard the AstroSat satellite
covering the GC NGC 2298 to characterize the hot HB population
in order to understand their formation and evolution. To date, this
cluster has been studied in UV, only as part of the group, for
comparative studies of HB morphology. A focused study on the
HB population of this cluster has not been done so far. This is the
first time hot HB stars are characterized in this cluster using FUV
photometric data combined with the HST and ground-based data.
We combined FUV photometric data with optical photometry to
generate the FUV-optical CMDs in three FUV filters (F148W,
F154W, F169M) and detected the BHB, four hot HB, and a few
bright BS stars.

Brown et al. (2016) analyzed the 53 GGCs using HST UV and
blue photometric data to explore the HB morphology, including
NGC 2298. They created color—color plots for all selected clusters
and found two hot HB stars bluer than the gap between EHB and
BHk stars in NGC 2298. They classified these two hot HB stars as
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Figure 11. Position of hot HB and BHB stars identified with UVIT in NGC 2298 in the H-R diagram along with theoretical evolutionary tracks. The evolutionary
tracks starting from the MS turnoff to the moment when a star has entered the WD cooling phase (Hidalgo et al. 2018) are presented in this plot. Along the HB phase,
post-ZAHB tracks span a mass range from 0.502 to 0.82 M., In the plot, cyan, blue, and green colors correspond to the sequences populating the extreme blue and red
parts of the HB. The black dashed and dashed—dotted lines show the position of the canonical ZAHB and TAHB, respectively. The black and magenta solid lines
indicate the late and early hot-flasher models, respectively. The SED fit parameters obtained from the Kurucz model fit to the observed SEDs of hot HB and BHB stars
are shown with orange star and red cross symbols, respectively. The olive and black filled star symbols present the location of hot HB stars corresponding to the
helium-rich Husfeld and TMAP (Grid4) model fits, respectively. Yellow square symbols present the location of the hot and cool companions of the BHB44 star.
Several BHB stars evolving toward the peAGB phase are shown with purple cross symbols.

BHk stars based on their location in the color—color plot. In our
FUV images, we have detected three hot HB stars in the central
region and one in the outer region. In FUV CMDs, out of four hot
HB stars, three are brighter than canonical EHB stars and classified
as pHB stars.

Schiavon et al. (2012) presented the UV CMDs for 44 GGCs
using GALEX photometric data in NUV and FUV passbands,
including NGC 2298. They had detected HB and BS stars in
NGC 2298, but the sample had issues because of the limited spatial
resolution of GALEX and lack of membership analysis for detected
stars. Our study detected more than 90% of HB stars compared to
the HST and ground-based catalogs, and the PM membership is
also confirmed. The stars which are not detected in the FUV images
are fainter than the limiting magnitude of UVIT, and the exposure
times in all filters are not deep enough to detect them.

Further, we compared the observed HB sequence with theoretical
ZAHB and TAHB sequences for standard and enhanced initial
helium abundances. The theoretical ZAHB tracks with distinct
initial helium abundances could not reproduce the observed color
spread along the BHB sequence. Milone et al. (2018) determined
the average helium difference between the second-generation and
first-generation stars along the RGB in a large sample of 57 GGCs
and the maximum helium variation within each GC. The maximum
helium variation was found to be 0.011 dex in NGC 2298. Our
study does not support a large spread in helium along the BHB
sequence, based on a comparison of observed HB with theoretical
tracks and synthetic HB, though we detect a possible helium
difference of 0.1 dex between the BHB stars and the hot HB stars,
as suggested by the synthetic HB simulations.

Wenderoth et al. (1994) presented a spectroscopic study of
an extremely blue star in NGC 2298, classifying it as a helium-
rich O-type subdwarf star (sdO), but they could not confirm the
membership of this star. In their optical CMD shown in
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Figure 1, the position of this star coincides with that of EHB or
BHk stars. The R.A. and decl. information of this star is not
provided in the above paper. Therefore, we could not check
whether this star is detected in our FUV images or not.

It is well established from photometric as well as from
spectroscopic studies that most of the GCs like NGC 2808 and
w Cen, with well-populated HBs, contain helium-rich popula-
tions showing discrete HBs, which indicate discrete helium
abundances (Dalessandro et al. 2011; Moehler et al. 2011;
Marino et al. 2014). The four hot HB stars in NGC 2298 are
found to be helium rich with respect to BHB stars with a
standard helium abundance. This may suggest that these stars
are products of helium-rich second-generation stars in this
cluster. However, the helium-rich population will be hard to be
detected due to their small number fraction compared to the
normal or slightly enhanced initial helium abundance in the MS
to RGB stages of NGC 2298.

Our T estimation for three hot HB stars covers a range
from 35,000 to 40,000 K, whereas BHB stars span a T.¢ range
from 7500 to 12,250 K. We could not accurately estimate the
Tet of the UV4 star, but the temperature of this star can be
around ~100,000 K. A comparison of both T.¢ and luminosity
of hot HB stars with evolutionary tracks implies that three stars
have evolved away from the HB and one is still in EHB phase.
The hot HB stars also have lost more mass in the RGB
(~0.1-0.2 M, than the BHB stars).

Many authors put forward several formation scenarios to
explain the formation of EHB and BHk stars in GCs other than
helium enrichment. Lei et al. (2015) suggested that BHk stars
could be the product of binary interactions as tidally enhanced
stellar wind in binary evolution might provide the substantial
mass loss on the RGB and produce BHk stars. Nevertheless,
our SED fits of hot HB stars do not show signature of binarity,



THE ASTROPHYSICAL JOURNAL, 923:162 (19pp), 2021 December 20

and hence could not support the origin through the binary
interaction scenario. The other formation channel suggested for
EHB and BHk stars, such as the hot-flasher scenario, is
described in detail in Section 5.2. Sweigart (1997) demon-
strated that when stars undergo a late helium-core flash on the
WD cooling curve, flash mixing of the hydrogen envelope with
the helium core will extensively enhance the envelope helium
and carbon abundances. In contrast, mixing cannot occur in the
early hot-flasher scenario because the large entropy barrier of a
strong hydrogen-burning shell prevents the products of core-
helium burning from being mixed to the surface.

Brown et al. (2012) presented the HST FUV spectroscopy of
hot HB stars including one pHB, five BHB, and three
unclassified stars with blue UV colors in GC NGC 2808. They
also found enhanced helium and carbon abundances in their
BHk sample, which could be the result of flash mixing in the
late hot-flasher mechanism, whereas EHB stars in their sample
exhibit carbon abundances much lower than the cluster value,
and helium abundances at or below the solar value, that could
be the effect of diffusion. The two hot HB stars in our study,
UV2 and UV3, are found close to early hot-flasher tracks,
whereas UV4 is located above the post-BHB track, indicating
that UV2 and UV3 could be offspring of EHB stars, and UV4
is a plausible progeny of the BHB star. Therefore, the surface
abundances of three stars except UV4 are expected to remain
the same if they are products of the early hot-flasher scenario.
Nevertheless, these stars could have helium enrichment, as
evident from a comparison with simulations. Further spectro-
scopic follow-up observations are required to confirm the
nature of the evolutionary process these stars have gone
through.

9. Summary and Conclusions

The main results from this work can be summarized as
follows:

1. In this study, we employed UVIT observations in
combination with HST, Gaia EDR3, and ground-based
photometric data to examine the HB morphology of the
GC NGC 2298. Gaia EDR3 data is utilized to obtain the
PM members of the cluster in the outer region of the
cluster.

2. We constructed optical and FUV-optical CMDs for the
member stars. Only the BHB and four hot HB stars are
detected in all FUV images. Very few BSSs, which are
hot and bright, are detected in FUV CMDs.

3. Optical and FUV-optical CMDs are overlaid with
updated BaSTI-IAC isochrones generated for the respec-
tive filters to compare the observations with theoretical
predictions. The theoretical HB tracks with enhanced
alpha and helium abundances could not reproduce the
observed color/magnitude spread among BHB stars in
FUV-optical CMDs.

4. From the comparison of the observed HB with synthetic
HB simulations, we found a helium abundance difference
between the BHB and hot HB stars (helium enhanced) in
this cluster. However, BHB stars have a single initial
helium abundance (Y;,; =0.23), with probably a very
small scatter.

5. We estimated T, luminosities, and radii of 63 BHB and
4 hot HB stars by generating SEDs using multiwave-
length data. The T.; of BHB stars ranges from 7500 to
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12,250 K whereas three hot HB stars span T.g from
35,000 to 40,000 K. The temperature of the UV4 star is
found to be around ~100,000 K.

6. The evolutionary status of HB stars is probed by
comparing derived parameters with theoretical evolu-
tionary post-ZAHB tracks. Many BHB stars are found to
be located between the ZAHB and TAHB, suggesting
that they are evolving off the HB into the pHB phase.
These stars have mass in the range of 0.6-0.75 M. Some
of the BHB stars are found to be evolving toward the
peAGB phase.

7. We found a subluminous sdB companion to an RHB star
in the cluster. From the comparison with the ELM WD
evolutionary tracks, the mass of the sdB turns out to be
~0.187 M, and likely to be evolving into a helium-core
WD. We suggest that it is probably an ELM WD
candidate formed from mass transfer in this binary
system.

8. Out of four hot HB stars, we find that two already
evolved off the EHB phase, and they are in the AGB-
manqué phase. One star is located between the ZAHB
and TAHB tracks, and hence it is a confirmed EHB star,
likely to be helium enriched. One star is found to match
with the theoretical prediction of the early hot-flasher
scenario (and maybe one more), whereas another star
(UV4) has evolved off the p(e)AGB phase and is
probably evolving toward the WD cooling stage. The
theoretically expected number of pHB stars is found to
agree well with the observed number.

9. As the late and early hot flashers are supposed to have
different chemical signatures, the pHB stars are targets
for further spectroscopic studies in order to explore their
nature to constrain their formation pathways.
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Appendix
SED Fitting for BHB Stars

The details of the SED-fitting technique are described in
Section 6. The SEDs for 61 BHB stars are shown in Figure 12.
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Figure 12. SEDs of the rest of the BHB stars. The best-fit parameters are mentioned in the figure. The UVIT and HST data points used to create SEDs for stars lying in
the inner region are shown with red circles and green inverted triangles, respectively. For the stars lying in the outer region, UVIT, GALEX, ground-based
photometric, Gaia EDR3, and 2MASS data points are shown with red circles, green squares, orange triangles, cyan inverted triangles, and purple diamonds,
respectively.

(An extended version of this figure is available.)
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