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ABSTRACT

Aims. We want to study the population of blue horizontal branch (HB) stars in the centres of globular clusters (GC) for the first time
by exploiting the unique combination of MUSE spectroscopy and HST photometry. In this work, we characterize their properties in
the GCs w Cen and NGC 6752.

Methods. We use dedicated model atmospheres and grids of synthetic spectra computed using a hybrid LTE/NLTE modeling approach
to fit the MUSE spectra of HB stars hotter than 8000 K in both clusters. The spectral fits provide estimates of the effective temperature
(Tegr), surface gravity (log g), and helium abundance of the stars. The model grids are further used to fit the HST magnitudes of the
stars, that is, their spectral energy distributions (SEDs). From the SED fits, we derive the average reddening, radius, luminosity, and
mass of the stars in our sample.

Results. The atmospheric and stellar properties that we derive for the stars in our sample are in good agreement with theoretical
expectations. In particular, the stars cooler than ~15 000 K closely follow the theoretical predictions on radius, log g, and luminosity
for helium-normal (Y = 0.25) models. In w Cen, we show that the majority of these cooler HB stars cannot originate from a helium-
enriched population with ¥ > 0.35. The properties of the hotter stars (radii and luminosities) are still in reasonable agreement with
theoretical expectations, but the individual measurements show a large scatter. For these hot stars, we find a mismatch between the
effective temperatures indicated from the MUSE spectral fits and the photometric fits, with the latter returning 7 lower by ~3000 K.
We use three different diagnostics, namely the position of the G-jump and changes in metallicity and helium abundances, to place the
onset of diffusion in the stellar atmospheres at Tegr between 11 000 and 11 500 K. Our sample includes two stars known as photometric
variables; we confirm one to be a bona fide extreme HB object but the other is a blue straggler star. Finally, unlike what has been
reported in the literature, we do not find significant differences between the properties (e.g., log g, radius, and luminosity) of the stars
in the two clusters.

Conclusions. We show that our analysis method — combining MUSE spectra and HST photometry of HB stars in GCs — is a powerful
tool for characterising their stellar properties. With the availability of MUSE and HST observations of additional GCs, we have a
unique opportunity to combine homogeneous spectroscopic and photometric data to study and compare the properties of blue HB stars
in different GCs.

Key words. stars: fundamental parameters — stars: horizontal-branch — globular clusters: individual: NGC 5139 —
globular clusters: individual: NGC 6752

1. Introduction

* Tables B.1-B.6 are available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/677/A86

**Based on observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere, Chile (Pro-
gram IDs 094.D-0142(B), 095.D-0629(A), 096.D-0175(A), 097.D-
0295(A), 098.D-0148(A), 099.D-0019(A), 0100.D-0161(A), 0101.D-
0268(A), 0102.D-0270(A), 0103.D-0204(A), 0104.D-0257(B), and
105.20CR.002).

Globular clusters (GCs) may be considered ideal laboratories
for studying stellar evolution. However, evidence is mounting
that they are not simple stellar populations. Multiple stellar
populations have been discovered on the main sequence (MS)
and/or red giant branch (RGB), showing up as distinct sequences
in the color-magnitude diagrams (CMDs) of numerous Galactic
GCs, most prominently in massive clusters such as wCen
and NGC 2808. However, the formation mechanisms for these
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multiple populations remain unclear (see Renzini et al. 2015;
Bastian & Lardo 2018). Peculiarities have also been found when
comparing the morphology of the horizontal branches (HBs)
of GCs in CMDs, such as the ‘second parameter’ problem.
It became obvious that the HB morphology of GCs is not
determined by metallicity alone. Other parameters such as age,
helium abundance, and many others have been suggested to
explain the HB star distributions in the cluster CMDs (see e.g.,
Recio-Blanco et al. 2006; Moehler 2001 ; Catelan 2009; Miocchi
2007; Dotter et al. 2010). Traditionally, the HB is divided into
ared and a blue part separated by the RR Lyrae instability strip
at ~8000 K. Discontinuities along the HBs are ubiquitous for
clusters with extended blue HBs, such as the “Grundahl jump”
(G-jump) at ~11500 K (Grundahl et al. 1999), the “Momany
jump” (M-jump) separating the bluest “extreme” HB (EHB)
at ~20000 K from the blue HB (BHB'; Momany et al. 2002;
Newell 1973; Newell & Graham 1976). Finally, there is the
gap between the EHB and “blue-hook™ stars, which was first
identified by D’Cruz et al. (2000) in w Cen and later found in
the most massive clusters near ~32 000-36 000 K (Brown et al.
2010; Moehler 2010). Discrete main sequences and RGBs may
be linked to the HB morphology and discontinuities (Yi 2008).

HB stars burn helium in their cores, and those that are suf-
ficiently massive (M > 0.55 M;) also sustain hydrogen-shell
burning. They are the progeny of low-mass RGB stars (Hoyle
& Schwarzschild 1955; Faulkner 1966). Generally, the mass
of the helium-burning core (~0.5 M) is the same across the
entire sequence. However, the mass of the hydrogen envelope
surrounding the core is different, making the HB a sequence
of hydrogen-envelope mass. The envelope mass decreases with
increasing effective temperature (7e), the HB is therefore also
a temperature sequence. Consequently, the atmospheric struc-
ture is fundamentally different along the HB (Dorman 1992;
Brown et al. 2016). The structural and atmospheric changes
along the HB manifest themselves as the gaps and discontinuities
mentioned above.

BHB stars have a wide spread of temperatures (from 8000 K
to 20000 K) and are mainly found in two spectral classes.
The A-type BHB stars (A-BHB) cover temperatures between
8000K and 11500K, meaning that they are cooler than the
G-jump. Helium abundances of A-BHBs are at the solar level
(Adelman & Philip 1996; Kinman et al. 2000; Behr 2003) and
the metal abundances are consistent with what is observed within
the respective cluster population. This chemical homogeneity
is maintained by atmospheric convection and multiple subsur-
face convection zones driven by the ionization of hydrogen
and helium (Caloi 1999; Sweigart 2002; Brown et al. 2016).
With increasing effective temperatures, these zones are pushed
towards the surface and disappear at ~11500 K, which also
marks the transition to the B-type BHB stars (B-BHB). Due
to the lack of atmospheric convection zones, B-BHBs have
radiative atmospheres, which also give rise to atomic diffu-
sion (radiative levitation versus gravitational settling; see e.g.,
Hui-Bon-Hoa et al. 2000; Quievy et al. 2009; Michaud et al.
2011). Due to radiative levitation, heavy metals (e.g., iron) are
enriched and high metal abundances are found among B-BHBs
(Behr 2003; Pace et al. 2006). However, the helium abundance
steadily decreases with temperature, which is due to gravita-
tional settling, reaching a minimum at ~15000 K (Moni Bidin
et al. 2012). At even higher effective temperatures, the He abun-
dance increases again but remains subsolar. At a temperature of

I BHB stars are hotter than the RR Lyrae instability strip but cooler
than the EHB.
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about 20000 K, the hydrogen-envelope mass has decreased to
a level no longer supporting hydrogen-shell burning. The last
convection zone from Hell encroaches upon the surface near
this temperature and ceases to exist in the hotter stars (Brown
et al. 2016). Brown et al. (2017) found that the stars hotter than
the M-jump in w Cen have lower Fe abundances than their
colder counterparts. It is these changes, happening at about
18000-20 000K, that are believed to be responsible for the
M-jump in the CMD of GCs. These hotter stars on the blue side
of the M-jump form the extreme (or extended) horizontal branch
(EHB). In the Galactic field, the EHB stars are also referred to as
hot subdwarfs, with spectral types B and O (sdB and sdO, Heber
2009, 2016).

While many hot subdwarf stars in the field are known to be
close binaries with periods of hours to days (Maxted et al. 2001;
Copperwheat et al. 2011), only very few such binaries have been
found in GCs (Moni Bidin et al. 2008; Moni Bidin 2018), includ-
ing NGC 6752 (Moni Bidin et al. 2006). A population of binary
subdwarfs explains the excess UV emission observed for ellipti-
cal galaxies (Han et al. 2007) and the UV colours of early-type
galaxies in the Virgo cluster (Lisker & Han 2008). Pelisoli et al.
(2020) concluded that binary evolution is required to explain the
origin of all types of hot subdwarfs amongst the field popula-
tion. In this scenario, the single subdwarfs result from mergers
of helium white dwarfs (Han et al. 2002, 2003). The lack of bina-
ries in GCs could result from the much larger merger fraction
than in the field (Han 2008). The mass distribution of hot subd-
warfs resulting from mergers is predicted to be much wider than
that of binary subdwarfs and to contain subdwarfs more massive
than those in close binaries (Han et al. 2003). Consequently, the
mass distribution of GC subdwarfs should be wide, with masses
from 0.3 up to 0.9 M. Hence, it is of great importance to accu-
rately determine the masses of sufficiently large samples of EHB
(subdwarf) and BHB stars in GCs. This could allow us to test
whether or not BHBs and EHBs form in different ways (single
vs. binary evolution).

In this investigation, we analyse a spectral dataset of blue
HB stars (bluer than the RR Lyrae gap) in two GCs: w Cen
and NGC 6752. These two clusters have an extended and well-
populated blue HB. Because the clusters are also nearby, their
HB stars are relatively bright and they have been extensively
studied in the past. Spectroscopic investigations include Heber
et al. (1986), Moehler et al. (1997, 1999, 2000), and Moni Bidin
et al. (2007) for NGC 6752, and Moehler et al. (2002, 2007,
2011), Moni Bidin et al. (2012), and Latour et al. (2014, 2018)
for w Cen. The EHB of NGC 6752 hosts stars with Teg up to
~30000 K that are depleted in helium, these EHB stars are the
counterparts to the field sdBs.

In addition to the EHB, w Cen also harbors a blue-hook
population that extends at magnitudes fainter than the canoni-
cal EHB. The blue-hook stars in w Cen are hotter than 30 000 K
and are also enriched in He and C compared to the EHB stars.

Previous ground-based spectroscopic investigations, such as
the first paper of this series (Latour et al. 2018), targeted HB
stars found in the outskirts of the clusters where crowding is
not a severe issue. The previous investigations listed above used
low- to medium-resolution (0.7-2.6 A) spectra obtained with
various instruments (FLAMES, FORS, VIMOS) at the Very
Large Telescope (VLT) to derive atmospheric parameters (7,
log g, He). In some cases, masses were also estimated, mostly
using bolometric corrections as in Moehler et al. (2011). In this
work, we use spectra collected as part of the MUSE GC sur-
vey (Kamann et al. 2018, P.I.: S. Dreizler, S. Kamann) to gather
a large and homogeneous sample of HB stars located in the
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Fig. 1. Positions of the HB stars observed by MUSE in both GCs, shown

in red. Left panel: w Cen. Right panel: NGC 6752. The positions of the

stars analyzed in previous studies are also indicated. Moehler et al. (2011, green), Moni Bidin et al. (2012, blue), and Latour et al. (2018, yellow) are
shown for w Cen and Moehler et al. (1997, green) and Moni Bidin et al. (2007, blue) are shown for NGC 6752. The images are from the Digitized
Sky Survey. (Copyright by Anglo-Australian Observatory/the Royal Observatory Edinburgh.)

central regions of w Cen and NGC 6752 (see Fig. 1). Atmo-
spheric parameters are derived from the MUSE spectra using
state-of-the-art model atmospheres. The majority of the stars
in our samples are located within the Hubble Space Telescope
(HST) footprint and have magnitudes published as part of cata-
logs in several HST filters. We used our own model atmospheres
to construct and fit the spectral energy distributions (SEDs) of
the stars. Because the distances and reddening to the clusters are
well constrained and the atmospheric parameters of the stars are
known from the MUSE spectra, the SED fits allow us to derive
stellar parameters — namely the radius, luminosity, and mass —
with unprecedented precision. The parameters derived are then
compared to evolutionary models.

The paper is organized as follows. The MUSE observa-
tions and data processing are described in Sect. 2. In Sect. 3,
we present the model atmospheres and synthetic spectra used
(Sect. 3.1) followed by a detailed description of our analysis
methods for the spectral fits (Sects. 3.2—-3.4). The analysis of the
SEDs based on the HST photometry is presented in Sect. 3.5.
The final samples for both clusters are presented in Sect. 4.
Our resulting atmospheric parameters are discussed at length
in Sect. 5 where we present our samples in various parameter
planes (e.g., Tefr—log g and Tegr—helium) and compare them with
theoretical models and literature results. Section 6 presents our
results for two variable stars (V16 and V17) and four hot blue
straggler stars (BSSs) in NGC 6752. Our SED fit results, in terms
of radius, luminosity, and mass are presented and discussed
in Sect. 7. Section 8 presents a comparison of the two clus-
ters. Finally, we summarize our results and conclude in Sects. 9
and 10.

2. MUSE observations

We used the Multi Unit Spectroscopic Explorer (MUSE; Bacon
et al. 2010) GTO observations of w Cen and NGC 6752 obtained

in wide field mode (1’ x 1’) between April 2014 and May
2022. The observations from 2018 to 2022 benefitted from
the use of the adaptive optics system installed on UT4 of the
VLT. A total of ten and eight 1’ x 1’ fields were observed in
w Cen and NGC 6752, respectively. These fields include the
most central and crowded regions of the cluster (see Fig. 1),
where the use of an integral field spectrograph is particularly
efficient. A summary of the MUSE observations is presented
in Table 1.

The spectra cover the 4750-9350 A range with an average
spectral resolution of ~2.5 A (R ~ 3000), although this varies
slightly across the wavelength range (Husser et al. 2016). This
range is redder than what is normally used to study HB stars;
it only includes the two Balmer lines H, and Hg. However,
the Paschen lines from H;_g to the Paschen jump are covered.
The data reduction is done with the standard MUSE pipeline
(Weilbacher et al. 2020) and a general description of the differ-
ent steps is presented in Kamann et al. (2018). The stellar spectra
are extracted with the PAMPELMUSE software (Kamann et al.
2013; Kamann 2018), which relies on the existence of a photo-
metric catalog. We used HST catalogs to identify the sources
present in the field of view and deblend the individual spectra
(Sarajedini et al. 2007; Anderson et al. 2008). We use the pho-
tometry of Anderson & van der Marel (2010) for the spectral
extraction of stars in the external fields (6—11 in Table 1) of
w Cen because these regions are not fully covered by the
Anderson et al. (2008) catalog.

Each field of view was observed at multiple epochs, and
therefore the individual spectra were co-added to obtain the final,
high signal-to-noise (S/N) spectrum. Each individual spectrum is
fitted with synthetic spectra from the Gottingen spectral library
of PHOENIX models (Husser et al. 2013). This grid only covers
effective temperatures up to 15 kK, but the goal is to achieve a
fit that is good enough to provide a radial velocity (v,) and to
reproduce the telluric lines. This allows the individual spectra to
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Fig. 2. Optical CMDs of NGC 6752 and w Cen. The stars included in the spectroscopic samples are identified with large red dots. NGC 6752:
also shown are the variable stars V16 and V17 (stars) and the four bright blue stragglers (triangles). The magnitudes are from the HUGS survey
(Nardiello et al. 2018). w Cen: the blue-hook stars in w Cen are marked with blue squares. The magnitudes for the central fields of view (1 to 6 in
Table 1) are from the catalog of Bellini et al. (2017a) and the magnitudes for stars in the outer fields (7, 8, 11, and 12) are from Anderson & van der

Marel (2010).

Table 1. MUSE observations of w Cen and NGC 6752.

Field RA Dec # Epochs Total exp. time
non-AO  AO (s)
w Cen
1 13:26:45.0 —47:29:09 8 7 2025
2 13:26:45.0 —47:28:24 7 7 1890
3 13:26:49.5 —47:29:09 7 10 2250
4 13:26:49.5 —47:28:24 7 10 2295
5 13:26:40.6 —47:28:31 7 7 3280
6 13:26:53.1 —47:29:01 7 10 4080
7 13:26:36.8 —47:27:54 6 9 4500
8 13:26:31.0 —47:29:55 7 9 7200
11 13:26:40.3 —47:25:00 6 8 12 600
12 13:26:47.2 —47:24:03 4 8 21 600
NGC 6752
1 19:10:49.10  —59:59:26.84 2 1 1080
2 19:10:49.12  -59:58:41.84 2 1 1080
3 19:10:55.10  —59:59:26.95 2 1 1080
4 19:10:55.12  —59:58:41.95 2 1 1080
11 19:11:04.29  —59:58:41.19 1 2 3000
12 19:10:39.13  —59:59:29.03 0 9 17 400
13 19:10:48.62  —59:57:37.58 0 2 2000
14 19:10:55.35  —60:00:38.19 0 2 2000

be shifted to restframe velocity, to have the telluric absorption
removed, and to be co-added. More details on this procedure
are presented in Husser et al. (2016) with the main difference
that for HB stars, the surface gravity is fitted along with Tes.
Their work also presents the case of the sdO star ROB 162 in
NGC 6397 (Heber & Kudritzki 1986), showing that the hydro-
gen lines are reproduced surprisingly well with a colder model,
in this case that of an F-type star. This example shows that the v,

A86, page 4 of 21

and telluric lines can be corrected for in stars hotter than 15 kK,
even if the best-fit solution is not realistic?.

The final, co-added, telluric-free spectra are then fitted with
proper model atmospheres as described in Sect. 3. In general,
the S/N decreases with increasing magnitude but is also strongly
dependent on the number of individual spectra that were col-
lected. This depends on the position of the star in the cluster, that
is, in which field of view it is located, and whether it is found in
an overlapping region between two fields. We initially selected
stars based on their positions in the CMD. Our final samples of
stars in both clusters, described in greater detail in Sect. 4, are
shown in their respective CMDs in Figs. 2 and 3.

3. Analysis method
3.1. Model atmospheres and synthetic spectra

The model atmospheres and synthetic spectra used in this work
were computed using the so-called ADS approach. ADS is a
hybrid LTE/NLTE method (local thermodynamic equilibrium
and non-local thermodynamic equilibrium), which was first
described by Przybilla et al. (2006) and Nieva & Przybilla
(2007), and has since been improved by various authors
(Przybilla et al. 2011; Irrgang et al. 2014, 2018b). This approach
is consistent with results achieved by means of full NLTE meth-
ods for hot stars (Terr < 35 kK, Przybilla et al. 2011). The
calculation is done using the procedure described in Irrgang et al.
(2018b) and Kreuzer et al. (2020). The final synthetic spectra are
obtained by subsequently running three different codes. At first,
an LTE line-blanketed, plane-parallel, homogeneous, and hydro-
static model atmosphere is calculated using ATLAS12 (Kurucz
1996). The resulting LTE atmospheric structure is then used by

2 In the future, we plan to further improve our data reduction method by
using our HB synthetic spectral grids, described in Sect. 3.1, to fit indi-
vidual spectra and remove the telluric absorption before combination,
instead of the Phoenix models.
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DETAIL (Giddings 1981; Butler & Giddings 1985) to calcu-
late the population numbers of hydrogen (Przybilla & Butler
2004) and helium (Przybilla 2005) assuming NLTE and using
appropriate model atoms. Other chemical elements are con-
sidered, assuming a scaled solar abundance pattern (Asplund
et al. 2009) in ATLAS12 and DETAIL as background opac-
ities. The NLTE population numbers of H and He are then
used in ATLAS12 to obtain a refined atmospheric structure
(Irrgang et al. 2018a). The process of passing the NLTE pop-
ulation numbers between the two codes is repeated until con-
vergence is reached. The final model atmosphere is then used by
SURFACE (Giddings 1981; Butler & Giddings 1985) to compute
a synthetic spectrum including lines of hydrogen and helium.
In this process, we use the occupation probability formalism
(Hummer & Mihalas 1988) for H and He by Hubeny et al. (1994)
and the line-broadening data of Tremblay & Bergeron (2009) for
hydrogen. For the most recent improvements of the code, see
Irrgang et al. (2021, 2022).

We note that our models are calculated without microtur-
bulence. We computed five overlapping grids of model atmo-
spheres and synthetic spectra in order to cover the whole
parameter range of the blue HB stars in terms of T, logg,
and helium abundance. The helium abundance is given as the
logarithm of the fractional particle number with respect to all
particles, which we denote log N(He)/N(tot). The surface grav-
ity is varied in steps of 0.2dex and the helium abundance in
steps of 0.25 dex. We used solar-scaled chemical mixtures to pro-
duce model atmospheres at metallicities [M/H]> between —2.0
and 0.5 in steps of 0.5 dex. The steps in T are not uniform
across all grids. The coverage of the individual grids is listed in
Table 2.

3.2. Spectral fitting procedure

Spectral fitting is carried out using the Interactive Spectral
Interpretation System (ISIS; Houck & Denicola 2000) with
a modified version of the y?-minimization method presented
by Irrgang et al. (2014). To normalize the observed spectra,
the continuum is modeled using a spline with anchor points

3 [M/H) =log(M/H)-log(M/H)o.

Table 2. Properties of the model grids.

Grid # Tete Tegr step logg log N(He)/N(tot)
(K) (K) (cms™)

1 8000-12 500 250 2.4-4.4 -5.0to -0.50

2 11 000-17 000 250 2.8-6.0 -5.0to -0.25

3 15 000-26 000 1000 3.0-6.4 -5.0to -0.25

4 2200040000 1000 4.0-6.6 -5.0to -0.25

5 38 000-55 000 1000 4.6-6.6 -5.0to -0.25

placed every 100 A while avoiding the hydrogen and helium
lines. The spectral region containing the interstellar NaD lines
(5882.0-5901.0 A) is excluded. During the fitting process, the
resolving power (R) of MUSE is considered to be a linear
function, where the resolution increases with the observed wave-
length. The equation for R was obtained from fitting the value
of R at different wavelengths from the fit of the hydrogen lines.
The macroturbulence and projected rotational velocity are set to
Okms~!'. A low projected rotational velocity is fully consistent
with what is expected for HB stars in general (Geier & Heber
2012; Hammerich 2020). For A-BHB stars, vsini are expected to
be below 40 kms~! (see, e.g., Behr 2003). Given the low spectral
resolution of MUSE, and considering that we are fitting broad
hydrogen lines, such a vsini has no measurable effect on the
resulting atmospheric parameters. The model spectra are con-
volved with a Gaussian following the relationship between R and
A, and linear interpolation within the grid is used to determine
the best-fit atmospheric parameters.

Every fit is first carried out using the lowest temperature grid
(#1). If the resulting T is within 4% of the grid’s upper limit,
the fitting procedure is performed again using the following grid
with a higher temperature. Once the best solution within a grid
is found, wavelength regions with metal lines and artifacts are
identified using 3o outliers in the y? and are ignored as well
(however regions around the hydrogen and helium lines are pro-
tected in this procedure) in order to ensure an appropriate fit.
Afterwards, the fit is repeated not taking the ignored regions into
account. Based on Xz statistics, statistical errors are calculated by
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Fig. 4. Examples of spectroscopic fits for stars in w Cen. Best fit (red) to the normalized spectrum (black) of, from top to bottom, an A-BHB,
B-BHB, EHB, and blue-hook star. The residuals are shown below each fit. Only the regions with spectral lines of hydrogen and helium are plotted.
The cluster name, star identification number, and resulting spectral parameters are indicated for each fit.

computing the confidence limits (68%) as presented in Irrgang
et al. (2014). Systematic errors are considered as well, assuming
an uncertainty of 1% in T and 0.04 dex for the surface grav-
ity. The final uncertainties are given as the quadratic sum of the
systematic and statistical uncertainties. The radial velocity vy,q is
left as a free parameter in order to account for possible deviations
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from Okms~!, the velocity to which the spectra were shifted in
the combination process.

Example fits of various stars along the HB in both clusters
are shown in Figs. 4 and 5. Certain factors are important to keep
in mind after the examination of these figures. The S/N generally
decreases with increasing temperature because the hotter stars
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Fig. 5. Same as Fig. 4 but for stars in NGC 6752. From top to bottom, an A-BHB, V16, an EHB with similar 7.z to V16, and the hot post-EHB
(H-sdO) star. Star 738 was only observed with AO, hence the gap in the Na D lines region.

are fainter. The number and strength of the hydrogen lines also
decrease with increasing temperature because hydrogen is ion-
ized. This means that with the MUSE spectra, we expect the
atmospheric parameters to be less precise for the hot stars. As
extreme examples, we show in Fig. 4 the fits of a low S/N spec-
trum (135809, S/N =~ 20) and in Fig. 5 the fit of the hottest star

(738) in NGC 6752. In the latter case, the fit reached the bor-
der of the model grid at 55 kK. We have a few such hot stars in
our samples, and we are aware that the Ts of these objects is a
rough estimate, but we can nevertheless state that they are likely
to have T larger than 50 kK and we assign them an H-sdO spec-
tral type (see Latour et al. 2018 for the different spectral types of
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EHB stars). The Paschen lines are prominent in the A-BHB and
B-BHB stars and these lines provide a good constraint on the sur-
face gravity. However, the strength and the number of Paschen
lines diminish as hydrogen is ionized in the hot objects. In stars
hotter than ~30 kK, these lines often vanish in the noise.

3.3. Treatment of helium

In the cooler stars (Tgr < 11 kK), the helium lines are very weak
and usually not visible in the MUSE spectra. Some studies have
shown that helium abundances in these A-BHB stars are con-
sistent with the solar value (Adelman & Philip 1996; Kinman
et al. 2000; Behr 2003; Villanova et al. 2009, 2012; Marino et al.
2014). This is also in line with the fact that the stars cooler
than the G-jump have convective atmospheres. This is why, in
previous studies, the helium abundance was fixed to the solar
value for A-BHB stars (see, e.g., Moni Bidin et al. 2007). To
assess the impact of fixing the helium abundance on the fits and
resulting atmospheric parameters, we used sets of synthetic spec-
tra with solar helium abundance and fitted them in the MUSE
spectral range while keeping the helium abundance fixed to dif-
ferent values (from log N(He)/N(tot) = —3.0 to —0.5). These
tests revealed that the assumed helium abundance influences the
resulting atmospheric parameters significantly, with differences
of up to 400K in T and 0.4 dex in logg. This indicates that
the helium abundance, even when helium lines are weak or not
visible, has an impact on the hydrogen lines that are used as tem-
perature and surface-gravity indicators. Therefore, we performed
our fits with the helium abundance as a free parameter for the
whole temperature range with the only constraint that the maxi-
mum helium value is set to the solar abundance in the cool stars
(Teir < 11.5 kK). However, the fact that the helium lines are weak
in these stars is reflected in the large uncertainties obtained for
their He abundance.

3.4. Treatment of metallicity

As mentioned in Sect. 1, the stars along the HB do not have the
same atmospheric composition because of the onset of diffusion
at ~11.5 kK. In w Cen, the intrinsic metallicity and abundance
spreads within the cluster are also likely to affect the atmo-
spheric composition of the HB stars. We fitted all stars with
the [M/H] = —1.5 grid and with the [M/H] = 0 (solar metallic-
ity) grid. For stars colder than the G-jump, meaning those with
a convective atmosphere, we keep the results obtained with the
[M/H] = —1.5 models; this metallicity is in agreement with the
mean metallicity of both clusters. For the hotter stars, where dif-
fusion changes the atmospheric composition, we keep the results
obtained with the solar metallicity grid. The use of solar metal-
licity is a crude yet reasonable estimate. The element-to-element
abundances resulting from diffusion are more complex but most
of the atomic species become more abundant under the effect of
radiative levitation (Behr 2003; Brown et al. 2017; Michaud et al.
2011). Our analysis of the SED of the stars in w Cen further sup-
ports this conclusion (see Sect. 3.5). Using a metallicity that is
as appropriate as possible in the model atmospheres adopted for
the spectral fits is important because, as for the helium abun-
dance, [M/H] influences the resulting parameters. To quantify
this, we compared the T.¢ and log g obtained from our fits with
the [M/H] = 0 and —1.5 models. The differences in log g are at
most +0.1 dex. In terms of T, for the A-BHB stars, the differ-
ence is up to 200 K, while it reaches 1000 K in the EHB stars
at ~20 000 K.
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3.5. Spectral energy distribution and stellar parameters

To complete our analysis, we derive mass, radius, and luminos-
ity for the stars in our samples. This is done by fitting the SED
of the stars defined by their magnitude at different wavelengths
and making use of the known distances of the clusters. We con-
struct grids of synthetic fluxes in the various HST filters from
our ATLAS12 model atmosphere grids. A general description of
the SED fitting method used for field sdBs is presented in Heber
et al. (2018).

For NGC 6752, we used the magnitudes provided in the
five filters available from the HST UV Globular Cluster Survey
(HUGS): ACS/WFC F435W, F606W, F814, and WFC3/UVIS
F275W, F336W (Piotto et al. 2015; Nardiello et al. 2018)*. For
w Cen, we use eight WFC3/UVIS magnitudes from the cata-
log of Bellini et al. (2017a)’ (F225W, F275W, F336W, F390W,
F438W, F555W, F606W, FT75W, F814W) and the ACS/WFC
FA435W and F625W magnitudes of Anderson & van der Marel
(2010). The error on the magnitudes is computed by adding
in quadrature the error provided in the catalogs (the RMS
of individual measurements) when available, and a systematic
uncertainty, of typically 0.01-0.02 mag, related to the photo-
metric calibration zero points. The uncertainties for Teg and
log g come from the spectroscopic fits, but we add in quadra-
ture 0.08 dex to the log g error. This stems from our previous
experiences in fitting spectra of hot subdwarf and BHB stars.

We adopt a distance of D = 4.125 + 0.04 kpc and
D = 5.43 + 0.05 kpc for NGC 6752 and w Cen, respectively
(Baumgardt & Vasiliev 2021). With the distance to the GCs
fixed, the parameters that influence the shape of the SED are
the angular diameter ® (= 2R/D), the interstellar reddening
E(44-55)°, Te, log g, metallicity, and, to a lesser extent, the
helium content of the model atmospheres. The surface gravity
and helium abundance cannot be well constrained by photome-
try, and so we used the spectroscopic values obtained from the
MUSE spectra. The metallicity is fixed in the same way as for
the spectroscopic analysis (see the previous subsection).

We account for interstellar extinction using the functions of
Fitzpatrick et al. (2019) and adopt a ratio of total-to-selective
extinction of R(55) = 3.02, which is the Milky Way average.
Because we realized that the results are sensitive to the adopted
reddening E(44-55), the SED fits were performed in two iter-
ations. In the first step, we leave the reddening and ® as free
parameters while T is fixed to its spectroscopic value. We then
used the reddening obtained for the stars colder than 13 kK — for
which the spectroscopic and photometric effective temperatures
are in good agreement — to derive an average reddening for each
cluster (see Appendix A for additional details). As a result, we
obtained E(44-55) = 0.041 mag for NGC 6752 and 0.119 mag for
w Cen. We note that these values are in excellent agreement with
the literature (Harris 1996, 2010 edition). The second step is to
perform the final fit with £(44-55) fixed to the values mentioned
above and T, and O left as free parameters. From ©, we directly
obtain the radius of the star because the distances to the clusters
(D) are well known. We compute the luminosity and the mass

4 https://archive.stsci.edu/prepds/hugs/

5 We note that for both the HUGS and Bellini et al. (2017a) data we
used the Method 1 catalogs.

6 E(44-55) is analogous to E(B-V), but with the monochromatic
measures of the extinction at 4400 and 5500 A substituting for measure-
ments with the B and V filters. Conversion factors to the UBV systems
are given in Table 4 of Fitzpatrick et al. (2019). They are close to 1 for
hot stars.
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Fig. 6. Examples of photometric (SED) fits with free parameters ® and T.;;. On the y-axis, we plot the flux f; multiplied by 4. The best-fit model
is plotted in grey while the flux corresponding to the observed magnitude in each filter is indicated along with the central wavelength of the filter.

The horizontal dashed lines show the wavelength coverage of each filter.

The top panels show the best fits for an A-BHB, B-BHB, and EHB type

star in w Cen. The middle panels show fits for counterpart stars in NGC 6752. The bottom panels show fits for a blue-hook star in w Cen, the BSS
V17, and the EHB star V16 in NGC 6752. The uncertainty-weighted residuals (y = (magmode-Magobservea) / Uncertainty) are plotted at the bottom of

each fit. The cluster name, star identification number, and resulting Tesf

via the formulae

9gR*
G

Because the luminosity and mass have an additional depen-
dence on the effective temperature and surface gravity, respec-
tively, these two parameters bear larger uncertainties than the
radius. All uncertainties were propagated using the Monte Carlo
method; the resulting best-fit values and their uncertainties are
stated as the median with 68% uncertainties throughout this
work.

We show in Fig. 6 some examples of SED fits for stars at
various temperatures in both clusters. The main feature of the
SED for the A-BHB and B-BHB stars is the Balmer jump. This

L= 471'R20'T;‘ff and M = (D

SED

are indicated for each fit.

feature is a good indicator of the stellar effective temperature in
BHB stars’. The hotter EHB stars have a less prominent Balmer
jump and are characterized by an increasing flux at short wave-
lengths (keeping in mind that the y-axis is the flux multiplied by
A%). Above 30 kK, the Tes obtained from the SED fits are gen-
erally less precise. The dip in the UV flux of the models is due
to the 2200 A bump present in the interstellar extinction curve.
This feature is stronger in w Cen than in NGC 6752 because the
reddening of the former is higher.

Metallicities from SED fits. The surface metallicity of BHB
stars is difficult to determine from MUSE spectroscopy because

7 With magnitudes on both sides of the Balmer jump, the surface
gravity can also be estimated from the SED.
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of the lack of iron-group spectral lines and the low resolution.
However, the forest of spectral lines from heavy elements in the
near-UV (NUV) and UV regions of the spectra can block a sig-
nificant amount of flux. Generally speaking, a higher metallicity
increases the strength of the metal lines in the UV and conse-
quently suppresses the UV flux, thus affecting the WFC3/UVIS
filter at the shortest wavelength (F225W and F275W). The flux
that is blocked is then emitted at longer wavelengths for a fix
Ter. As a test, we performed SED fits of the stars in w Cen
where 0, T, and the metallicity Z were left free to vary, while
E(44-55) was fixed to 0.12 mag. We used the data in w Cen
to perform this test because the Bellini et al. (2017a) catalog
includes magnitudes in the F225W filter. Figure 7 shows the
resulting metallicity as a function of Teg. Although Z is not well
constrained, the sudden increase in atmospheric metallicity due
to the transition from a convective to a radiative atmosphere is
clearly visible and happens around 11.5 kK, as expected. For
the hotter stars, the metallicities scatter around the solar value
(Z = 0). This supports our decision to use a solar metallicity
in the spectral analysis of the stars hotter than 11.5 kK. This
exercise demonstrates that SED fits can be a powerful inves-
tigation tool, more so when UV magnitudes are available. In
w Cen, we have ideal conditions to probe the atmospheric metal-
licity: well-calibrated NUV and UV magnitudes combined with
well-constrained distance and reddening for the stars.

4. The final samples

We used spectra with a S/N > 20 in our analysis. The result-
ing fit for each star was visually inspected, and those with poor
fits in terms of reduced y? and residuals were removed from the
sample. Stars that were outliers in some of the derived param-
eters (e.g., Tegr, radius, mass) were also individually inspected.
A few additional stars were excluded from the sample after
these checks. In most cases, the MUSE spectra were contami-
nated by the light of a very close-by companion. Even though
PAMPELMUSE is efficient at “deblending” the spectra, it is lim-
ited, especially for exposures with poor atmospheric conditions
and very faint stars. We also found issues when one or more
spectra from individual exposures were of especially poor qual-
ity, most often due to the star being very close to the edge of
the field of view on these particular exposures. With these crite-
ria, we ensure that our final sample contains, to the best of our
knowledge, stars for which we have good atmospheric param-
eters. We note that the radial velocity of all stars in our final
sample is consistent with cluster membership. For w Cen, we
also verify their membership via the proper motions of Bellini
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et al. (2017a). The final samples contain 302 and 130 HB stars
in w Cen and NGC 6752, respectively. In Sect. 6, we discuss the
analysis of five hot BSSs in NGC 6752.

5. Atmospheric parameters

Here, we present the atmospheric parameters derived from our
fits of the MUSE spectra. The tabulated results are only avail-
able online as Tables B.1 and B.2 (see Appendix B). In Sect. 5.1
we use a color—color plane to identify the location of the HB
jumps in terms of their effective temperatures. In Sect. 5.2, we
construct the Kiel diagram (log g — T¢f), and in Sect. 5.3 we dis-
cuss the variation in helium abundances along the HB. Finally,
we compare our results with previous surveys from the literature
in Sect. 5.4.

5.1. Color—color plane and the location of the HB jumps

Brown et al. (2016) used a particular combination of HST mag-
nitudes from optical and NUYV filters to study the properties of
the HB in 53 galactic GCs, including w Cen. We use the same
combination of colors in Fig. 8 to display the stars in our sam-
ples. On the y-axis, we use the color index Cra7sw r3zewrazsw =
(mpa75w — mrp3zew) — (Mp3sew — Mrazgw). The effective tempera-
tures obtained from the spectral fits are color-coded and illustrate
the temperature progression along the HB very well. In this par-
ticular color—color plane, the G- and M-jumps are visible at
mpy7sw—mpa3gw ~ —0.3 and —1.3, respectively. For w Cen, we
define the position of the jumps — shown with shaded areas in
Fig. 8 — as in Brown et al. (2017). For NGC 6752, we used the
same method as in Brown et al. (2016) and we align the stars
in our sample with those of w Cen by applying shifts of +0.15
and —0.01 in the x and y directions, respectively. There is a larger
scatter of the stars in the color—color plane of NGC 6752 and the
jumps are not as clearly visible as in w Cen. This is due to the
use of the significantly wider ACS/WFC F435W filter instead of
the WFC3/UVIS F438W filter, which is why this cluster was not
included in the photometric sample of Brown et al. (2016). Most
importantly, the F435W filter covers the Balmer jump while the
F438W filter does not.

Finally, we computed the mean T of the stars found in
the shaded area® and indicate the resulting values and standard
deviations in Fig. 8. The mean T of the stars at the G-jump

8 A few more stars than seen in the figure are contributing to the mean
T.sr at the position of the jumps. This is because the jumps are defined
in terms of F275W—-F435(438)W. Some stars have magnitudes in these
two filters but not in F336W, and therefore they do not appear on
the plots.
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(post-HB). The He-rich (blue-hook) objects in w Cen are indicated with
and V17 (green star symbol), and the four hot BSSs (blue triangles).

in both clusters is in good agreement with the expected value
of 11.5 kK. As for the M-jump, we found mean effective tem-
peratures of 18.4 + 1.3 kK and 19.5 +2.2 kK for NGC 6752 and
w Cen, respectively. This is still in reasonable agreement with
the theoretical expectations, which are around 20 kK.

5.2. Effective temperature and surface gravity

In Fig. 9, we present the HB stars of our samples in the
T.rr—log g diagram (hereafter Kiel diagram) for each cluster. We
also include the position of the theoretical zero-age horizontal
branches (ZAHBs) taken from the BaSTI database (Pietrinferni
et al. 2021)°. Additional (post-)HB evolutionary tracks from
BaSTTI are also shown for different masses along the HB. The
part of the tracks shown with solid lines represents the central
He-burning phase, which is also the HB phase. The subsequent
post-HB evolution with He-shell burning — which is shorter than
the HB phase by a factor of ten — is shown with dotted lines.

9 http://basti-iac.oa-teramo.inaf.it/

e., the HB phase) and with dotted lines for the He-shell burning phase
filled symbols. Also shown in NGC 6752 are the two variable stars V16

For both clusters, we selected theoretical HB models with
parameters matching the properties of each cluster. We used
the new BaSTI a-enhanced (@ = 0.4) models (Pietrinferni et al.
2021) with [Fe/H] = —1.55 (Z = 0.000886) and normal helium
(Y = 0.248). For both clusters, we also show additional theoreti-
cal ZAHBs for helium-enhanced models (Y = 0.30 for NGC 6752
and Y = 0.35 for w Cen'?).

In both clusters, the cool HB stars (Te < 14—15 kK) sit
on the ZAHB as predicted from the helium-normal models. In
NGC 6752, the distribution of the cooler HB stars is tightly clus-
tering on the ZAHB. This is expected, because the evolutionary
tracks of stars with M > 0.57 M, evolve towards the asymptotic
giant branch almost parallel to the ZAHB. This clustering of the
cold stars on the ZAHB is also present in w Cen, although with a
larger scatter. Interestingly, while the A-BHB stars in NGC 6752
form a very narrow sequence in the F275W-F606W CMD (see
Fig. 3), the equivalent stars in w Cen have a larger scatter, which

10 'We note here that the updated a-enhanced BaSTI models still only
include Y up to 0.30, and therefore the ¥ = 0.35 model is from
Pietrinferni et al. (2006).
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Fig. 10. Helium abundance as a function of Ty The two vertical lines indicate the positions of the G- and M-jumps at the T,y determined

in Fig. 8.

is reminiscent of what is seen in the Kiel diagram. This feature is
therefore unlikely to be an artifact coming from our spectral anal-
ysis. The scatter could be due to the spread in metallicity among
the stars of w Cen, as the metallicity affects the position of the
theoretical ZAHB in the Kiel diagram. In addition, a metallicity
spread among the A-BHB stars could also produce some varia-
tions in the derived T (see Sect. 3.4). It is clear from Fig. 9 that
the cool HB stars in w Cen do not originate from the helium-
enriched population; these models predict the stars to have lower
surface gravity (i.e., higher luminosity) than what we measure.
This is consistent with the findings of Joo & Lee (2013) and Tailo
et al. (2016) who used population synthesis of the MS, subgiant,
and horizontal branches to reproduce the main features of the
CMD of w Cen, and thus populated most of the cool part of the
BHB with metal-poor and helium-normal objects.

For both clusters, we see in Fig. 9 that most of the stars hotter
than ~15 kK lie above the ZAHB, but still below the terminal-
age HB (TAHB:; i.e., the end of the He-core burning phase).
We do not know the reason behind this shift for the hotter stars,
but LeBlanc et al. (2010) showed that elemental stratification in
the radiative atmosphere of B-BHB has an effect on the hydro-
gen line profiles. The authors showed that this could result in
underestimation of the log g derived with homogeneous model
atmospheres such as the ones we use for this work.

The few objects found above the TAHB correspond to the
evolved post-HB phase where the nuclear burning occurs in a
shell. These stars are more luminous and have larger radii than
those on the HB; they are also brighter than the bulk of HB stars
and are often referred to as UV-bright objects (see e.g., Moehler
et al. 2019). In NGC 6752, the low-gravity star (id 15070,
Terr = 31.3 kK, log g = 4.86) is much brighter (F275W = 13.1)
than stars of similar color in the CMD shown in Fig. 3. This
object is also known as UIT-1 (from the Ultraviolet Imaging
Telescope, Landsman et al. 1996). An independent study found
Terr =32+ 2 kK and log g = 4.9 £ 0.2 dex from an optical HST
spectrum (P. Chayer, priv. comm.). Moreover, we find that most
of the stars with a post-HB position in the Kiel diagram of both
clusters correspond to brighter objects than the bulk of HB stars
in the NUV-optical CMD (Fig. 3). In the optical CMD (Fig. 2),
they appear shifted to the left compared to the other stars. In
NGC 6752, we have identified, for the first time, a hot hydrogen-
rich sdO (H-sdO, id 738) with T ~ 55 kK that corresponds
to the bluest object in the optical CMD of NGC 6752 (Fig. 2).
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Finally, the five hot BSSs in NGC 6752, including V17 (see
Sect. 6), are significantly below the ZAHB, as expected.

5.3. Helium abundances

The fact that the B-BHB stars, essentially those between the two
jumps (Fig. 8), are shifted downward in the color—color plane
is explained by an increase in atmospheric metallicity and a
decrease in helium abundance, both being the result of diffusion
processes as the surface convection vanishes (Brown et al. 2016).
Figure 10 shows our results in the T.r—He plane.

As mentioned previously, the He lines in stars colder than
the G-jump are very weak and are not necessarily visible in the
MUSE spectra. This is reflected in the very large error bars on
the helium abundance of the coldest stars, meaning that it is
poorly constrained. Nevertheless, the spectral fit for the major-
ity of stars colder than the G-jump is consistent with a solar
helium abundance. Figure 10 shows the expected decrease in He
abundance in the stars hotter than the G-jump (indicated with a
dashed line) until ~15 kK. In stars hotter than 15 kK, the He val-
ues scatter mostly between —2 dex and —3 dex. In w Cen, Fig. 10
clearly shows that our sample includes a handful of He-rich stars
with T between 30 and 40 kK. As expected, we did not find
any such objects in NGC 6752. This is one of the differences
between the HB morphology of the two clusters. These He-rich
stars form the blue-hook population of w Cen that is located at
the faint end of the HB in the optical CMD of Fig. 2. In the
F275W-F606W CMD of w Cen (Fig. 3), the end of the HB
appears to be split into two narrow vertical strips. The He-rich
blue-hook stars in our sample are all found to lie on the bluest
strip. With the MUSE spectra, we did not aim to derive accurate
individual He abundances. However, taken globally, our results
are in good agreement with the previous spectroscopic analy-
ses in NGC 6752 (Moehler et al. 2000; Moni Bidin et al. 2007)
and w Cen (Moehler et al. 2011; Moni Bidin et al. 2012; Latour
et al. 2018).

5.4. Comparison with literature results

In terms of the stellar parameters derived from optical spectra,
Moni Bidin et al. (2012) found that the surface gravity of the
HB stars colder than ~18 kK in w Cen was systematically lower
than the canonical ZAHB and lower than the log g of their coun-
terparts in three other clusters studied by the same group. This
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Fig. 11. Kiel diagrams showing the position of the stars in w Cen for our MUSE sample (black circles) and for samples taken from the literature.
Left panel for the EHB stars (blue squares, Latour et al. 2018) and right panel for the BHB stars (red squares, Moni Bidin et al. 2012, green squares
Moehler et al. 2011). Filled symbols in the left panel indicate the He-rich blue-hook stars. The theoretical HB band for the BaSTI He-normal

models is also shown.

is shown in the right panel of Fig. 11 where the Moni Bidin
et al. (2012) stars lie on the TAHB while our MUSE stars are
on the ZAHB. Interestingly, the B-BHB stars with Tt = 13 kK
lie above the ZAHB in our analysis as well as in the literature
samples (Moni Bidin et al. 2012; Moehler et al. 2011). This leads
us to wonder whether or not it could be a real feature caused
by stratification in the atmosphere (LeBlanc et al. 2010) given
that the literature analyses were also performed with chemically
homogeneous model atmospheres. For the hot stars in w Cen, we
compare our results with the EHB sample of Latour et al. (2018).
We notice that the stars scatter similarly across the EHB in both
studies. The He-rich blue-hook stars are more tightly grouped at
the end of the EHB at T close to 35 kK in the Latour et al.
(2018) sample than in our MUSE sample. Taking into considera-
tion that the typical S/N of our blue-hook spectra (see, e.g., star
210300 in Fig. 4) is rather low, we find our results to be very rea-
sonable. The sample of Latour et al. (2018) also includes some
very He-enriched stars at higher temperatures and surface gravi-
ties than the bulk of the blue-hook objects. Our sample does not
include such objects. This does not mean that they are not present
in the core of w Cen, but their absence is most likely attributable
to the fact that we are not sampling the faintest part of the blue
hook (see Fig. 2) because of the S/N limit.

Figure 12 shows an equivalent comparison to Fig. 11 but for
NGC 6752, including the two literature studies available for this
cluster (Moehler et al. 1999; Moni Bidin et al. 2007). This time,
the sample of Moni Bidin et al. (2007) closely follows the ZAHB
over almost the full Tg range. The slightly lower log g for stars
with T 2 15 kK discussed in Sect. 5.2 is similarly seen in the
sample of Moehler et al. (1999). When looking at the compar-
isons in Figs. 11 and 12, we understand why Moni Bidin et al.
(2012) were puzzled by their results in w Cen. We believe that
there are some issues with their analysis of the (cold) stars in
w Cen, but it is unclear what causes the difference.

6. Variable stars and hot blue stragglers
in NGC 6752

We looked for variable HB stars that could have been observed
by MUSE in our two clusters. We found only two such variable
stars, both in NGC 6752. The two stars are among the HB vari-
ables identified by Momany et al. (2020), who refer to them as
vEHB-1 and vEHB-3. However, these two stars were already

MUSE

MBO07

T N RS

log g

6h
40

20 15 10

Tesr (KK)
Fig. 12. Kiel diagram showing the position of the stars in NGC 6752
for our MUSE sample (black circle) and for samples taken from the

literature (Moni Bidin et al. 2007, red squares and Moehler et al. 1999,
green squares).

known as V16 and V17 in the variable star catalog of Kaluzny
& Thompson (2009)''. According to the literature, the peri-
ods of V16 and V17 are ~19.5 and 3.2 days, respectively. We
indicate the position of the two variables with green star mark-
ers in the CMD (Fig. 2) and atmospheric parameters diagrams
(Figs. 9-10). V16 is located directly on the EHB in the CMD
and has T = 23.6 kK and log g = 4.9. Its spectrum and best
fit are shown in Fig. 5. With these parameters, the star blends in
with the other EHB stars in the log g— Tt and He—Tg¢ planes. Its
spectrum does not show any conspicuous features, and appears
similar to that of other stars with similar parameters (see also
Fig. 5).

V17 sits among a conspicuous small group of six objects
located in between the blue straggler region and the HB (see
Fig. 2). The atmospheric parameters obtained for V17 (T =
9200 K, log g = 4.08) confirm that the star does not belong to
the HB; it lies below the ZAHB (see Fig. 9). Our best fit of
V17 is shown in Fig. 13. This star is also among the sample of
BSSs studied with high-resolution spectroscopy by Lovisi et al.
(2013). The authors derived T = 9016 K and log g = 4.1 from

1" In the following, we adopt the nomenclature of Kaluzny & Thompson
(2009).
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Fig. 13. Best fit of the spectrum of the variable BSS V17 in NGC 6752.
The top panel shows the best fit (red) to the normalized spectrum
(black). The lower panel displays the residuals. Only the regions with
spectral lines of hydrogen are shown.

comparison with isochrones'?. In the sample of these latter
authors, there are two additional BSSs located in the same region
of the CMD as V17. The authors found that these three objects,
being the three hottest of their sample, have higher iron abun-
dances than the cluster value of [Fe/H] = —1.5. The authors
interpreted this in terms of radiative levitation affecting the
chemistry of the hot BSSs. From the BSSs studied in a few other
GCs by the authors, the onset of radiative levitation, indicated by
an increase in Fe abundance but also a decrease in oxygen, starts
at Tegr ~ 7800 K (Lovisi et al. 2013). Among the small group of
hot and bright BSSs in the CMD of NGC 6752, four additional
stars were observed by MUSE (triangles in Fig. 2). We retrieved
their spectra and fitted them in the same way as the other stars
of our sample. As seen in Fig. 9, all of them lie below the HB
and we obtained effective temperatures of between 8400 K and
10600 K. Because they are affected by diffusion, we fitted the
stars with the Z = 0.0 model grid.

Momany et al. (2020) argue that the variability they observed
(typically over periods of 2—10 days and with AU ~0.05-0.2
mag) in a subset of EHB stars in three GCs, including V16 and
V17, is caused by magnetic spots present at the surface of the
stars. The (weak) magnetic fields would be generated by the He 11
convective zone as it reaches the surface in the atmosphere of
EHB stars with Teg close to that of the M-jump. While V16 is
a genuine EHB star with T = 23 KK, V17 is a different type
of object. It is a hot BSS that is significantly colder than the
other EHB variables. It is not clear whether the same mechanism
can also produce such variability in a BSS. We note that while
some BSSs are known to be in binary systems (Giesers et al.
2019), V17 does not show RV variations and its variability cannot
be explained by the presence of a close companion (Momany
et al. 2020).

7. Mass, radius, and luminosity

The mass of an HB star is tightly correlated with its effective
temperature. The mass of the hottest EHB stars, as well as the
blue-hook objects, is essentially that of their He-core, because
their very light hydrogen envelope (M < 0.01 My) makes a

12 They identify it as BSS10.
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negligible contribution. There is only a small range of possi-
ble masses for the He-core (~0.45—-0.50 M) dictated by the
mass required for the He-flash (Dorman et al. 1993). There-
fore, the HB forms a sequence of increasing stellar mass as the
hydrogen envelope becomes “thicker” with decreasing effective
temperature.

For EHB stars in the Galactic field, mass determinations
using various methods, including asteroseismology and eclips-
ing binaries, are in line with theoretical expectations (see, e.g.,
Fontaine et al. 2012; Schaffenroth et al. 2022; Schneider 2022).
The situation is different in GCs, especially for the two clusters
involved in our study. In NGC 6752, Moni Bidin et al. (2007)
reported groups of stars with anomalously low or high masses
along the HB, with the peculiarity that all BHB stars colder
than 10 kK have anomalously low masses. A similar issue was
also reported in w Cen; Moni Bidin et al. (2011) derived masses
lower than the canonical values for the BHB and EHB stars.
Similarly, low masses were reported by Moehler et al. (2011)
for stars colder than 20 kK and by Latour et al. (2018) for the
EHB and blue-hook stars. A mass distribution for BHB or EHB
stars peaking around 0.35 M, is difficult to reconcile with evolu-
tionary models. Although various methods were used to derive
stellar masses in these previous studies, the results were never
fully consistent with theoretical predictions. Here, we attempt to
reconcile spectroscopic masses with evolutionary prescriptions
by combining the latest state-of-the-art data and methods — as
described in Sect. 3.5 — to ultimately derive masses.

In Fig. 14 we show the radii, luminosities, and masses of the
stars in both clusters as a function of the effective temperatures
obtained from the photometric fits (TffIED). The results are avail-
able in the online Tables B.3 and B.4 (see also Appendix B). The
theoretical predictions from the ZAHB and TAHB models with
normal and enhanced helium abundances are indicated as well.

In both clusters, the stars closely follow the theoretical
Tess—radius relation of the ZAHB. The agreement between our
derived luminosity and the predictions is also very good in
both clusters for stars up to ~18 kK. Beyond that temperature,
the scatter increases for the stars in NGC 6752, but the posi-
tion of the stars remains consistent with the theoretical HB. In
w Cen, there is a significant fraction of “underluminous” stars
in this hot regime. However, we note that the underluminous
objects are also the stars with radii smaller than the theoretical
ZAHB prediction. In NGC 6752, the stellar masses follow the
expected decreasing trend with T, but are systematically lower
(by ~0.05 M) than the theoretical prediction up to ~18 kK,
where the masses are then in better agreement with the mod-
els. Typical uncertainties on the masses are of +0.15 M, which
is considerably larger than the systematic difference observed.
The behavior is similar in w Cen, but with a large scatter in the
masses of the cool stars compared to NGC 6752. This is related
to the larger scatter seen in log g in the Kiel diagram. As for the
hottest stars (Ter = 30 kK), they also have lower masses than
expected. This is especially obvious in the case of the He-rich
(blue-hook) stars in w Cen.

We also fitted the SEDs of the stars with T fixed to the
spectroscopic values (see Fig. A.3). This has little effect on the
results for the cooler stars where T5EP and T *P*™ are in good
agreement. For the hotter stars, it does not lead to better agree-
ment between observations and theoretical models. In particular,
the masses remain lower than expected, and this is the case for
the whole temperature range. We discuss these results in more
detail in Appendix A.

For both clusters, in addition to the HB tracks for He-normal
(Y = 0.248) models, we also show the tracks for He-enriched
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models. While the He-enriched population in w Cen is believed
to have a helium content of as high as ¥ = 0.35—-0.4 (Norris
2004; King et al. 2012), that of NGC 6752 would have, at most,
Y = 0.3 (Milone et al. 2018; Martins et al. 2021). In the latter
case, the small difference in helium content does not signifi-
cantly affect the position of the HB tracks. However, the models
with ¥ = 0.35 (shown for w Cen) predict larger and more lumi-
nous stars than what we derived for the stars with T.i below
~20 kK. At higher T, the He-normal and He-enriched tracks
predict similar properties. As concluded from the Kiel diagram,
we can exclude that the cold HB stars in w Cen originate from a
He-rich subpopulation with ¥ > 0.35. This is consistent with the
conclusions from the population synthesis analysis of Tailo et al.
(2016), who populated the colder part of the HB with helium-
normal stars. However, these authors populate everything hotter

than ~13 kK with stars having increasingly more helium, from
Y = 0.30 to Y = 0.37, and they populate the blue hook with
model stars having ¥ = 0.37. Unfortunately, it is in the hottest
part of the HB that the He-enriched models show the smallest
difference from the helium-normal models.

In the course of our SED fits in w Cen, we realized that
two stars (id 240693, 142667) appear to be hotter than estimated
from the spectroscopic fits (T between 50 and 55 kK). We fit-
ted the photometry of these objects with a grid of DA white
dwarf models (Reindl et al. 2016) and estimated 7o ~ 110 kK
and 75 kK, respectively, for these two hot stars'®. With such high
temperatures, these stars are possibly in a post-AGB phase.

13 They are outside the range plotted in Fig. 14.
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Fig. 15. Kiel diagram showing the position of the stars in NGC 6752
(circle) and w Cen (square). The He-rich (blue-hook) objects are indi-
cated with filled symbols.

We also fitted the SEDs of the five BSSs in NGC 6752. As
expected, these stars are smaller and less luminous than the
He-core burning HB. We note that the range of Ts obtained
from the SED fits of the BSSs stars is restricted to 8800-
9400 K. We find masses of between 0.9 and 1.5 M, for these five
objects, which is within the expected values for BSSs in old GCs
(De Marco et al. 2005).

8. Comparison between both clusters

Although they have a similar HB morphology, w Cen and
NGC 6752 are fundamentally different as GCs. The former is the
most complex cluster in the Milky Way and is believed to be
the nuclear star cluster of a dwarf galaxy accreted by the Milky
Way or the result of the merger of two or more clusters (see, e.g.,
Bekki & Freeman 2003; Ibata et al. 2019; Pfeffer et al. 2021). Its
stars have a metallicity spread of more than one order of magni-
tude (2.2 < [Fe/H] < —0.6, Johnson & Pilachowski 2010) and a
significant spread in helium abundance (6Y = 0.1-0.15) as well
(Norris 2004; King et al. 2012). On the other hand, NGC 6752 is
a relatively simple GC, essentially mono-metallic (Carretta et al.
2009a) with a modest spread in helium abundance of ¢Y <0.04
(Milone et al. 2018) and showing a Na-O anticorrelation typical
of Milky Way GCs (Carretta et al. 2009b).

Given these fundamental differences between the two GCs,
we thought it worthwhile to compare the properties of their
HB stars in the Kiel diagram (Fig. 15) and in terms of radius,
luminosity, and mass (Fig. 16). We do not see any significant dif-
ference in the position of the stars in the Kiel diagram between
NGC 6752 and w Cen besides the absence of He-rich (blue-hook)
stars in NGC 6752. This is different from the conclusion of Moni
Bidin et al. (2011, 2012), who found differences in log g and mass
between the HB stars of w Cen and those of three other clusters
(namely NGC 6752, M80, and NGC 5986). Prabhu et al. (2022)
also reported differences in magnitude (in the UV-optical CMD),
radius, and luminosity between the HB stars in w Cen and those
in M13. These latter authors found the hot HB stars in w Cen
to be fainter than model predictions by ~0.5 mag in the far-UV
(FUV). According to their study, these same stars also appear
to have smaller radii and lower luminosity than their counter-
parts in M13. The comparison between the radius, luminosity,
and mass (see Fig. 16) obtained for the stars in our two samples
does not suggest any fundamental difference in these parameters
between the HB stars in w Cen and NGC 6752. We mention in
Sect. 5 that the cold stars in w Cen show greater scatter than
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Fig. 16. Same as Fig. 14 but comparing the results for NGC 6752 (circle)
and w Cen (square).

those of NGC 6752 in the Kiel diagram. This is also the case in
the radius, luminosity, and mass plots. As mentioned above, this
behavior might be linked to the metallicity spread in w Cen.
The remaining major difference between the HB morphol-
ogy of both clusters is related to the He-rich blue-hook stars,
which are present in w Cen but absent in NGC 6752. Only a
few Galactic GCs have a sizable population of blue-hook stars.
Their presence appears to be related to cluster mass, meaning
that blue-hook populations are only found in massive clusters
(Moehler et al. 2004; Rosenberg et al. 2004; Dieball et al. 2009;
Brown et al. 2010; Johnson et al. 2017). However, the pres-
ence of a stellar population with large He enhancement (6Y >
0.09, Milone et al. 2018) also seems to favor the formation
of blue-hook stars'*. The recent characterization of NGC 6402

14 M54, the nuclear star cluster of the Sagittarius Dwarf Galaxy, is an
apparent exception as it does not show a particularly high He enhance-
ment (Milone et al. 2018) but has a large population of blue-hook stars
(Brown et al. 2016).
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supports this idea (D’Antona et al. 2022). As for NGC 6752, it is
not massive enough and does not have a sufficiently He-enriched
population to produce blue-hook stars.

9. Summary

We analyzed the MUSE spectra of more than 400 HB stars hotter
than 8 000 K found in the central regions of the GCs w Cen and
NGC 6752. The MUSE spectra cover the 4750-9350 A spectral
range and include H,, Hg, the Paschen series, He IT 15412, and
a handful of He' lines depending on the spectral type. We fitted
these spectral features with dedicated grids of hybrid LTE/NLTE
model atmospheres in order to derive T, log g, and helium
abundance. We also used our model atmospheres to fit the HST
photometry of the stars in our samples, that is, in up to 5 (for
NGC 6752) and 11 (for w Cen) filters. We used the SED of the
stars colder than 13 kK to estimate the average reddening of the
clusters. We obtained values in perfect agreement with the litera-
ture. From the SED fits of the stars in our sample, we derive radii,
luminosities, and masses by making use of the known distances
of the clusters.

When plotted in the log g — T diagram, the positions of
the stars colder than ~15 kK in both clusters are in excellent
agreement with theoretical @-enhanced BaSTI ZAHB models
with normal helium abundance (Y = 0.247) and a metallic-
ity representative of the mean metallicity of the clusters (i.e.,
[Fe/H] = —1.55). In w Cen, the position of these colder stars (T
< 15 kK) in the Kiel diagram excludes the possibility that they
come from the He-rich (Y = 0.35) subpopulation of the clus-
ter. Their luminosities and radii also support this conclusion. A
milder He-enrichment (e.g., ¥ = 0.3) does not produce measur-
able differences in terms of log g and radius, and only a slightly
higher luminosity in stars colder than 15 kK. We therefore can-
not exclude the possibility that some of the BHB stars have a
modest He enrichment.

We detect the onset of atmospheric diffusion that separates
the A-BHB from the B-BHB stars using three different indica-
tors: via the T of the stars at the position of the G-jump in the
color—color plane (Fig. 8), via the sharp drop in helium abun-
dance measured from the MUSE spectra (Fig. 10), and via the
increase in atmospheric metallicity measured from the photo-
metric fits of the stars in w Cen (Fig. 7). All of these diagnostics
indicate that the transition happens between 11 and 11.5 kK in
both clusters.

We estimated the effective temperatures of the stars also as
part of the SED fits. The spectroscopic and photometric T are
in good agreement for stars colder than 15 kK (see Fig. A.2).
For the stars hotter than 15 kK, the spectral fits generally return
a higher temperature than the photometric fits. This discrep-
ancy between To;™™ and T >EP also affects the reddening
that is estimated from the SED when fixing T to its spectro-
scopic value: the hot stars require a larger reddening in order
to reproduce the photometric measurements (see Fig. A.1). This
is because lowering T or increasing E(B — V) has a similar
effect on the shape of the SED. For now, it remains unclear as to
where this discrepancy in T (and reddening) for the hot stars
comes from, and whether or not it can be solved is uncertain.
Concerning the masses of the HB stars, we find them to be sys-
tematically lower than theoretical expectations by about 0.05 M,
for the HB stars colder than ~18 kK. However, this difference is
well within the typical uncertainty of +0.15 M, on the individual
masses. As for the masses of the EHB stars (Ts > 20 kK), they
are significantly influenced by the adopted temperature, either

T;‘;:D or Te*P*, The former leads to better agreement with the
theory. However, in both cases, the blue-hook stars in w Cen have
significantly lower masses than expected.

We analyzed two of the periodic variables in NGC 6752,
namely V16 and V17 (Kaluzny & Thompson 2009). These stars
were also presented among the sample of 22 periodic EHB stars
discovered in NGC 6752, w Cen, and NGC 2808 by Momany
et al. (2020). We show that, while V16 is a genuine EHB
star with T = 23 kK, V17 is a hot blue straggler star with
Terr ~ 9000 K, which is significantly colder than the other EHB
variables discovered by Momany et al. (2020). It is not clear
whether or not the mechanism invoked by Momany et al. (2020),
that is magnetic fields produced by the presence of surface or
subsurface convective layers, can also produce such variability
in a BSS. The hot BSSs are clearly too cold for the He IT con-
vection zone to reach the surface, but could instead have the He I
convection zone close to their surface. If a similar mechanism is
indeed responsible for the periodic variations in EHB and in V17,
other hot BSSs in GCs might show similar luminosity variations.

10. Conclusion and outlook

In conclusion, we carried out a pioneering spectroscopic and
photometric investigation of the population of HB stars in the
core of NGC 6752 and w Cen. Thanks to MUSE, we obtain a
first glimpse into the BHB and EHB stars in the center of these
two clusters. We find a rich variety of spectral types closely
resembling those studied in the outskirts of the clusters. Our
spectroscopic analysis demonstrates that the MUSE spectra, in
spite of their “red” wavelength coverage, are well suited for the
study of blue HB stars in GCs. These spectra, combined with
the HST photometry of the stars, allowed us to derive the usual
spectroscopic parameters (T, log g, helium abundance) but
also stellar parameters (radius, luminosity, and mass), which we
then compared with theoretical evolutionary models. The analy-
sis method provided us with precise measurements that closely
follow the theoretical predictions for radii, luminosities, and
position in the Kiel diagram for stars with Teg < 15 kK. Although
some discrepancies between theoretical expectations and obser-
vations arise for hotter stars, our results are comparable to those
of previous studies.

The numerous observations taken as part of the MUSE GC
Survey provide an unprecedentedly large number of homoge-
neous spectra of HB stars, not only in w Cen and NGC 6752, but
also in other GCs with a blue HB, such as NGC 2808, NGC 1851,
NGC 5904, NGC 6656, NGC 6093, and NGC 7078. This creates
an opportunity for future detailed studies of several other GCs.
The only limitation is the faintness of the EHB stars, but the
A-BHB and B-BHB stars are bright enough to have good S/N
spectra. Because the MUSE observations are targeting the core
regions of GCs, the stars observed also have HST photome-
try in the five filters included in the HUGS survey (Nardiello
et al. 2018; Piotto et al. 2015), providing a reliable dataset to
perform SED fits. We also want to include additional FUV and
NUV magnitudes from UVIT/AstroSat (Sahu et al. 2022) and
STIS/HST (e.g., for NGC 2808, Brown et al. 2001). This will
hopefully provide further constraints for the photometric fits,
especially for the hot EHB stars. In future papers, we want to
analyze the spectra of HB stars in the GCs listed above, but
also from additional MUSE observations of w Cen (Nitschai
et al. 2023). These new observations fill most of the spatial gap
between the data presented here and the surveys from the liter-
ature (see Fig. 1), and include a few stars in common with the
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previous studies, allowing us to directly compare the spectro-
scopic parameters derived from MUSE and other spectra with a
bluer spectral range.

In the future, Blue-MUSE (Richard etoal. 2019), with a
planned spectral coverage of 3500-6000 A, a resolution of
R ~ 4000, and a 2 arcmin? field of view, will be a perfect instru-
ment for studying the HB and especially EHB stars in GCs.
The wavelength range and resolution will provide spectra sim-
ilar to those of the FORS2 instrument — which has been used for
most literature studies of EHB stars in GCs — but with all the
advantages of an IFU.
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Appendix A: Additional material on SED fits
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Fig. A.1. Reddening versus effective temperature for the stars in
NGC 6752. Stars with T below 13 kK (filled symbols) were
used to derive the average E(44-55), (dashed line).

Appendix A.1: Reddening estimate

We first attempted a simultaneous fit of T and ® in NGC 6752
while keeping the reddening fixed to E(B—-V) = 0.046 mag
(Gratton et al. 2005) but we found a clear trend between T og°P%¢
and T.SEP among the cold stars. This is because both the red-
dening and T affect the shape of the SED in a similar way for
BHB stars. We therefore fixed T to its spectroscopic value and
left the reddening and O as free parameters. We obtained results
as seen in Fig. A.1. In stars hotter than ~15 kK, we notice a clear
increase in the reddening value with Te¢. This behavior is related
to the discrepancy between T and TeSEP in the hot stars,
which is discussed in the following subsection. Because the tem-
peratures obtained from the spectra and the SED fits are in good
agreement for stars cooler than 13 kK, we use the reddening val-
ues obtained from these stars to compute the average reddening.
We proceeded in the same way for w Cen.

The average reddening values obtained for both clusters,
E (44 —-55) = 0.04 + 0.01 mag for NGC 6752 and E (44 —55)
= 0.12 £ 0.02mag for w Cen, are in perfect agreement with
the expected values from the literature (Harris, 2010 edition).
We note here that, for T.;=10000K, the extinction conver-
sion E (B - V)/E (44 —55) = 0.976 (Fitzpatrick et al. 2019). For
w Cen, we used the reddening map of Bellini et al. (2017b) to
take into account differential reddening and therefore applied a
correction to the reddening value of each star. However, these
corrections are within +0.01 mag, which is relatively small.

Appendix A.2: Spectroscopic Tes versus photometric T of

With the reddening fixed, we then performed a second run of
SED fits where T and ® were the two free parameters as
explained in Sect. 7. Here we compared the effective tempera-
tures determined from the spectral fits with those obtained from
SED fits. The results are shown in Fig. A.2. The temperatures
derived from both methods are in good agreement up to ~15 kK.
Above this temperature, the spectroscopic T are generally hot-
ter than the SED Tt by 2—3 kK. For stars hotter than ~30 kK,
neither method is expected to provide robust values. In the case
of MUSE spectroscopy, the Paschen series disappears and few
spectral lines are left to constrain the atmospheric parameters
(see Figs. 4 and 5). In the case of the SED, the peak of the emit-
ted flux moves to the FUV in the hottest stars, and the flux slope
in the optical range loses its sensitivity to temperature changes.
We note that the known reddening and F225W magnitudes in w
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Fig. A.2. Difference in effective temperature between the spec-
troscopic and photometric fits for NGC 6752 (upper panel) and
w Cen (lower panel).

Cen are decisive for constraining Teg from photometry in the hot
objects.

For stars between ~15-30 kK, it is not clear which method
provides the best Teg. In Sect. 5.1, we see that the spectro-
scopic Tg provide realistic temperatures for the M-jump, namely
18.6 kK and 19.5 kK in NGC 6752 and w Cen, respectively. If we
follow the same procedure, this time using the photometric effec-
tive temperatures, we obtain 17.2 kK and 17.1 kK for NGC 6752
and w Cen. These temperatures are lower than expected from
evolutionary models, which put the M-jump at 20—18 kK. The
temperatures at the G-jump remain unchanged.

We also performed the SED fits for both clusters with Teg
fixed to the spectroscopic value, thus leaving ® as the only
free parameter. The resulting radii, luminosities, and masses are
shown in Fig. A.3. In NGC 6752, we see that the stars hot-
ter than 15 kK start to deviate from the predicted tracks; they
are larger, more luminous, and less massive than expected. In
w Cen, the discrepancies in terms of radius and luminosity are
less pronounced than for NGC 6752, but the mass discrepancy is
stronger.

Why the spectroscopic Tesr of the hot stars (Tes = 15 kK) do
not agree with that of their SED remains unclear to us. At this
point, we cannot say which method provides the most accurate
Tess. However, for the cold stars, we have consistent results from
both photometric and spectral fits, as well as a good agreement
with theoretical prescriptions. This demonstrates that the SED
fitting method is a powerful tool for analyzing A-BHB and
B-BHB stars.
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Fig. A.3. Radius, luminosity, and mass versus 7. for the stars in NGC 6752 (left panels) and w Cen (right panels). T is obtained
from the spectral fits and fixed to this value in the SED fitting process. The filled symbols in w Cen indicate the He-rich (blue-hook)
stars. We show the theoretical ZAHB and TAHB for He-normal and He-enriched models.

Appendix B: Description of the online tables

The results of our spectroscopic analysis of the MUSE spec-
tra are only available online at CDS as Table B.1 and B.2 for
NGC 6752 and w Cen, respectively. We include in these tables
columns with star identification numbers, coordinates, atmo-
spheric parameters derived, and their uncertainties as described
in Sect. 3.2, the number of individual spectra combined, and the
S /N of the resulting spectra. We also add a column with alter-
native star names. We provide here the equation to convert the
He abundances from fractional particle number (see Sect. 3.1) to
number relative to hydrogen:

N(He) _ 10¥
log N ogl T (B.1)
where
N(He)
= . B.2
“IN(ton) (B-2)

We note that this transformation is valid when
N(H)+N(He)~N(tot).

The results of the SED fits are presented in four tables.
The first two (Table B.3 and B.4, for NGC 6752 and w Cen,
respectively) present the results obtained when fitting 6 and T
simultaneously. Along with the identification numbers of the
stars, their coordinates, and their obtained parameters (Tesr 6,
radius, luminosity, and mass), we also list the magnitudes col-
lected from the three catalogs we used (Nardiello et al. 2018;
Bellini et al. 2017a; Anderson & van der Marel 2010). Finally,
Tables B.5 and B.6 (for NGC 6752 and w Cen, respectively)
include the results of the SED fits when 6 is the only free

parameter and 7 is fixed to the spectroscopic value.
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