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Abstract

White Dwarfs (WDs) are electron-degenerate structures that are commonly assumed to
evolve via a pure cooling process, with no stable thermonuclear activity at work. Their
cooling rate is adopted as a cosmic chronometer to constrain the age of several Galactic
populations, including the disk, Globular Clusters (GCs) and open clusters.

This thesis work is aimed at the study of the WD populations in globular clusters and is
articulated in two branches.

The first was focused on the study of the bright portion of the WD cooling sequence. By
analyzing high resolution UV data acquired with the Hubble Space Telescope (HST), we
compared the WD luminosity functions (LFs) in four Galactic GCs (namely M13, M3,
NGC6752, and M5) finding an unexpected over-abundance of WDs in M 13 and NGC6752
with respect to M3 and M5. Theoretical models suggest that, consistently with the blue-tail
horizontal branch (HB) morphology of M13 and NGC6752, this overabundance is due to
a population of slowly cooling WDs, i.e., WDs fading more slowly than in a pure cooling
process thanks to an extra-energy source provided by stable thermonuclear burning in their
residual hydrogen-rich envelope. This is the first empirical evidence of WDs fading at a
slower rate than usually assumed, and has a crucial impact on the use of the cooling sequence
as a cosmic chronometer.

The second branch was focused on the search for the companion star to binary millisecond
Pulsars (MSP) in the globular clusters M 13 and NGC 6652: the identified companions turned
out to be helium-core WDs, and provided a invaluable constraints on the mass of the neutron
star and the epoch of the MSP formation.
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Chapter 1

Introduction

1.1 Globular Clusters

Globular Clusters (GCs) are spheroidal agglomerates of large numbers of stars (~ 10* — 10°
stars) bound together by their mutual gravitational interactions, they are among the oldest
(typical values of about 12 Gyr) and metal-poor ([Fe/H] ~ —=2 — —1) stellar systems and
characterized by being bright (Mean absolute magnitude My =~ —7) and compact (half-light
radius up to a few tens of pc, typically ~ 3 — 5 pc) in the Galaxy (commonly referred to as
Galactic Globular Clusters (GGCs)). Thus far, around 162 GCs (Baumgardt et al., 2021)
have been discovered in the Galaxy and mainly distributed in the halo, bulge, and thick disk.

For a long time, globular clusters have been used to constrain stellar evolution models
under the assumption that they are composed of a Simple Stellar Population (SSP), a homo-
geneous group of stars that share the same age and initial chemical composition. While over
the past two decades, it has been discovered that nearly all GGCs contain multiple popula-
tions within them. The internal variations of some light elements (e.g. He, C, N, O, and Na)
were revealed with the ground-based spectroscopic surveys (e.g. Carretta et al., 2009a,b,c;
R. Gratton et al., 2004), and the unprecedented view of multiple population pattern were
presented with the space-based telescope, especially in the UV/near-UV band. (Milone et al.,
2017, Piotto et al., 2015).

The formation of most GGCs occurred 12.5 billion years ago, corresponding to a redshift

of z ~ 5, which was not only the peak time for the formation of the progenitor stars of GGCs,
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CHAPTER 1. INTRODUCTION

but also a crucial stage in the early formation of the Galaxy and even the re-ionization of
the universe (Renzini, 2017). GCs play an important role in connecting individual star to
their host Galaxy (Bica et al., 2016), as well as in exploring early Galaxy and special stellar
populations (Moehler et al., 2008). Figure 1.1 shows an example of the colored image of

globular cluster M3, which is one of the samples of the work in this thesis.

Figure 1.1: HST colored image of globular cluster M3. Credit: ESA/Hubble & NASA, G.
Piotto et al.
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Figure 1.2: An example of optical CMD of globular cluster M3, data from Nardiello et al.
(2018)

1.2 Stellar Evolutionary Phases

1.2.1 CMD

The evolutionary track of individual stars is commonly represented in an Hertzsprung—Russell
Diagram (HR-diagram) with temperature on the horizontal axis and luminosity on the verti-
cal axis, while its observational counterpart, the Color Magnitude Diagram (CMD), is more
frequently to describe the population of stars in clusters using a combination of magnitudes
in different photometric band. Like an HR diagram, the CMD is also composed of the
‘color’, represented by difference in measured magnitudes (blue mag minus red mag) as the

x-axis, and the ‘luminosity’, represented by one of the admired magnitudes as the y-axis.
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Figure 1.3: An example of near-UV CMD of globular cluster M3.

As the stars in clusters share almost the same distance from the observer, the relative mag-
nitudes and color index of these stars are dependent on their physical properties, such as
surface temperature and intrinsic luminosity. On the other hand, several stellar sequences in
GGCs can be well reproduced by isochrones, which are obtained by connecting the dots of
evolutionary tracks at the same time. This means that GCs are still good approximations of

SSP and ideal astrophysical laboratories to explore stellar evolution.

CMD is employed to graphically depict the properties of globular clusters and the target
objects throughout this thesis. An example of the CMD of globular cluster M3, one of
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CHAPTER 1. INTRODUCTION

target object in my work, is shown in Figure 1.2. With the exception of the WD cooling
sequence, which is too faint to be visible, almost all the evolutional sequences are clearly
present. In the optical band (F606W, F814W, see section 1.6), RGB stars are the brightest
stars, and their surface temperature drops (trend to redder) along the luminosity increases
(radius increases). The horizontal branch stars are arranged in a morphology that tends to be
horizontal, as described by their names. While at different wavelengths, the CMD of GCs
will be completely different, as demonstrated by the near-UV (F275, F336W, see section 1.6)
CMD of M3 shown in Figure 1.3. HB stars become the brightest branch and the RGB stars
are strongly suppressed, even luminosity decreases in redder color, while the hottest WDs are
comparable to MS-TO stars. The evolutionary sequences are briefly introduced in following

section.

1.2.2 The evolutionary phases

All potential stellar evolutionary phases, ranging from the Zero-Age Main Sequence to the

final phase, WD Cooling sequence, are highlighted in Figure 1.3 (see also Figure 1.2).

* When the internal pressure of interstellar molecular clouds can’t prevent the gravi-
tational collapse due to the so-called Jeans instability, the formation of a protostar
begins. It will then continually contract until the center reaches the ignition tempera-
ture of nuclear reactions. After several million years, it will settle down to the Main
Sequence (MS) and a star’s life will start.

During the phase of the MS for solar-type stars, the interior energy produced from the
transmutation of Hydrogen to Helium through the p-p chain (for stars with masses 0.4 —
1.2 M) to maintain the stability, this is the longest stage in a star’s life and can reach ~
10 Gyr for solar-type stars. The energy emitted follows the Stefan-Boltzmann law, and
the center nuclear reaction rates are dependent on the central temperature. However,
massive stars with masses larger than 1.2 M reach a temperature large enough to

produce energy through the CNO-Cycle, with a higher sensitivity to temperature.

Along the MS, stars with larger masses tend to have higher temperatures and higher
luminosities, while stars with lower mass such as solar-type stars, are characterized
by lower temperatures and lower luminosities, see the arrow line in Figure 1.3. Since
massive stars have faster evolution rates, the bend off of the Main Sequence will move
downwards to lower mass stars, going from upper to lower. The region extending from

low-mass stars to high-mass stars is where a class of objects known as Blue Straggle
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Star (BSS) can be found. BSS are not part of standard single stellar evolution theory,
so they will not be discussed here (F. R. Ferraro et al., 1992, 1993; Hills et al., 1976;
Leonard, 1989; McCrea, 1964; Portegies Zwart et al., 2019; Sandage, 1953; Zinn
etal., 1976).

The stellar evolutionary history and all physical properties are uniquely determined by
the mass and composition of the star, following the so-called Vogt-Russell Theorem
(Carroll etal., 2017). While itis not arigorous law, it is highly effective for qualitatively
analyzing stellar evolution. The mass is considered the most important parameter for

stellar evolution:

- M, < 0.01 Mg: Objects that are too small to reach the ignition of hydrogen-

burning, like Jupiter, will remain as gas giant planets;

- 0.01 Mg < M, < 0.08 Mg: Its mass is still too small to fuse hydrogen in the
core, so it will become a type of sub-stellar object called brown dwarfs, instead
of reaching the MS.

- 0.08 My < M, < 0.4 Mg: These stars are real stars that will ignite hydrogen in
their cores and reach the main sequence, but they will live for a very long time,
their cores will not reach temperatures high enough to fuse helium or undergo
the triple-alpha process. In theory, they will eventually evolve into helium-core
white dwarfs, but they will require longer than the age of the universe to do so

(see section 1.3.2.)

- 04 My < M, < 1.2 Mg: Solar-type stars, as discussed, will experience the p-p
chain and the Triple-alpha process, and eventually end as carbon-oxygen core

white dwarfs, which is the most common fate of stars.

- 1.2 My < M, < 8 Mg: Similar to the last one. While the temperature at the core
of a star may be high enough to fuse hydrogen through the CNO-cycle, it may

not be hot enough to burn carbon to neon.

- 8 My < M.,: Massive stars have a very short lifespan on the main sequence
and primarily fuse hydrogen through the CNO-Cycle. They may form massive
O-Ne-Mg White dwarfs, but if their core is larger than 1.4 Mg, the so-called
Chandrasekhar limit, they may end their lives as neutron stars or black holes

after a spectacular explosion.
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* During the nuclear reaction in the core, as hydrogen is consumed and the helium-
core mass increases, the effective temperature and surface luminosity slowly and
monotonically increase, while the star slightly contracts until it completely exhausts
the hydrogen in the core. The end of this process is marked by the Main Sequence
Turn-Off Stars (MS-TO), which roughly corresponds to the hottest point on the main

sequence.

* When a star exhausts the central hydrogen, it remains a helium core and does not
contribute to energy production because the temperature is too low for igniting the
helium. At the Sub-Giant Branch (SGB) stage, the helium core continually increases,
as the nuclear hydrogen burning at the base of thick shell. With the stellar core
contracting and the envelope expanding, the effective temperature drops and the surface
luminosity remains almost constant or slightly increases. This transitional phase lasts
several million to one billion years depending on their masses. For intermediate-mass
or massive stars, the duration can even be too short to cause the so-called Hertzsprung

gap, as only a few stars can be observed.

When intermediate or massive stars experience an expansion of their outer layers, the
cooling of these layers and a significant increase in opacity leads to more efficient
energy trapping in the envelope, further promoting the expansion of the outer layers.

While the difference in low-mass stars is that the helium-core is degenerate.

* As the star’s envelope expands, its effective temperature decreases and photospheric
opacity increases, resulting in the formation of an important structure, the convection
zone. The growing convection zone extends to the interior region, making energy
transport to the surface highly efficient, causing the star to enter the Red Giant
Branch (RGB) and rapidly upward along the branch. For low-mass stars (0.4 Mg <
M., < 2.3 M), the partially degenerate helium core is surrounded by a hydrogen-
burning shell. At this stage, the effective temperature is too low to ignite the central
helium. As the core mass grows, its contraction releases gravitational energy, raising
the temperature in both the core and the shell, which in turn, increases the rate of
nuclear reactions in the outer layer and boosts the growth of the helium core mass.
In this feedback loop, the energy produced is more than enough to power the star’s
luminosity. The surplus energy drives the expansion of the stellar envelope against
its own gravity, causing the atmosphere to grow by a factor of ~ 200 and resulting in

a brighter but cooler star, the path is essentially the same as the Hayashi track. The
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CHAPTER 1. INTRODUCTION

process continues until thermal instability is reached, resulting in the classical portion
of the gas igniting He-burning in a partially degenerate environment explosively at the
tip of the RGB: this event is He-flash. The thermal runaway being independent of the
star’s total mass means the magnitude of the tip RGB can be utilized as a standard
candle for measuring distances. However, the entire process only persists for several

seconds and the majority of the energy never reaches the surface.

During the convective process in the envelope, it progressively penetrates the interior
until it reaches an area contaminated by fused materials from thermonuclear reactions,
bringing the fusion products to the surface for the first time and increasing the Helium
abundance on the surface, which process is referred to as the first dredge-up. When
the H-burning shell encounters a discontinuity, the rate of the star’s ascent up the
RGB temporarily decreases and may even temporarily reverse, causing the star to

temporarily stall, which is seen as the RGB-bump in the luminosity function.

Intermediate-mass and massive stars are massive enough to ignite helium in their
cores under classical conditions. As the total mass increases, the contraction of the
core is faster, shortening the time needed to reach the temperature for helium ignition,

resulting in a significantly shorter lifespan for massive stars.
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Figure 1.4: The near-ultraviolet CMDs of M13 and M3 are zoomed in on the horizontal
branch region.
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* One million years after the helium-flash in the core, the star reaches the Horizontal
Branch (HB), where its surface luminosity dramatically decreases and degeneracy is
entirely removed. This stage of evolution is similar to the main sequence but involves
a hydrogen burning shell and helium burning in the core, instead of just hydrogen. In
general, the positions along the horizontal branch are dependent on the masses of the

stars.

Low-mass stars that have undergone a helium flash have similar masses of the helium
core, so the position along the horizontal branch depends on the mass of the stellar
envelope. Smaller envelope stars result in higher surface temperatures and are located
on the blue side of the horizontal branch, while larger envelope stars are located on
the red side. As shown in Figure 1.4, the HB stars in the blue extension of M13
are populated by lower-mass stars, while in M3 the HB stars are more likely to be
populated by higher-mass stars. When HB stars have large stellar envelopes, they can
populate a sort of red clump (e.g. 47Tuc), which can mislead the identification of
red giant branch stars in the field, while asteroseismology is a powerful method that
can be used to distinguish them (Bedding et al., 2011). In old stellar populations,
metallicity is usually the first (the main) parameter controlling the distribution of
HB stars, horizontal branch morphology may depend on other parameters, this is the

so-called second parameter problem to be solved.

» After the central helium is almost consumed, a carbon-oxygen core is formed, sur-
rounded by a helium-burning shell and a hydrogen envelope. The star’s luminosity
increases and its effective temperature decreases, leading it to enter the Asymptotic
Giant Branch (AGB). This is the final evolutionary stage for many stars before reach-
ing the endpoint, the white dwarf cooling sequence. During the Early-AGB stage, the
helium-burning shell primarily contributes to energy production. Intermediate and
massive stars may experience a significant convective episode known as the second
dredge-up. After the helium shell is nearly depleted, the Thermal Pulsing-AGB stage
begins, with the hydrogen-burning shell becoming the dominant energy source. Some
stars may experience the third dredge-up, the deepest convection event in their lifetime.
On the other hand, stars with insufficient envelope masses may skip the complete or
partial AGB phase, e.g. AGB manqué stars (Greggio et al., 1990), PE-AGB stars
(Bressan et al., 2012).

* The essence of the evolutionary history of stars is that their existence is a constant

9
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struggle against their own gravitational forces (Kippenhahn et al., 2013). My work is
mainly focused on the end products, white dwarfs, which are described in detail in the

following section.

1.3 White Dwarfs

White Dwarfs (WDs) are the final evolutionary stage of the vast majority (~ 98%) of stars
in the Universe (Winget et al., 2008). Indeed, all stars with initial mass below 8 My, with
a possible extension to 11 Mg, are expected to end their evolution as WDs (Corsico et al.,
2019; Woosley et al., 2015). Their study can provide a large amount of information about the
physical properties and the evolutionary mechanisms of their progenitors. Moreover, WDs
are the ideal stellar structures to test physical processes occurring under extreme matter
density conditions (Giddings et al., 2008; Isern et al., 2008; Malec et al., 2001).

WDs are commonly envisaged as the naked cores of the progenitor stars that, at the
end of their life, have lost the envelope. Their evolution in time is generally described as
a pure cooling process, during which WDs evolve towards cooler temperatures and fainter
luminosities because essentially they cannot produce energy, either through nuclear reactions,
or by gravitational contraction, and radiate away the residual thermal energy of their ions.
This produces a tight relation between WD luminosities and their cooling ages, which has
been commonly adopted as cosmic chronometer to constrain the age of several populations
of our Galaxy, including the disk, globular and open clusters (e.g., Bedin et al. 2010; Hansen
et al. 2007; Jeffery et al. 2016; Mukremin Kilic et al. 2017).

The assessment of cooling ages of WDs are strongly dependent on precise measurements
of their cooling rates, as well as the corresponding theoretical models. In general, there are
two independent methods to test the cooling rates of WDs (Isern et al., 2022): for a single
white dwarf star, we can derive the rate of period change when experiencing the variable
stage in their instability strip (Benvenuto et al., 2002; Chen et al., 2019; Hermes et al.,
2017; Kepler et al., 2021; Su et al., 2021); for white dwarf populations, like in GCs, the
White Dwarf Luminosity Functions (WDLFs) can convey tremendous information about the
cooling sequences (Moehler et al., 2008), as well as checking many physical speculations
(Catalén et al., 2008; Goldsbury et al., 2016; Isern et al., 2018).

10
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Figure 1.5: Hertzsprung—Russell Diagram (HR-diagram) of the evolutional track of a 1.5 Mg,
star, the neutrino luminosity is marked with dashed line (Isern et al., 2022).

1.3.1 Carbon-Oxygen core white dwarfs

WDs are characterized by a relatively simple structure consisting of a degenerate Carbon-
Oxygen (CO) core and a partially degenerate Helium envelope (~ 102 M), more than
~ 80% of WDs are surrounded by a thin Hydrogen-atmosphere (107 — 10719 M, even
thinner), which are DA WDs according to the spectral type. Remaining are non-DA WDs,
typically DB-type, with only a He-atmosphere. The other remaining small part in non-DA
includes DO, DC, DQ, DZ etc. with different spectroscopic properties (Eisenstein et al.,
20006).

The vast majority of WDs contain a CO core and the mass distribution shows a narrow
peak at 0.59 Mg(Mukremin Kilic et al., 2020), while Myp > 1.05 Mg or more (lower
than chandrasekhar limit), massive WDs may have a Oxygen-Neon (ONe) or Oxygen-
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Figure 1.6: HR-diagram of the theoretical white dwarf cooling tracks with different masses
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populations in GCs are mainly composed of CO-core WDs.

The evolution of CO-core WDs

Mestel (1952) presented the first predictive model of WD Cooling sequence as:

where Ar is in years, L and M are luminosity and mass, respectively. The zero-order

approximation equation of the cooling model is the so-called “Mestel’s law", which simplifies

At o< (L/ M)

12
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the cooling process with the physical parameters as a power-law, so that one can easily find
that the cooling rate is related to its mass and luminosity. Although Mestel’s law can be used
to approximate the cooling process during the median stage, the neutrino emission are even
dominates the energy loss in the very hot phase (-1 < log(L/Lg)), which leading to a cooling
rate faster than that derived from the Mestel’s law. An example of WD Cooling track is given
in Figure 1.5, after the very hot neutrino cooling stage is fluid cooling (-3 < log(L/Ls) <
—1), when reaching the very faint stage of core crystallization (log(L/Ls) < —3), the
additional energy provided by latent heat and gravitational sedimentation causes the cooling
slows down with respect to the Mestel’s law.The final stage comes when the star as a whole
is almost completely solidified, the specific heat follows the Debye’s law and the star cools

rapidly again even approaching or exceeding than that of the Mestel’s law.

WD Luminosity Function

Luminosity Function (LF) defined as the number of stars of a given luminosity per unit
luminosity interval. As mentioned in section 1.3, WD LF plays a key role in exploring WD
populations, whatever in constraining the age of the host Clusters, or testing the physical
mechanism along the cooling sequences, etc. As shown in Figure 1.6, where the dark blue
lines represent different CO WD Cooling track with different masses, and the same age
location is marked with the same dots. WDs with different masses follow different cooling
tracks and different cooling rates, so the cooling rate changes due to the physical process
will be presented in the luminosity function. For example, the cooling rate of massive white
dwarfs is slower than that of less massive ones, so that at the end of the WDCS, a kind of
"hook" appears that can be projected onto the corresponding luminosity function and used
to constrain the age of the GC. In a word, WD luminosity function is the powerful tool for

exploring in many aspects.

1.3.2 Helium-core white dwarfs

Helium-core white dwarfs are generally the Extremely low-mass white dwarfs (ELM WDs)
with masses below ~ 0.3 M, Helium-core WD CSs are redder and brighter than the CO-core
WD CSs in Color Magnitude Diagram (CMD) (see Figure 1.6), thus it is easy to distinguish
the He-core WDs with respect to the CO-core WDs when the precise observational data are
obtained.

Since the timescale required for He-core WDs to evolve from single stars through the nu-

13
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clear reaction is exceeds the current age of the universe (except in some extreme conditions),
almost all observed He-core WDs are thought to have formed from binary evolution(Istrate
et al., 2016; Mukremin Kilic et al., 2007), and a large number of ELM WDs have been
discovered in GCs as companion stars to MSPs (van Kerkwijk et al., 2005), the introduction
of binary MSPs is detailed in Section 1.4.

1.4 WDs as the companion stars to MSPs

1.4.1 Millisecond Pulsars

MSPs are rapidly spinning Neutron Stars (NSs) with periods less than 30 ms (Andrew G.
Lyne et al., 1998) that are distinguished from the “Normal" pulsars population, which have
longer spinning periods. Since the first MSP was discovered in the Globular Cluster (GC)
M28in 1987 (A. G. Lyne et al., 1987), further 236 MSPs have been discovered in 36 Galactic
GCs so far!. More than half of these MSPs are located in a binary system. Although ~ 600
MSPs have been discovered in the Milky Way?2, more than one-third of them are hosted by
GCs, thus suggesting a link between the MSP formation rate and the environment in which
are formed.

MSPs are generally considered the outcome of the evolution of Low-Mass X-ray Binaries
(LMXBs) with a NS primary (see Bhattacharya et al. (1991), F. R. Ferraro et al. (2015),
and Wijnands et al. (1998)). According to this scenario, a slowly rotating NS is spun-up
through mass accretion and angular momentum transfer from an evolving companion star.
Atthe end of a < 1 Gyr long accretion phase, an exhausted and envelope stripped companion
star is left, commonly a He-core white dwarf (WD) (John Antoniadis et al., 2016a; M.
Cadelano et al., 2015a; Driebe et al., 1998; F. R. Ferraro et al., 2003; Istrate et al., 2014b;
Thomas M. Tauris et al., 1999). A special class of binary MSPs in tight orbits with Period
< 1 d are called “Spider" MSPs (Roberts, 2013). They are characterized by having non-
degenerate companion stars which are usually tidally distorted and heated by the interaction
with the pulsar and its relativistic wind (Douglas et al., 2022). The formation of MSPs
can be also explained through alternative channels such as the Accretion-Induced Collapse
(AIC) of a massive Oxygen-Neon or Oxygen-Neon-Magnesium WD. These systems should
be characterized by large orbital periods (Ablimit et al., 2022; Paulo C. C. Freire et al., 2014;

"Pulsars in GCs: http://www.naic.edu/~pfreire/GCpsr.html
2The ATNF pulsar catalog: https://www.atnf.csiro.au/research/pulsar/psrcat/

14


http://www.naic.edu/~pfreire/GCpsr.html
https://www.atnf.csiro.au/research/pulsar/psrcat/

CHAPTER 1. INTRODUCTION

Nomoto, 1987; T. M. Tauris et al., 2013, 2017; B. Wang et al., 2022).

In most cases MSPs are expected to form in the LMXB channel. Mass accretion during
this phase can in principle produce NSs with masses higher than standard slowly rotating
pulsars. Therefore, MSPs studies can provide a tool to determine through observations
the NS mass distribution and maximum mass sustainable by a NS, which is the one of the

most valuable parameter to constrain the equation of state of ultra-dense matter (see John
Antoniadis et al., 2016a; James M. Lattimer, 2012; Ozel et al., 2016).

1.4.2 Companion stars

In the case of MSPs with degenerate companions, such as WDs or NSs, precise mass
measurements of both the binary components can be directly obtained through the timing
analysis if relativistic effects are observed (e.g. periastron precession, Shapiro delay, etc...;
see Section 2 in Ozel et al., 2016). If they are not, mass measurements can be indirectly
performed through the analysis of the WD companions, usually observable through UV and
optical observations. In fact, by comparing the UV-optical magnitudes with appropriate
binary evolution models, the mass of the companion star can be evaluated and such a value,
combined with the orbital properties of the system, can place constraints on the NS mass (e.g.
M. Cadelano et al., 2015a, 2019; Dai et al., 2017; Kirichenko et al., 2020). Furthermore,
spectroscopic observations can also be used to determine the companion radial velocity
curve. This can be combined with the radial velocity curve of the NS to measure the binary
mass ratio, thus providing additional constraints on the NS mass (e.g. F. R. Ferraro et al.,
2003). In some cases, the spectroscopic data is good enough to allow the determination
of the WD mass as well, which combined with the mass ratio allows the determination of
the NS mass (J. Antoniadis et al., 2012; John Antoniadis et al., 2013; Mata Sanchez et al.,
2020). Spectroscopic studies of WD companions have been also very useful for tests of

gravity theories (e.g. John Antoniadis et al., 2013)3.

1.5 GCs as ideal observational laboratories

With respect to this thesis work, the conglomeration of stars hosted in GCs provide the

ideal environment where a large and homogeneous amount of WDs originated by relatively

3 An updated list of NS masses determined from timing and precise optical measurements can be found at
https://www3.mpifr-bonn.mpg.de/staft/pfreire/NS_masses.html
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low-metallicty progenitors with respect to the Galactic field can be found. GCs are ideal
astrophysical laboratories to explore the White dwarf cooling sequences (WDCSs), since
WDs are resulting from the same environment and they appear at the same distance from the
observer. The study of the morphology and star distribution (e.g. Luminosity Function (LF))
along the WD cooling sequence can provide crucial information about the WD physics (e.g.
cooling time and other processes), and it provides a unique opportunity to conduct a census
of the evolved population of massive stars, thus tracing the cluster star formation history.

Moreover, GCs are collisional systems where the high stellar densities and frequent dy-
namic interactions favor the formation of a large number of exotic objects such as Millisecond
pulars (MSPs) (e.g. M. Cadelano et al., 2018; P. C. C. Freire et al., 2017; Ransom et al.,
2005; Ridolfi et al., 2022), Blue Straggle Stars (BSSs) (e.g. Mario Cadelano et al., 2022;
F. R. Ferraro et al., 1993, 1997, 1999; Francesco R. Ferraro et al., 2004) and cataclysmic
variables (e.g. Belloni et al., 2019, 2020; Rivera Sandoval et al., 2018). Therefore, GCs
provide the ideal stellar laboratories to study the formation and evolution of exotic systems,
as well as the complex interplay between stellar evolution and dynamics (M. Cadelano et al.,
2017a; Dalessandro et al., 2013a; F. R. Ferraro et al., 2009, 2012, 2018, 2019; Francesco R.
Ferraro et al., 2020; Barbara Lanzoni et al., 2019; Libralato et al., 2022).

1.6 The Ideal Instrument: the Hubble Space Telescope

In this thesis, all the photometric observational data sets are based on the Advanced Camera
for Surveys (ACS) or Wide Field Camera 3 (WFC3) mounted on the Hubble Space Telescope
(HST) and retrieved from the MAST#. Thanks to the deep and high-resolution data captured
by the HST, even the faint WDs in the dense GCs could be well resolved.

The HST was launched into near-Earth orbit (~ 540 kilometers above the Earth) in
1990 and has been in operation for more than 30 years with maintenance support at several
times (Four service missions between 1993 and 2009). It is a Cassegrain reflector telescope
features a 2.4 m (diameter) primary mirror and a 0.3 m secondary mirror. Because the HST
is commanded from the ground, several spacecraft systems are in place to keep it running
smoothly, including communications antennas, solar panels, thermal protection, pointing
system (the science instrument FGSs is one of them), and computers and automation. The
structure and instruments diagram is shown in Figure 1.7.

There are currently six science instruments (WFC3, ACS, STIS, COS, NICMOS, FGSs)

4Mikulski Archive for Space Telescopes (MAST): https://archive.stsci.edu/
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Figure 1.7: Cutaway diagram of the Hubble Space Telescope (HST). Credit: NASA/STScl.
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Figure 1.8: The observe wavelengths of Hubble’s six scientific instruments. Credit:
NASA/STScl.
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mounted on the HST, covering from ultraviolet through infrared in the spectrum, the ACS
and WFC3 are designed to operate as the imaging camera (ACS also for spectroscopy, HRC
is not operational.) that are powerful in exploring faint objects in dense clusters. The
STIS, COS, and NICMOS (disabled now) are mainly designed to obtain the spectrum in
different wavelengths, while the FGSs are the targeting cameras to keep the HST pointed
in the correct direction, as well as the scientific instrument for measuring the positions of
stars. The working spectral range of six scientific instruments are shown in Figure 1.8. My
work is mainly based on the WFC3 and ACS. Therefore, they are described in the following

sections.

1.6.1 Wide Field Camera 3

Instrument

WEC3, as the successor of the Wide Field Planetary Camera 2 (WFPC2), is the fourth
generation also the last instrument mounted in the HST (in 2009, during Servicing Mission
4.) for taking image in the visible spectrum, which composed by two channels, Ultraviolet-
Visible channels (UVIS) and Infrared channel (IR), covering from the near-Ultraviolet(near-
UV, 200 nm) through near-Infrared (near-IR, 1700 nm) band (Gennaro, 2018). Since the
WDs are hot objects, all data sets obtained from WFC3 in my work use the UVIS channel.

The UVIS channel covers from 200 nm through 1000 nm with a high resolution of
0.04” / pixel, which composed of two 4096 x 2051 back-illuminated CCDs, with a gap of
35 pixel (corresponding to ~ 1.4” on the sky) between chipl and chip2, the final field of
view covers a nominal area of ~ 2.7" X 2.7’. There are 62 wide, medium and narrow-band
filters available, in my work mainly used F275W, F336W, and F438W (F-indicates that it is
a broad-band filter, 275/336/438-refers to the central wavelength of the filter in nanometers,
W-stands for Wide).

Data products

The raw images taken by WFC3 in orbit and their calibrated products could be retrieved from
the MAST, there are kinds of products provided in different calibration stage with different
suffixes. In general, the “fits” images with the “_flc” suffix are used, which are UVIS standard
calibrated images (flat fielding, dark and bias subtraction, etc.) including Charge Transfer
Efficiency (CTE) corrected.
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The final product (take the example of fits image with suffix “_flc”), or the retrieved
single FITS file, including all the images collected from the two chips, as well as the new
information from the data processing by CALWFC3 and AstroDrizzle. For instance, a single
FITS file has 16 (7 + 9) extensions, the first 7 extensions includes 1 Global Header, and
2 image sets (for chip2 and chipl, respectively.), each image set contains 3 data arrays,
the science image [SCI], the error array [ERR], and the data quality array [DQ]. For final
products with suffix of “_flt" and “_flc" have an additional 9 extensions with the astrometric
information. Therefore, before the photometric data reduction, the first step is to split and

extract the science images of chipl and chip2 from the stacked FITS image.

1.6.2 Advanced Camera for Surveys
Instrument

ACS is the third generation instrument and was installed in the HST during Servicing Mission
3B in 2002 (Dressel, 2022), replacing the original instrument Faint Object Camera (FOC).
It has three channels for imaging or spectroscopy, covering from 1150 A through 11000 A:
Wide Field Channel (WFC) is designed for deep imaging and spectroscopic survey; High
Resolution Channel (HRC) is for imaging faint object around bright stars but has been
disabled since 2007; Solar Blind Channel (SBC) is designed for imaging and spectroscopy
in far-Ultraviolet. My work is based on the images captured by WFC in blue and optical
band.

The WEC covers from 350 nm through 1100 nm with a resolution of 0.049”/pixel,
its field of view is ~ 3.37" x 3.37". Like the UVIS in WFC3, the WFC employs also a
mosaic of two 2048 x 4096 back-illuminated CCDs with a 50 pixel (~ 2.49” on the sky) gap
between chipl and chip2. The WFC and HRC share filter wheels, which contain filters of
two different sizes for optical and ultraviolet wavelengths, the full-sized filters can be used
with both channels, while the small-sized filters cover only 72” x 72” for WFEC. The filter
wheels are composed of two sets on one axle, so when a desired filter is selected in one filter
wheel, the other one will automatically rotate to the CLEAR 1L/2L aperture. The full-sized
filters (F435W, F625W, F606W, F814W) were used in my work.

Data products

The raw data obtained from the ACS/WFC are used in the similar calibration pipeline with
WEC3/UVIS, the final structure of the data products is the same as described in section 1.6.1,
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the structure of data products see Figure 1.9.
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Figure 1.9: ACS File structure after Calibrated and Drizzled. Credit: NASA/STScI.
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Chapter 2

Slowly cooling white dwarfs in M13 from
stable hydrogen burning

Mainly based on Chen et al. 2020, Nature Astronomy, Volume 5, p.1170-1177

2.1 Introduction

White Dwarfs (WDs) are the electron-degenerate core remnants of low-mass stars that have
concluded their thermonuclear activity: all stars below 8 Mg, with a possible extension up
to 11 Mg, are expected to end their evolution as WDs (Cdrsico et al., 2019; Woosley et al.,
2015). Their study provides a large amount of information on the physical properties and
the evolution of their progenitors, which constitute ~ 98% of all the stars in the Universe.
They are thought to be characterized by the absence of thermonuclear activity and, in fact,
in the vast majority of theoretical models (Bédard et al., 2020; M. Salaris et al., 2010) stable
nuclear burning in the residual hydrogen-rich envelope (with mass thickness in the range
1074 =107 My p) is assumed to be negligible (L. G. Althaus et al., 2005; Bradley, 1998) and
their evolution, in essentially all the astrophysical textbooks, is described as a pure cooling
process. Because of this relatively simple structure and evolution, the faint-end of the WD
cooling sequence has been proposed as accurate cosmic chronometer to constrain the age of
several Galactic populations, including the disk, globular and open clusters. For this reason,

a notable observational effort with the Hubble Space Telescope (HST) has been devoted to
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the exploration of the WD cooling sequence in Galactic stellar systems (Bedin et al., 2010,
2019; Bellini et al., 2013; Campos et al., 2016; Richer et al., 2008, 2013) , especially in
Globular Clusters (GCs) that are the oldest and richest ones. This is because, in spite of their
relatively large distances (typically ~ 10 kpc), GCs provide large and homogeneous samples
of WDs from coeval progenitors, all located at the same distance from the observer (Moehler
et al., 2008).

However, recent computations (Leandro G. Althaus et al., 2015; Miller Bertolami et al.,
2013; Renedo et al., 2010) demonstrate that even a relatively small amount of residual
hydrogen (a few 10~ M) left by the previous evolutionary stages is sufficient to allow
quiescent thermonuclear burning. For low-mass (< 0.6 M) and low-metallicity (Z<0.001)
WDs this can provide a non-negligible source of energy (larger than 40%) in the brightest
portion of the cooling sequence, which then rapidly becomes negligible at a luminosity L, in
units of solar luminosity L, corresponding to log(L/Ly) ~ —4 (or atlog(T,) ~ 3.7, where
T, is the star effective temperature in kelvin; see Extended Data Figure 2.6). This (usually
neglected) energy source slows down the cooling process, with a consequent observable
impact on the WD Luminosity Function (LF), since an increased cooling time naturally
translates into a larger number of WDs. The delay in cooling time cumulates during the
H-burning phase and reaches a value as large as ~ 760 Myr, which then remains constant and
affects the reading of the cooling time at fixed luminosity along the entire cooling sequence
(see Extended Data Figure 2.6). Models (Leandro G. Althaus et al., 2015; Miller Bertolami
et al., 2013; Renedo et al., 2010) show that the phenomenon is particularly relevant in the
low metallicity regime (Z<0.001). Hence it should poorly affect the high-metallicity WDs
orbiting the Galactic disk, while it is expected to become observable in the typical metallicity

regime of old GCs populating the Galactic halo.

2.2 Results

With the aim of constraining the physics of hot WDs and their cooling processes, here we
present the detailed comparison between the brightest portion of the WD cooling sequence in
two twin old and massive GCs: M3 and M13. These systems represent a classical “Horizontal
Branch (HB) morphology pair” (Francesco R. Ferraro et al., 1997, 1998), because they share
many physical properties (see Extended Data Table 2.1), as the metallicity ([Fe/H] = —1.6)
and the age ( ~ 13 Gyr) (Denissenkov et al., 2017; Dotter et al., 2010; M. Salaris et al., 2002;
VandenBerg et al., 2013), but, at the same time, they display quite different HB morphologies:
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a very pronounced blue tail is present in the Color Magnitude Diagram (CMD) of M 13, while
itis absent in M3. The origin of such a difference is not completely understood yet, although
various hypotheses have been suggested (Catelan, 2009; Dalessandro et al., 2013b). For the
present study, we used a set of ultra-deep HST observations of these two clusters, acquired in
the near-ultraviolet with the UVIS channel of the Wide Field Camera 3 (WFC3)(see Section
‘Data-set and Analysis’ in Methods). The resulting (mg275w, mp275w — mp3zew) CMDs of
M3 and M13 are shown in Figure 2.1. Their superb quality provides a full view of the
stellar populations of the two systems down to mpo75w = 25, allowing a clear definition of
all the evolutionary sequences. As expected in old stellar populations, the bluest portion
of the HB dominates in the F275W band, blue stragglers are comparable in magnitude to
Red Giant Branch (RGB) stars, and bright WDs reach approximately the same luminosity
of Main Sequence Turn-Off Stars (MS-TO) (see Section ‘M3 and M13: differences and
similarities’ in Methods). Indeed, a quite well defined WD cooling sequence, extending by
5 magnitudes in the F275W filter, is clearly visible in the blue side of both CMDs. To make
the comparison between the WD cooling sequences of the two clusters as straightforward as
possible, we shifted the CMD of M3 to match that of M13. We found that only a shift in
magnitude (Am 75w = —0.55+0.02) is required (see Section "M3 and M13: differences and
similarities’ in Methods), providing an impressive match of all the evolutionary sequences
and further confirming that the two systems have approximately (within a few 0.1 Gyr) the
same age. At this point the two CMDs are fully homogeneous and we can focus on the
properties of the WD cooling sequences: the two CMDs (after alignment) zoomed on the
WD region are shown in Figure 2.2. In the following analysis, we conservatively selected
the WD samples down to a magnitude limit m 75w < 23.5, where the completeness level is
larger than 50% at any distance from the center in both clusters (see Section ‘Artificial star
experiments and completeness’ in Methods and Extended Data Figure 2.7), and we excluded
the stars located at more than 3 o from the mean ridge line of the cooling sequence (o being
the photometric error at each magnitude level). The comparison with theoretical WD cooling
sequences (M. Salaris et al., 2010) suggests that the adopted magnitude cut corresponds to
a luminosity log(L/Ly) ~ —1.7, which limits the following analysis to the first ~ 100 Myr
of cooling (see Figure 2.2).

The adopted selection criteria provide 418 and 284 WDs in M 13 and M3, respectively.
Their LFs, both before and after correction for incompleteness, and computed in bins of
0.5 magnitudes are shown in Figure 2.3a. It can be seen that the conservative assumptions

adopted for the sample selection strongly limit the impact of incompleteness: the global
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correction to the adopted samples is smaller than of 15%), with completeness-corrected pop-
ulations counting 467 and 326 WDs in M13 and M3, respectively. Hence, the completeness
correction does not significantly alter the ratio between the number of WDs in the two
clusters, with M 13 showing a population that is approximately 1.4 times larger than that of
M3. Furthermore, also the luminosity distribution along the cooling sequences appears to
be different. To quantify this, we built the normalized m gy75w cumulative distributions of
the two samples (Figure 2.3b) and performed a Kolmogorov-Smirnov test. We found that
the probability that the two WD samples are extracted from the same parent population is
9 x 1073, indicating that the discrepancy is indeed significant and worth to be investigated

in detail.

To take into account the different intrinsic richness of the two clusters, we normalized the
observed samples of WDs to the RGB population (see Section ‘Normalizing the WD samples’
in Methods and Extended Data Figure 2.8), finding that the global population ratios are
Nwp/Nrgp =467/1176 = 0.40 £ 0.02 in M13 and Nwp/Nrgp = 326/1235 = 0.26 + 0.02
in M3. This corresponds to a factor ~ 1.5 more WDs per RGB star (or unit mass) in the
former. Further insights can be obtained from the WD LFs normalized to the RGB reference
populations (namely, the number of WD counted in each magnitude bin, divided by the total
number of RGB stars in the same cluster), which is shown in Figure 2.4. This comparison

clearly confirms the result above.

To understand the origin of this difference we first need to assess whether it is due to
an excess of WDs in M 13, or a deficit of WDs in M3. We thus compared the observations
to theoretical expectations. The selected portion of the cooling sequence is made of WDs
formed at most ~ 80 Myr ago (see Figure 2.2), while the selected portion of the RGB
population samples a time interval (Pietrinferni et al., 2006) of ~ 320 Myr (see Section
“Normalizing the WD samples” in Methods). Given that the ratio between the number of
WDs and RGB stars is proportional to the ratio of the corresponding lifetimes, we should
find Nwp/Nrce = twp/trgs = 80/320 = 0.25, largely independent of the WD mass
and the details of the WD structure (see Section ‘WD lifetime ratio’ in Methods). The
number ratio in M3 (Nwp/Ngge = 0.26 + 0.02) is fully consistent with the theoretical
expectation (Pietrinferni et al., 2006; M. Salaris et al., 2010), whilst the value measured in
M13 is significantly larger, Nwp/Nrgp = 0.40 + 0.02. The comparison of the normalized
differential LFs and the corresponding theoretical expectation based on the evolutionary
time ratio of WDs (M. Salaris et al., 2010) and RGB stars (Pietrinferni et al., 2006) (black
dashed line in Figure 2.4) further confirms that the discrepancy pertains to the faintest portion
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of surveyed cooling sequence of M13. We can thus conclude that the detected difference
between the two clusters is due to a significant excess of WDs in M13 (see also Section
‘Excess of WDs or lack of RGBs?’ in Methods).

2.3 Discussion

As first step, we can safely exclude that the detected WD excess in M13 arises from the
long-term internal dynamical evolution of the cluster (as suggested (Richer et al., 2008),
instead, in the case of NGC 6397), because the sampled cooling time (80 Myr) is much
smaller than the cluster central relaxation time (¢, =~ 320 Myr; see Section ‘The different
BSS and HB content in M3 and M13’ in Methods and Table 2.1).

An increase in the number of WDs could be due to a slower cooling process, or an
additional channel of WD formation. The mechanism needs to be active just in M13 and
could therefore be related to other well-known differences between these two “twin” systems.
Indeed, the observed difference in the WD populations could be linked to the different
morphologies of the HB. In fact, because of their small envelope mass, the bluest HB stars
are expected to completely or partially skip the subsequent Asymptotic Giant Branch (AGB)
phase, with a significant impact on the size of the residual hydrogen-envelope in the forming
WD and its cooling time (Leandro G. Althaus et al., 2015).

The adopted BaSTI theoretical models (Pietrinferni et al., 2006) show that, at metallicity
7Z=0.001, HB stars with masses smaller than ~ 0.56 M do not experience the thermal
pulse-AGB stage, where helium and hydrogen are alternatively burned in two separate
shells surrounding the Carbon-Oxygen (CO) core, and during which the third dredge-up
can occur. This is the deepest convective event occurring in a star’s life. It takes place
when the (more external) hydrogen-burning shell is temporarily turned off and the surface
convection penetrates in the stellar interior extending down to the inter-shell region, which
was previously mixed by inner convection during a temporary ignition of the He-burning
shell (a thermal pulse). During the third dredge-up, a significant amount of carbon is carried
into the convective envelope and, in turn, a significant amount of hydrogen is brought down
inside the star, and there it is burned. Thus, the occurrence (or not) of the third dredge-up
affects the residual mass of hydrogen with which the proto-WD reaches its cooling track,
consequently impacting the WD structure and cooling time. More specifically, appropriate
theoretical models (Leandro G. Althaus et al., 2015) found that the proto-WD stars skipping
the third dredge-up have hydrogen envelopes thick enough to guarantee stable hydrogen-
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Figure 2.1: The color-magnitude diagrams of M13 and M3. Observed (mgy7sw, mp7sw —
mr33ew) CMDs of M13 (left-hand panel) and M3 (right-hand panel). The mean photometric
errors (1 s.e.m.) in bins of 1 magnitude are also reported on the right side of each panel.
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Figure 2.2: The WDs cooling sequences in M3 and M13. WD cooling sequences in the
CMDs of M13 (left) and M3 (right, after the alignment). The WDs selected for the present
analysis are marked with large black dots. The red lines are theoretical models reported onto
the observational diagram by assuming the distance modulus and the reddening of M 13 (F. R.
Ferraro et al., 1999), (m— M)y = 14.43 and E(B-V) = 0.02. As apparent, the MS and MS-
TO region of both clusters are well reproduced by a 12.5 Gyr old and @ —enhanced isochrone
from the BaSTI dataset (Pietrinferni et al., 2006), with metal and helium mass fractions Z =
0.001 and Y = 0.246, respectively, corresponding to a global metallicity [M/H]= -1.27 and
an iron abundance [Fe/H]= -1.62. Both the WD cooling sequences are well matched by the
cooling track (M. Salaris et al., 2010) of a 0.54 My CO-WD with hydrogen atmosphere,
transformed (Bellini et al., 2013) to the WFC3 filters. The mean errors (1 s.e.m.) are also
marked.
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Figure 2.3: Comparing the WD LFs of M3 and M13. a, Observed and completeness-
corrected differential luminosity functions (grey shaded histograms and colored lines, re-
spectively) of the WDs selected in the two clusters. b, Cumulative luminosity functions
obtained from the completeness-corrected WD samples in M3 (red line) and M13 (blue
line), normalized to the total number of WDs in the respective cluster.

burning during the WD cooling evolution, with a resultant extra-energy production that
increases the cooling time. At the metallicity of M3 and M13, the minimum thickness
needed (Renedo et al., 2010) to sustain hydrogen-burning is ~ 1.7 x 10™* Mg and the
cooling time is increased by ~ 75% at the minimum WD luminosity sampled in our study
(log(L/Lg) ~ —1.7; see Extended Data Figure 2.9).

These arguments support the fact that, along with “standard WDs” well described by
models (Bédard et al., 2020; M. Salaris et al., 2010) with no hydrogen-burning, also *“slow
WDs” may exist, generated by progenitors that do not experience the third dredge-up during
the thermal pulses. Due to their longer cooling times, these slow WDs could explain the
observed pile-up along the WD LF in M13. The HB morphology of this cluster and its AGB-
HB population ratio (see Section ‘AGB manqué stars in M 13’ in Methods and Extended Data
Figure 2.10) seem to suggest that a fraction of its stars does indeed skip this evolutionary
stage and could therefore give origin to slow WDs. In fact, not only some AGB manqué star
(i.e., stars missing the AGB phase completely) is observed in the CMD (see Section ‘AGB
manqué stars in M13’ in Methods), but also other objects are expected to leave the AGB
before the onset of thermal pulses.

Overall, theoretical models predict that all the stars with HB mass smaller than 0.56 M,
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Figure 2.4: The Normalized WD LFs in M3 and M13. WD differential LFs normalized to
the total number of RGB stars selected in the two clusters (see Extended Data Figure 2.3):
red circles for M3 and blue circles for M13. The mean errors (1 s.e.m.) are also reported.
The black dashed line corresponds to the theoretical ratio between the standard WD and
RGB evolutionary times (Pietrinferni et al., 2006; M. Salaris et al., 2010) as a function of
the WD magnitude.
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Figure 2.5: Comparison with theoretical cooling models including slow WDs. Comparison
between the cumulative, completeness-corrected, WD luminosity function of M 13 normal-
ized to the number of RGB stars (blue line), and the theoretical predictions obtained by
assuming WD evolution (Leandro G. Althaus et al., 2015) with no hydrogen-burning (100%
standard WDs; dashed line), and a combination of 70% (slow) WDs with active hydrogen-
burning and 30% (standard) WDs with no hydrogen-burning (solid line).
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(this limit depending on the metallicity) do not experience the thermal pulses (hence the
third dredge-up) and can thus generate slow WDs. To estimate the fraction of HB stars with
mass below this threshold in M13 and M3 we adopted the HB mass distributions determined
in previous studies (Dalessandro et al., 2013b) that not only match the observed number
distribution of HB stars in magnitude and color, but also reproduce, within 1%, the observed
Nagp/Npgp ratio of both clusters. We found that only a very small percentage (well below
10%) of HB stars has masses below 0.56 M, in M3, thus suggesting that the WD population
in this cluster descends from objects that experienced the third dredge-up. The fraction,
instead, increases up to 65% in M13.

Putting all these arguments together, we should expect that in M13 (and possibly in any
cluster with extended blue HB), two populations of WDs exist:

(1) standard WDs, whose progenitors experienced thermal pulses and third dredge-up,
reaching the cooling sequence with a hydrogen envelope not massive enough to ignite stable
burning;

(2) slow WDs, originated by stars with HB mass smaller than ~ 0.56 M, that skipped the
third dredge-up and maintained a residual hydrogen envelope thick enough to allow burning

during the subsequent WD evolution, significantly increasing their cooling times.

Could this double WD formation channel be at the origin of the bright WD excess detected
in M13? To quantitatively test this scenario we have performed Monte Carlo simulations of
the entire RGB-HB-WD evolutionary path appropriate for M3 and M 13 (see Section ‘Monte
Carlo simulation’ in Methods), randomly extracting a large set (one million) of age values
from a uniform distribution between zero (the base of the adopted RGB selection box; see
Extended Data Figure 2.8) and the maximum WD age at the bottom of the considered cooling
sequence (mpa75w = 23.5), and determining the position of the corresponding synthetic stars
along the full (RGB-HB-WD) evolutionary sequence.

For the WDs in M3 we used only cooling models (Leandro G. Althaus et al., 2015) with
no hydrogen burning, and we found Nyg/Ngrgpe = 0.29 and Nywp/Nrge = 0.25, in very
good agreement with the observed values (0.28 + 0.02 and 0.26 + 0.02, respectively). This
fully confirms that essentially all the WD progenitors in M3 experienced the third dredge-up.
In M13 we imposed that 35% of the synthetic HB stars generate standard WDs and 65% give
origin to slow WDs, described, respectively, by cooling models with non-active and active
hydrogen burning. Given the longer cooling times of the WDs from the “slow channel”, we
find that they contribute to 70% of the total WD population in the relevant magnitude range.

From these simulations we obtained Nyp/Nrcp = 0.34, in satisfactory agreement with the
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observed value (0.31 + 0.02), and Nwp/Ngrge = 0.37 that now compares well with the
observed ratio (0.40 + 0.02). Moreover, the observed cumulative LF in M13 is impressively
well matched by the simulations including a majority of slow WDs, while it turns out to be
completely inconsistent with the curve obtained by assuming 100% of standard WDs (see
Figure 2.5).

2.4 Conclusions and future perspectives

Our results suggest that residual hydrogen-burning on the WD surface is the physical phe-
nomenon responsible for the bright WD excess observed in M13. The fact that this phe-
nomenon occurs in M13 and not in M3 is well consistent with the different HB morphology of
the two clusters. Actually, at odds with M3, the HB of M 13 shows a long extension to the blue
that is populated by lower mass stars; these are destined to skip the third dredge-up occurring
along the AGB, during which most of the hydrogen remaining in the stellar envelope is con-
sumed. Thus, a significant fraction of the stars in M13 are expected to end their evolution as
WDs characterized by a hydrogen envelope massive enough to allow thermonuclear burning
that, in turn, slows down the cooling process and consequently affects the observed LF. At
the moment, this appears to be the most viable and natural explanation, while alternative
scenarios should invoke ad hoc and unknown mechanisms able to increase the production or
slow down the cooling process of the WDs in M13, and not in M3. The discovery reported in
this paper represents the first direct evidence for the occurrence of stable nuclear burning in
the residual hydrogen envelope of cooling WDs and offers an empirical measure of the delay
in the flow of time marked by the WD clock in the presence of slowly cooling WDs. Even
considering the relatively small portion of the cooling sequence studied here, the effect turns
out to be notable: the cooling age at mpy75w = 23.5, (corresponding to log(L/Lg) = —1.7)
as read from canonical WD models is 80 Myr and increases to 140 Myr (Ar = 60 Myr,
corresponding to an increment of 75%) when WD models with active hydrogen-burning are
adopted.

Systematic and quantitative studies (even of the bright portion, only) of the WD cooling
sequence in star clusters with different HB morphologies and different metallicities are
now urged to firmly establish and empirically characterize the connection between the HB
morphology and the WD excess, and its dependence on the metal content of the system. This
will provide the needed observational constraints to advanced models of WD evolution, and it

will allow a correct use of WDs as cosmic chronometers, removing systematic uncertainties
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that can be as large as 1 Gyr.

2.5 Methods

2.5.1 Data-set and Analysis

For this study we have used a set of ultra-deep, high-resolution images acquired with the
UVIS channel of the Wide Field Camera 3 (WFC3) on board the Hubble Space Telescope
(HST). The data-set in each cluster is composed of 6 images (each one with exposure time
of 415 s in M3, and 427 s in M13) in the F275W filter, and 4 images (each one 350 s long in
both clusters) in the F336W.

The photometric analysis was performed via the Point Spread Function (PSF) fitting
method, by using DAOPHOT IV (Stetson, 1987) and following the “UV-route” approach
used in previous works (Mario Cadelano et al., 2020; Dalessandro et al., 2018a,b; F. R.
Ferraro et al.,, 1997; Francesco R. Ferraro et al., 2001a, 2003a; S. Raso et al., 2017).
Briefly, the photometric analysis was carried out on the “_flc” images (which are the UVIS
calibrated exposures, including Charge Transfer Efficiency (CTE) correction) and it consists
in first searching for the stellar sources in the near-UV images, then force-fit the source
detection at longer wavelengths at the same positions of the UV-selected stars. Because
the crowding effect generated by giant and turn-off stars (which are increasingly brighter at
increasing wavelengths) is strongly mitigated in the near-UV images of old stellar populations
(as Galactic globular clusters), this procedure allows the optimal recovering of blue and faint
objects, like WDs. So, at first, we selected 200-300 bright and unsaturated stars, relatively
uniformly distributed in the sampled field of view, to determine the PSF function of each
F275W exposure. The resulting model was then applied to all the sources detected above 5 o
from the background, and the stars found at least in half of the UV images were combined
to create a master list. The photometric fit was then forced in all the other frames at the
positions corresponding to the master list stars, by using DAOPHOT/ALLFRAME (Stetson,
1994). Finally, the magnitudes estimated for each star in different images of the same filter
were homogenized, and their weighted mean and standard deviation have been adopted as
the star magnitude and its related photometric error. The instrumental magnitudes were
calibrated to the VEGAMAG system and the instrumental coordinates have been put onto
the International Celestial Reference System by cross-correlation with the catalogue obtained
from the HST UV Globular Cluster Survey (Piotto et al., 2015). The analysis of the sharpness
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quality parameter of the PSF fitting procedure shows no significant evidence of non-stellar

sources in the WD sample under analysis (mgy7sw < 23.5).

2.5.2 M3 and M13 differences and similarities

The CMDs shown in Figure 2.1 clearly illustrates the well-known similarities and differences
between the two clusters. First of all, the different HB morphology, with a lack of stars redder
than (mpy7sw — mp3zew) = 0.5 and a blue tail extension becoming apparent at colors bluer
than (mpa7sw — mpszew) = 0 in M13. A copious population of RR Lyrae (observed at
random phases) is, instead, clearly visible in the CMD of M3, as a sort of stream of stars
at mpy7sw > 16.5 and (mpy7sw — mpszew) > 0.8. Also, the different BSS content is well
apparent, with a significantly larger population in M3 compared to M13 (F. R. Ferraro et al.,
2012, 2018; Francesco R. Ferraro et al., 1997; B. Lanzoni et al., 2016).

Apart from these differences, the overall morphology of the CMDs appears to be very
similar. To make the comparison more direct, we shifted the CMD of M3 to match that of
M13. Indeed the two clusters share many physical properties (see Extended Data Figure 2.6)
and, in particular, they have approximately the same metallicity ([Fe/H] ~ —1.6) and
age (t ~ 13 Gyr) (Denissenkov et al., 2017; Dotter et al., 2010; M. Salaris et al., 2002;
VandenBerg et al., 2013). Hence, the MS-TO and the sub-giant branch appear to be optimal
reference sequences in the UV-CMD to determine the shifts in magnitude and color needed
to make the two CMDs coincident. We found that only a shift in magnitude (Amga75w =
—0.55 £ 0.02) is required to superpose the CMD of M3 onto that of M13, providing an

impressive match of all evolutionary sequences.

2.5.3 Artificial star experiments and completeness

For a quantitative study of the WD populations in terms of star counts, it is necessary to
take into account the completeness of the photometric catalogues. We thus evaluated the
completeness level of the stars observed along the WD cooling sequences in M3 and M 13, at
different magnitudes and different distances from the cluster centers, by performing artificial
stars experiments. To this end, we followed the standard prescriptions (Bellazzini et al.,
2002; M. Cadelano et al., 2020; Dalessandro et al., 2015) that we briefly summarize here.
For each cluster, we created a list of artificial stars with a F275W (input) magnitude extracted
from a LF modelled to reproduce the observed one. Then, each of these stars was assigned

a F336W magnitude obtained by interpolating along the mean ridge line of the WD cooling
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sequence in the (mpa75w, mrysw — mrp3zew) CMD. The artificial stars thus generated were
then added to the real images by using the DAOPHOT/ADDSTAR software, and the entire
photometric analysis was repeated following exactly the same steps described in Section
‘Data-set and Analysis’ above. To avoid artificial crowding, the added stars were placed
into the frames in a regular grid of 23 x 23 pixels (corresponding to about fifteen times the
FWHM of the stellar sources), each cell containing only one artificial star during each run.
The procedure was iterated several times and more than 150,000 artificial stars have been
overall simulated in the entire field of view sampled by each cluster.

The ratio between the number of artificial stars recovered at the end of the photometric
analysis (N,) and the number of stars that were actually simulated (N;) defines the com-
pleteness parameter C = N,/N;. As well known, the value of C strongly depends on both
crowding and stellar luminosity, becoming increasingly smaller in cluster regions of larger
density and at fainter magnitudes. We thus divided the sample of simulated stars in bins of
cluster-centric distances (stepped by 5”) and F275W magnitudes (from ~ 18 to ~ 25, in steps
of 0.5 mags) and, for each cell of this grid, we counted the number of input and recovered
stars, calculating the corresponding value of C. The sizes of the radial and magnitude bins
were chosen to secure enough statistics while keeping as high as possible both the spatial
resolution and the sensitivity of the completeness curve to changes in the stellar luminos-
ity. The uncertainties assigned to each completeness value (o¢) were then computed by
propagating the Poisson errors, and typically are on the order of 0.05. The construction of
such a completeness grid allowed us to assign the appropriate C value to each observed WD
with given F275W and F336W magnitudes, located at any distance from the cluster center
(see Extended Data Figure 2.7). As expected, C progressively decreases toward the cluster
center and for fainter and fainter magnitudes. However, the completeness level remains
relatively high down to very faint magnitudes, being larger than 50% for mpy75w =~ 24 and

mra7sw = 24.2 in M3 and M 13, respectively.

2.5.4 Normalizing the WD samples

To take into account the intrinsic richness of the two clusters, we used as normalization
the number of stars counted in a post-main sequence stage, which is directly observable,
independent of parameters like distance and reddening, expected to be the same in systems
of equal total mass, age and metallicity, and only dependent on stellar evolutionary times
(Renzini et al., 1986). In particular, because of their large luminosities (corresponding to

large completeness levels at any distance from the center), we adopted as reference the RGB

35



CHAPTER 2. SLOWLY COOLING WHITE DWARFS IN M13 FROM STABLE
HYDROGEN BURNING

population. Taking advantage of the excellent alignment obtained between the CMDs of the
two clusters, we used the same selection box, sampling the entire RGB extension nearly down
to base of the RGB (located at mpy75w ~ 18.9) up to the tip (see Extended Data Figure 2.8).
We counted 1176 RGB stars in M13 and 1235 in M3. According to the BaSTI evolutionary
track25 of a 0.8 M, star with appropriate metallicity, the time needed to evolve across the
selected portion of the RGB is ~ 320 Myr.

2.5.5 WD lifetime ratio

The derived lifetime (Pietrinferni et al., 2006; M. Salaris et al., 2010) ratio between the
cluster WDs down to the considered limiting magnitude (mg75w ~ 23.5 ) and the selected
RGB stars is equal to twp/trgp = 0.25, independent of the adopted WD mass for values
between 0.50 and 0.60 My, which are appropriate for the present study. The same ratio,
and in general the same cooling times at each point across the relevant magnitude range, are
found when we employ independent calculations by other authors (Bédard et al., 2020), both
their models with hydrogen mass fraction equal to 10~ times the total WD mass (like in
the adopted computations (Leandro G. Althaus et al., 2015)), and those with much thinner
hydrogen layers (10710 x My p).

2.5.6 Excess of WDs or lack of RGBs?

In principle, the large Nwp/Ngrgp ratio measured in M13 does not necessarily imply an
excess of WDs in this cluster: it could also be explained by a severe lack of RGB stars.
Indeed, because of some mass-loss enhancement during this phase, a fraction of RGB stars
in M13 could evolve directly to the helium-core WD stage before the helium flash: after all,
the bluest objects along the cluster HB have masses only slightly larger than the helium-core
mass at helium ignition, as discussed below. However, the study (Sandquist et al., 2010)
of the luminosity function of RGB stars in M13 discloses no convincing evidence that a
sizeable fraction of stars leaves the RGB before undergoing the helium flash. We can thus

safely conclude that M 13 hosts a genuinely larger population of WDs with respect to M3.

2.5.7 The different BSS and HB content in M3 and M13

It has been noted in many previous papers (F. R. Ferraro et al., 1997, 2012, 2018; B. Lanzoni
et al., 2016), that these two clusters host quite different populations of blue stragglers. This
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is apparent also in the CMDs presented in Figure 2.1, where we count 153 BSSs in M3 and
only 62 in M 13, if we adopt the same prescriptions and selection box used in previous works
(F. R. Ferraro et al., 2018). In addition, the BSS radial distribution, which can be used as
“dynamical clock” (F. R. Ferraro et al., 2012, 2018; B. Lanzoni et al., 2016), is different in
the two systems, testifying that M3 is more dynamically evolved than M 13, also in agreement
with the values of the central relaxation time derived from the cluster structural parameters
(Harris, 1996)(see Table 2.1). The relaxation times of both systems are larger than the age
of the oldest WDs here considered, denoting that the observed difference cannot be due
to internal dynamical processes. In general, it is seemingly hard to associate the different
blue straggler properties and the different cluster dynamical stages to the observed excess of
bright WDs in M13.

We then investigated the role that the well-known difference in the HB morphology might
play. As it is apparent in Figure 2.1, the HB of M13 has a long extension to the blue (hot
temperatures), at odds with that of M3, and many studies in the literature have tried to explain
this difference. A detailed comparison (Catelan, 2009) between the two clusters, concluded
that, independent of the adopted mass-loss recipe, the HB morphology cannot be reproduced
in terms of an age difference (Denissenkov et al., 2017; Dotter et al., 2010; M. Salaris
et al., 2002; VandenBerg et al., 2013), which (if any) must be very small. Hence, at least
one additional parameter should be invoked to account for the blue HB extension observed
in M13, and subpopulations of helium-enhanced stars are in principle a viable solution.
In fact, for any given cluster age, MS-TO and RGB stars belonging to a helium-enhanced
subpopulation have masses lower than their helium-normal counterparts, thus producing
bluer HB stars (for fixed RGB mass-loss) with thinner envelopes around the helium cores. A
recent detailed analysis (Dalessandro et al., 2013b) estimated that, to account for the observed
HB morphologies, the HB stars in M3 had to have a spread AY = 0.02 in their initial helium
mass fraction, whilst in the case of M13 AY =~ 0.05. A larger Y spread among the HB stars of
M13 was estimated also in other similar analysis (Denissenkov et al., 2017). Other authors
(Milone et al., 2018) instead, found that the maximum internal helium variation between the
reddest and bluest HB stars in each of the two clusters is essentially the same, implying a
difference of just 0.01 in the helium mass fraction of the two systems. Although these results
demonstrate that the origin of the discrepancy it still not clear, as a matter of fact the HB

morphology is strikingly different in the two clusters.
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2.5.8 AGB manqué stars in M13

Interestingly, the extreme blue group in the HB blue-tail of M13 defines a sort of vertical
sequence (here named extreme-HB) that counts ~ 96 stars, corresponding to approximately
25 % of the total HB population of the cluster (see Extended Data Figure 2.10). In addition,
seven evolved HB stars are also visible in the CMD at mgy75sw < 15.6, lying exactly on the
extension of the extreme-HB sequence and tracing a sort of evolutionary path. According to
our adopted BaSTI models25, these objects have masses below ~ 0.5 Mg. Hence, they likely
are AGB-manqué stars (Greggio etal., 1990), i.e., objects that completely skip the AGB phase
and directly evolve toward the WD stage, because their envelope is so thin that no helium-
burning can be ignited in a shell surrounding the carbon-oxygen core after the HB stage.
Indeed, this seems to be consistent with the population ratios measured in the two clusters.
We adopted appropriate selection boxes to count the AGB and HB populations in the optical
and UV-CMDs, respectively (see Extended Data Figure 2.10). The AGB-HB ratio turns
out to be significantly (at 2 o level) smaller in M13 (Nsgp/Ngp = 30/368 = 0.08 + 0.01)
than in M3 (Nagp/Nup = 45/344 = 0.13 £ 0.02), in agreement with the hypothesis that a
fraction of HB stars in M 13 miss the entire AGB phase (and give rise to ‘slow WDs’), while

this does not happen in M3, where no HB blue-tail is present.

2.5.9 Monte Carlo simulations

To test quantitatively the proposed scenario, we have performed Monte Carlo simulations,
using WD cooling models (Leandro G. Althaus et al., 2015) with a thick hydrogen envelope
and efficient hydrogen-burning (obtained from the full evolution of progenitors that do not
experience the third dredge-up), and their counterpart with hydrogen-burning artificially
switched off. The output luminosities have been transformed (Bellini et al., 2013) to the
magnitudes of the WFC3 photometric system the same way as done for the standard models
(M. Salaris et al., 2010). In the relevant magnitude range, the models (Leandro G. Althaus
etal., 2015) with no hydrogen-burning have the same cooling times of the “standard” models
(M. Salaris et al., 2010) employed before, despite a hydrogen-envelope a few times thicker.
For the RGB evolution, we have considered BaSTI tracks (Pietrinferni et al., 2006) of
appropriate metallicity (Z=0.001), with helium abundance (and evolving mass) in agreement
with the distribution derived (Dalessandro et al., 2013b) in each cluster. We emphasize that
the evolutionary timescale in the considered RGB portion (see Extended Data Figure 2.8) is

essentially insensitive to the precise value of the stellar mass around a value of 0.8 Mg and
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to the initial helium abundance, for values up to Y ~ 0.30 . The model age has been set to
zero at the faint limit of the adopted RGB selection box (see Extended Data Figure 2.8). For
the HB and subsequent WD evolution, we treated M3 and M 13 separately.

For M3 we considered the evolutionary timescales of a 0.66 My BaSTI HB model
(Pietrinferni et al., 2006) for the same Z and initial Y, finding tzp ~ 92 Myr (this value
is essentially independent of the initial Y in the relevant helium mass fraction range). The
adopted mass value corresponds to the mode of the HB mass distribution (Dalessandro et al.,
2013b). The total age (RGB plus HB) has then been added to the cooling age of 0.54 Mg
WD models (Leandro G. Althaus et al., 2015) without nuclear burning. The neglected AGB
evolution, between the end of the HB phase and the beginning of WD cooling, provides a
negligible contribution to the total age of the WD models.

In the case of M13 we have performed the same kind of simulations, employing the
same RGB mass, but two different HB masses for the two WD channels. To simulate the
progenitors of slow WDs, we have considered a HB model with mass equal to 0.51 Mg,
which corresponds to the mode of the distribution (Dalessandro et al., 2013b) of the HB
masses below 0.56 M. The corresponding HB lifetime is ~ 117 Myr (this value is not
affected appreciably by the fact that such a star is predicted to be enhanced in helium by
AY = 0.045). For the standard WDs, we have instead considered a HB model with mass
equal to 0.60 My (the mode of the mass distribution of HB stars more massive than 0.56
M), with a lifetime of 93 Myr. Finally, for the evolution of standard WDs we used the same
WD models (Leandro G. Althaus et al., 2015), without nuclear burning, employed in M3,
whilst for the slow WDs we adopted models with the same mass but with active hydrogen
burning. These models have a cooling age of about 140 Myr at the faint magnitude limit
considered in our analysis, a factor 1.75 higher than for models without nuclear burning in
the envelope. We proceeded as for M3, but separately for the ‘standard’ and ‘slow’” WD
channels, and then added together the two samples of RGB+HB+WD synthetic stars with
the constraint that the number of HB stars from the simulation of the ‘slow” WD channel

must be equal to 65% of the total number of synthetic HB objects.
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Figure 2.6: The effect of stable H-burning on a low mass WD. a, Contribution of stable
H-burning (Leandro G. Althaus et al., 2015; Miller Bertolami et al., 2013) (via PP and CNO
chain) to the global luminosity of a low metallicity (Z=0.001), low mass (0.54 My) WD as a
function of its decreasing luminosity. H-burning provides a significant contribution (larger
than 40%) to the WD luminosity in the brightest portion of the cooling sequence, becoming
negligible at log(L/Ls) =~ —4 and log(Te) =~ 3.7 (see the temperature scale in the top axis).
b, Delay (Leandro G. Althaus et al., 2015; Miller Bertolami et al., 2013) in the cooling time
induced by stable H-burning, with respect to a model without burning. The time delay keeps
increasing during the phase of active H-burning and reaches a value as large as ~ 760 Myr,

which then remains constant during the entire subsequent evolution.
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Table 2.1: Physical parameters of M3 and M13. From top to bottom, the listed parameters are:
metallicity, age, V-band absolute integrated magnitude, logarithm of the central luminosity
density (in units of Lopc™), logarithm of the central relaxation time (in years).

Parameter M3(NGC 5272) MI13(NGC 6205) Reference

[Fe/H] -1.50 —1.53 Harris (1996)(2010 edition)
Age 12.6 12.9 Denissenkov et al. (2017)
My -8.88 -8.55 Harris (1996)(2010 edition)
log(v,) 3.57 3.55 Harris (1996)(2010 edition)
log(t,¢) 8.31 8.51 Harris (1996)(2010 edition)
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Figure 2.7: The completeness distribution of the WD populations of M13 and M3. Com-
pleteness parameter as a function of the F275W magnitude and color-coded in terms of the
distance from the cluster center (see color bars) for each WD detected in M13 (left-hand
panel) and in M3 (right-hand panel). The mean error (1 s.e.m.) is also reported.
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Figure 2.8: The RGB reference population. Selection box (red shaded area) adopted to
define the RGB “reference population” in the observed and realigned CMDs of M13 and
M3. The number of red giants counted in each cluster is also marked. The mean errors (1
s.e.m.) are also marked.
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Figure 2.9: WD cooling time for models with and without hydrogen burning. Comparison
between the cooling times of a low metallicity, 0.54 My, WD with and without hydrogen-
burning (Leandro G. Althaus et al., 2015) (solid and dashed lines, respectively). The red
segment marks the difference in the cooling time at the luminosity of the faintest WD
considered in this study, log(L/Lg) = —1.7 and reports the absolute difference between the
two cooling time values (60 Myr), corresponding to a 75% increase if hydrogen-burning is
active, with respect to the ‘standard’ (no-burning) case.
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Figure 2.10: HB and AGB populations in M3 and M13. a, UV-CMD of M13 zoomed in the
HB region. The extreme-HB (E-HB) and the 7 candidate AGB-manqué stars are highlighted
as blue circles. b, AGB and HB selection boxes in the optical- and UV-CMD (top and bottom
panels, respectively) for the two clusters. The population star counts are also marked in each
panel. The mean photometric errors (1 s.e.m.) are also marked in all panels.
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Chapter 3

Slowly Cooling White Dwarfs in
NGC 6752

Mainly based on Chen et al. 2022, ApJ, Volume 934, Number 2

3.1 Introduction

Recent models (Leandro G. Althaus et al., 2015) show that even an extraordinary small
amount of residual hydrogen (a few 10™*My,) left over from the previous evolutionary stages
is sufficient to allow quiescent thermonuclear burning. This can provide a non-negligible
source of energy that slows down the cooling rate, especially in the low-mass (< 0.6M)
and low-metallicity (Z < 0.001) regimes, which are typical of Globular Clusters (GCs) in
the Galactic halo. In turn, an increased evolutionary time-scale naturally translates to an
increased number of WDs for any fixed luminosity, with a consequent observable impact on
the WD Luminosity Function (LF).

The first observational evidence of slowly cooling WDs has been recently provided (Chen
et al., 2021, hereafter C21) by the analysis of Hubble Space Telescope (HST) ultra-deep
photometric data acquired in the near-ultraviolet for M3 (NGC 5272) and M 13 (NGC 6205).
These two Galactic GCs are considered “twin” systems because they have very similar iron
abundance ([Fe/H]~ —1.5), age (¢ ~ 12.5 Gyr), total mass, and central density (see, e.g.,
C21). In spite of such a similarity, C21 discovered a clear excess of WDs in the LF of
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M13 with respect to M3, and showed that the detected overabundance is very well described
by assuming that ~ 70% of the WD population in M13 is composed of slowly cooling
objects, while the objects in M3 cool down as expected from standard models. This result is
fully consistent also with the different morphology of the horizontal branch (HB) observed
in the two systems (e.g., Dalessandro et al., 2013b; F. R. Ferraro et al., 1997): The HB
of M13 shows a pronounced extension to the blue, while no blue tail is observed in M3,
where the HB is populated in both the red and the blue side of the instability strip, with a
sizeable population of RR Lyrae stars. The different morphology is the direct manifestation
of different stellar mass distributions along the HB, with the stars populating the blue tail of
M13 being less massive than those at the red edge, and those on M3 HB. In turn, the stellar
mass during the HB phase is the parameter mainly determining the occurrence (or not) of
the so-called ‘third dredge-up’, a mixing process taking place during the Asymptotic Giant
Branch (AGB) phase, which is the evolutionary phase immediately following the HB and
preceding the WD stage. This process efficiently mixes the material present in the envelope
of AGB stars, bringing most of the hydrogen deeper into the stellar interior, where it is
burned. As a consequence, stars experiencing the third dredge-up reach the WD stage with
not enough residual hydrogen to have an efficient burning. On the other hand, stars evolving
from the blue side of the HB have envelope masses too small to reach the AGB and therefore
do not experience the third dredge-up, and they reach the WD stage with a residual hydrogen
envelope thick enough to sustain stable thermonuclear burning, thus delaying their aging
(Leandro G. Althaus et al., 2015). Most of the stars in M13 (those populating the blue side
of the HB) skip the third dredge-up (the so-called post-early AGB and AGB-manqué stars)
ending their lives as slowly cooling WDs. On the other hand, according to the observed HB
morphology, the HB stars in M3 have large enough masses to reach the AGB and therefore
evolve later as standard WDs. The presence of slowly cooling WDs in M13 and the lack

thereof in M3 explains the observed numerical excess in the LF of the former.

C21 therefore demonstrated that the presence of slowly cooling WDs can be recognized
from the analysis of the WD LF, and it is connected to the HB morphology. Specifically,
slowly cooling WDs are expected in clusters with moderate metallicity and blue-tail HB. In
this context, here we present the analysis of the bright portion of the WD cooling sequence of
NGC 6752, a Galactic GC with metal abundance and HB morphology very similar to those of
M13 (see its main parameters in Table 3.1). NGC 6752 and M13 also share a very low value
of the R, parameter, defined as the ratio between the number of AGB and that of HB stars:
Ry = Nag/Nug = 0.06-0.07 (Cassisi et al., 2014; Cho et al., 2005; Sandquist et al., 2004).
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Table 3.1: Main physical parameters of NGC 6752.

Parameter References

E(B-YV) 0.046 + 0.005 R. G. Gratton et al., 2005
0.040 Harris, 1996(2010 edition)

[Fe/H] -1.48 +£0.01 R. G. Gratton et al., 2005
—1.54 Harris, 1996(2010 edition)

(m— M) 13.13 F. R. Ferraro et al., 1999

Age (Gyr) 12.5+0.75 Dotter et al., 2010

log vo(Lo/pc® ) 5.04 Harris, 1996(2010 edition)

logt,. (yr) 6.88 Harris, 1996(2010 edition)

This is consistent with the findings of R. G. Gratton et al. (2010), who empirically showed
that the R, parameter correlates with the HB morphology (clusters with blue extended HB
have lower R; values), because the stars located in the bluest portion of the HB skip the
AGB phase.! The simulations of Cassisi et al. (2014) also confirmed that the parameter R,
of NGC 6752 is well reproduced by standard HB models, and they show that the distribution
of stellar masses along the HB in this cluster is essentially the same as in M13 (Dalessandro
et al., 2013b).

Because of its similarity with M13 in terms of metallicity ([Fe/H]~ —1.5; R. G. Gratton
et al., 2005), age (t ~ 12.5 Gyr; e.g., Dotter et al. 2010; M. Salaris et al. 2002; VandenBerg
et al. 2013), HB morphology, and HB mass distribution, NGC 6752 thus offers the ideal
conditions to further test the presence of a substantial population of slowly cooling WDs in
GCs with blue HB morphology. Being closer to Earth than M 13, it also allows us to extend

the study of this new class of objects to fainter magnitudes.

The paper is organized as follows. Section 3.2 describes the adopted data reduction, cal-
ibration and completeness-correction procedures. The analysis of the WD cooling sequence
and LF is presented in Section 3.3, which is followed by the discussion of the results and

conclusions in Section 3.4.

INote that Simon W. Campbell et al. (2013)(see also S. W. Campbell et al. 2017) claimed that all stars of
second generation (i.e., with [Na/Fe]< 0.2; see Raffaele G. Gratton et al. 2012 for a review) skip the AGB.
However, this result has been challenged by synthetic HB simulations (Cassisi et al., 2014), and by both
spectroscopic (Lapenna et al., 2016; Mucciarelli et al., 2019) and photometric observations (Gruyters et al.,
2017) that found evidence of both first and second generation stars along the AGB of NGC 6752.
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3.2 Data reduction

The high-resolution photometric data-set of NGC 6752 used in this work has been acquired
in the near-ultraviolet (near-UV) with the HST under GO-12311 (PI: Piotto) and GO-11729
(PI: Holtzman), using the UVIS channel of the Wide Field Camera 3 (WFC3). It is composed
of 12 long exposures (369 s each) in the F275W filter and 3 images in the F336W (2 x 500
s,and 1 x 30 s).

The photometric analysis was carried out on the _fI/c images (which are the UVIS
calibrated frames, also corrected for Charge Transfer Efficiency (CTE)), after applying the
Pixel Area Map (PAM) correction. We used DAOPHOT IV (Stetson, 1987) to follow the so-
called ‘UV-route’, which consists in first searching for stellar sources in the near-UV images,
then force-fit the source detection at the same positions of the UV-selected stars in longer
wavelength images (M. Cadelano et al., 2019; Mario Cadelano et al., 2020; Dalessandro
et al., 2018a,b; F. R. Ferraro et al., 1997; Francesco R. Ferraro et al., 2001a, 2003a; S. Raso
et al., 2017). This procedure allows the optimal recovering of blue and faint objects, like
WDs, because the crowding effect generated by giants and Main Sequence Turn-Off Stars
(MS-TO) (which get brighter with increasing wavelengths) is strongly mitigated in near-UV

images of old stellar populations (as Galactic GCs).

At first we selected ~ 250 bright and unsaturated stars, relatively uniformly distributed
in the sampled field of view, to determine the Point Spread Function (PSF) function of each
exposure. The resulting model was then applied to all the sources detected above S0~ from
the background, and the stars found at least in half of the UV images were combined to create
a master list. The photometric fit was then forced in all the other frames at the positions
corresponding to the master list stars, by using DAOPHOT/ALLFRAME (Stetson, 1994).
Finally, the magnitudes estimated for each star in different images of the same filter were
homogenized, and their weighted mean and standard deviation have been adopted as the star’s
magnitude and its related photometric error. The instrumental magnitudes were calibrated
to the VEGAMAG system and the instrumental coordinates, once corrected for geometric
distortions (Bellini et al., 2011), have been put onto the International Celestial Reference
System by cross-correlation with the catalog obtained from the HST UV Globular Cluster
Survey (Piotto et al., 2015). A selection in sharpness was applied to remove non-stellar
objects (background galaxies) mainly affecting the faintest end of the sample. All stars
with sharpness parameter larger than 0.2 have been removed. An accurate additional visual

inspection of the images was then necessary to decontaminate the sample from spurious
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detections and artifacts in the regions surrounding heavily saturated stars (Annunziatella
etal., 2013).

3.2.1 Color-magnitude diagram and comparison with M13

The final (mp275w, Mmp27sw — me3zzew) CMD of NGC 6752 is shown in Fig. 3.1. It spans
approximately 11 magnitudes, providing us with a full view of the cluster stellar population
down to nearly mpy7sw = 25, and with a clear definition of all the evolutionary sequences. As
expected in the UV-band, the luminosity of RGB stars is substantially decreased with respect
to optical wavelengths, while hot HB stars are the brightest objects. Also a sparse population
of blue straggler stars is clearly visible (see Sabbi et al. 2004), covering a magnitude range
comparable to that spanned by the RGB. Notably, the bright portion of the WD cooling
sequence appears well defined and populated, reaching luminosities comparable to those of
MS-TO stars, and covering ~ 6 magnitudes in the CMD.

The comparison with Fig. 1 of C21 reveals that the overall morphology of the CMD
evolutionary sequences in NGC 6752 is very similar to that observed in M13. Indeed,
the MS-TO and the sub-giant branch can be adopted as optimal reference sequences to
determine the shifts in magnitude and color needed to superpose one CMD on the other. We
found that a magnitude shift Ampy75w = —1.04 + 0.02 and a small color shift A(mpy7sw —
mp3sew) = +0.04 +0.01 are required to move the CMD of M 13 onto that of NGC 6752. The
measured differences are compatible with the shorter distance (~ 3 kpc closer, F. R. Ferraro
et al. 1999) and the larger reddening (6E(B — V) = 0.02 — 0.03, see Table 3.1 and Harris
1996) of NGC6752 with respect to M13. Indeed the superposition provides an impressive
match of all the evolutionary sequences, including the cooling sequence (see Fig. 3.2). In
particular we notice that, although being less populated, the HB of NGC 6752 shares the
same morphology observed in M13: HB stars are distributed over the same color range,
—0.6 < (mp275w — mp3zew) < 0.4, with no redder HB stars being detected in both clusters.
Also the WD cooling sequences are well superposed, with that in NGC 6752 reaching fainter

magnitudes, consistently with its shorter distance from Earth.

3.2.2 Artificial star tests

To perform a quantitative study of the WD population of NGC 6752 in terms of star counts, it
is necessary to take into account the photometric completeness of the WD cooling sequence

at different magnitudes and different distances from the cluster centre. This is particularly

49



CHAPTER 3. SLOWLY COOLING WHITE DWAREFS IN NGC 6752

16 -

18

Mpoysy

20 I~

22 .

24 |-

m

m

F275W ' 'F336W

Figure 3.1: Near-UV Color Magnitude Diagram (CMD) of NGC 6752.
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Figure 3.2: Observed (Co-added mpy75w, mpy7sw — mr3zew CMDs of NGC 6752 (black
dots) and M13 (red dots, from C21). A magnitude shift Ampgr7sw = —1.04 and a color shit
A(mpa7sw — mpsszew) = 0.04 have been applied to the CMD of M 13 to match that of NGC
6752.
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important in dynamically evolved stellar systems like NGC 6752, which is classified as a post
core collapse cluster (Harris, 1996). Indeed, the innermost portion (r < 10”) of the stellar
density profile shows a clear excess with respect to the King (1966) model that properly
fits the external regions (Francesco R. Ferraro et al., 2003a), consistently with its post core
collapse classification.?

To estimate the photometric completeness, we performed artificial stars experiments
following the prescriptions described in detail in Bellazzini et al. (2002)(see also M. Cade-
lano et al. 2020; Dalessandro et al. 2015), that we summarize quickly here. As first step,
we created a list of artificial stars with an input F275W magnitude sampling the observed
extension of the WD cooling sequence. Then, each of these stars was assigned a F336W
magnitude obtained by interpolating along the mean ridge line of the WD cooling sequence
in the (mpy7sw, mpy7sw — mpssew) CMD. The artificial stars thus generated were then added
to the real images by using the DAOPHOT/ADDSTAR software, and the entire photometric
analysis was repeated following exactly the same steps described in Section 3.2. To avoid
artificial crowding, the added stars were placed into the frames in a regular grid of 23x23
pixels (corresponding to about fifteen times the FWHM of stellar sources), each cell con-
taining only one artificial star during each run. The procedure was iterated several times
and, at the end, more than 100,000 artificial stars were simulated in the entire field of view.

The ratio between the number of artificial stars recovered at the end of the photometric
analysis (number of output stars, N,) and the number of stars that were actually simulated
(number of input stars, N;) defines the completeness parameter ® = N, /N;. As it is well
known, the value of ® strongly depends on both crowding (hence, the distance from the
cluster center) and stellar luminosity, becoming increasingly smaller in cluster regions of
larger density and at fainter magnitudes. We thus split the sample of simulated stars into
bins of cluster-centric distances (stepped by 5”) and F275W magnitudes (from ~ 18, to
~ 25, in steps of 0.5 mag) and, for each cell of this grid, we counted the number of input
and recovered stars, calculating the corresponding value of ®. The sizes of the radial and
magnitude bins were chosen to secure enough statistics while keeping as high as possible
both the spatial resolution, and the sensitivity of the completeness curve to changes in the
stellar luminosity. The uncertainties assigned to each completeness value (ogp) were then

computed by propagating the Poissonian errors, and typically are on the order of 0.05. As

2The advanced stage of dynamical evolution of this system is further certified by the high radial concentration
of its blue straggler stars (see F. R. Ferraro et al. 2018; B. Lanzoni et al. 2016), which is a powerful indicator
of dynamical age (the “dynamical clock”, see F. R. Ferraro et al. 2012, 2018, 2019; Francesco R. Ferraro et al.
2020).
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Figure 3.3: Distribution of the WD completeness parameter @, as a function of the F275W
magnitude. The 622 selected WDs are plotted as blue circles: they all have ® > 0.45, while
those fainter than mpy75w = 24.5, or located at distances smaller than 10” from the cluster
center (empty circles) have been excluded from the analysis, to avoid the risk of inappropriate
completeness corrections.

coordinates of the center of gravity we adopted the values quoted in Francesco R. Ferraro
et al. (2003a): Cgray is located at ayoo = 19" 10™ 525.04, 672000 = —59°59’04” .64 with a
typical 1o uncertainty of 0”.5 in both aj2000 and 6,2000.The Cgray has been computed by
averaging the coordinates of all stars detected in the central portion of the cluster (see B.
Lanzoni et al. 2007b, 2010; Barbara Lanzoni et al. 2019; Miocchi et al. 2013)

The construction of such a completeness grid allowed us to assign the appropriate
@ value to each observed WD, with a given F275W and F336W magnitude, located at
any distance from the cluster center. The behavior of the completeness parameter as a
function of magnitude is shown in Fig. 3.3 for all the detected WDs. By excluding the
overcrowded innermost region (r < 10”) and the faintest end (mpy75w > 24.5) of the cooling
sequence (empty circles in the figure), we obtain a well sampled population of 622 WDs

with completeness level larger than 45% (blue circles).
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3.3 Analysis and results

3.3.1 Sample selection and WD LF

The impressive match between the CMDs of NGC 6752 and M 13 shown in Fig. 3.2) allows
us to perform a direct comparison among the properties of the two clusters, even using the
same set of isochrones and cooling tracks adopted in C21 for M13. Indeed, Fig. 3.4 shows
the cooling track of a 0.54 M, carbon-oxygen core WD with hydrogen atmosphere (DA-type)
from M. Salaris et al. (2010) nicely reproducing the position of the observed WD cooling
sequence, and the 12.5 Gyr a-enhanced isochrone with metal abundance Z = 0.001 and
helium mass fraction ¥ = 0.246 from the BaSTI models (Pietrinferni et al. 2006; see also
Hidalgo et al. 2018; Pietrinferni et al. 2006) simultaneously reproducing the MS-TO region

of the cluster.

The well-defined cooling sequence in the CMD allowed us to select the WD sample
straightforwardly. First, we excluded the objects located more than 30 away from the
mean ridge line of the WD cooling sequence, with o being the photometric error at the
corresponding magnitude level. Then, as discussed above, we conservatively selected stars
located at distances larger than 10” from the cluster center and at magnitudes mpgy7sw < 24.5,
to keep the completeness level above 45%. The adopted magnitude cut corresponds to a
cooling time of ~ 460 Myr, significantly longer than the case of M13, where the analysis
was limited to the first 100 Myr of cooling (see C21). Thus, the cooling time sampled by the
WD sequence in NGC 6752 is of the order of 0.5 Gyr. Although this is a significant range
of cooling times, it corresponds to a negligible variation in terms of WD mass: indeed, the
expected difference in mass between a WD that is currently starting the cooling process, and
a WD with a cooling age of 0.5 Gyr is 0.001 M, only.

The adopted selection criteria provide a total of 622 WDs in NGC 6752. The LFs
computed in bins of 0.5 magnitudes are shown in Figure 3.5 for both the observed and the
completeness-corrected samples (shaded and blue histograms, respectively). It can be seen
that the conservative criteria adopted for the sample selection strongly limit the impact of
incompleteness: the global correction to the adopted samples is smaller than 15%, with the

completeness-corrected population of WDs counting 705 stars.
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Figure 3.4: CMD on NGC 6752 zoomed on the WD cooling sequence, with the WD samples
selected for analysis denoted by black dots. The red lines are the same set of theoretical
models used in C21 to reproduce the evolutionary sequences observed in M13: a 12.5 Gyrold
isochrone from the BaSTI dataset (Pietrinferni et al., 2006) well fitting the cluster MS, and the
cooling sequence of a 0.54M hydrogen atmosphere CO-WD from M. Salaris et al. (2010).
The red squares flag three cooling ages along the cooling track. The dashed horizontal line
marks the adopted magnitude limit of the analyzed WD sample, corresponding to a cooling
age feool < 460 Myr.
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Figure 3.5: Observed and completeness-corrected luminosity functions (shaded and blue
histograms, respectively) obtained from the selected WD sample (black dots in Figure 3.4).
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3.3.2 Comparing the WD LF of NGC6752 and M13

For a proper comparison between the WD LFs of NGC 6752 and M13, we need to take into
account the intrinsic mass of the two clusters. According to the procedure adopted in C21,
we used as normalization the number of RGB stars. The stars are bright (corresponding to
high completeness levels at any distance from the center), and for a given total stellar mass of
the host population their number depends only on the evolutionary speed, which is the same
in clusters with the same initial chemical composition and age (see, e.g., Renzini et al. 1986).
Taking advantage of the excellent match obtained between the CMDs of the two clusters (see
Fig. 3.2), the RGB population was selected in the observed CMD by using the same box
adopted for M13, that samples the entire RGB extension down to its base (see Figure 3.6).
Of course, the RGB stars have been counted in the same cluster area considered for the WD
selection (r > 10”), providing a total of 335 objects.

The completeness-corrected number of WDs counted in the various magnitude bins,
divided by the total number of RGB stars thus obtained, finally provided us with the WD
LF normalized to the RGB reference population, shown in Fig. 3.7 (blue circles). The
corresponding normalized WD LF of M13 (from C21) is plotted in the same figure in red
for comparison. Although the WD LF of NGC 6752 reaches much fainter magnitudes than
that of M 13, the match between the results in the two systems is really impressive, with the
portions in common being almost indistinguishable. This provides strong evidence that the
two clusters share the same type of WD population, suggesting that also NGC 6752 hosts a
relevant fraction of slowly cooling WDs, as expected from its HB morphology.

This expectation is also consistent with the conclusion by Cassisi et al. (2014) that the
mass distribution along the HB in the two clusters is essentially the same, with the large
majority of HB stars having masses smaller than ~ 0.56 M. According to theoretical models
(BaSTI and Bono et al. 2020), at the considered metallicity (Z = 0.001), these stars do not
experience the thermal pulse AGB stage during which the third dredge-up occurs. We can
thus assume that, as in M 13, approximately 70% of the WD progenitors in NGC 6752 end
their evolution with hydrogen envelopes thick enough (a few 10™*M,) to guarantee stable
H-burning during the subsequent WD cooling stage. The same proportion between standard
and slowly cooling WDs (~ 30% and 70%, respectively) is therefore expected in the two
clusters.

To quantitatively test this prediction, the left panel of Fig. 3.8 compares the completeness-
corrected cumulative LF, normalized to the number of RGB stars, of NGC 6752 WDs (thick

blue line), with the results of Monte Carlo simulations of the entire evolutionary path from
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Figure 3.6: Selection box (black line) of the RGB sample (blue dots) in NGC 6752. The box
is equal to that used in M 13 (but for the color and magnitude shifts needed to align the two
CMDs; see Figure 3.2). The number of RGB stars has been used as normalization factor of
the WD samples to account for the different intrinsic richness of the two clusters.
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Figure 3.7: Completeness-corrected WD differential LFs, normalized to the number of RGB
reference stars, for NGC 6752 (blue circles) and M13 (red circles). The same magnitude
shift adopted in Fig. 3.2) has been applied to the LF of M13.

the RGB, to the HB and then the WD stages, specifically computed by adopting the HB mass
distributions determined for M3 and M13 (see C21). The simulation including 100% of
standard WDs (as observed in M3) corresponds to the dashed line in the figure, while the run
including a combination of 30% standard WDs and 70% slowly cooling WDs is marked with
the black solid line. As expected, the WD LF of NGC 6752 is in impressive agreement with
the latter, demonstrating that, according to the cluster HB morphology, the WD population
is dominated by a relevant fraction of slowly cooling objects. For the sake of comparison,
the right panel of Figure 3.8 shows the normalized WD cumulative LF of M13 determined
by C21, together with the same models plotted in the left panel. The faintest WDs sampled
in NGC 6752 have luminosities of just ~ 10727 Lo, significantly fainter than those probed in
M13. Thus the results presented in this work provide further solid support to the existence

of slowly cooling WDs, and to the scenario traced in C21 about their origin.

3.4 Conclusions

The key points linking the presence of slowly cooling WDs in a cluster to its HB morphology

can be summarized as follows.
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Figure 3.8: Left panel: WD cumulative LF of NGC 6752, corrected for completeness and
normalized to the number of RGB stars (thick blue line), compared to the results of Monte
Carlo simulations including 100% standard WDs (dashed line), 100% slowly cooling WDs
(dotted line) and a combination of 30% standard WDs and 70% slowly cooling WDs (black
solid line). Right panel: the same for M 13 (red thick line, from C21).
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Figure 3.9: Top panel: Contribution of stable H-burning (via PP and CNO chain) to the
luminosity of a low metallicity (Z=0.001), low mass (0.54 My) WD as a function of the
luminosity. Bottom panel: Delay in the cooling time induced by stable H-burning, with
respect to a model without burning. The two vertical lines mark the luminosity reached in

NGC 6752 (present work) and in M13 (C21).
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1. The energy support responsible for slowing down the cooling process is provided by
stable H-burning in the WD external layers, which is made possible by the presence
of a H-rich residual envelope containing enough mass (on the order of a few 107 M;
see, e.g., Renedo et al. 2010). More standard WDs like those in M3 have a H content
below the threshold for H-burning ignition, and thus progressively cool in time with

no sources of active energy production.

2. According to Leandro G. Althaus et al. (2015), the third dredge-up is the crucial
event regulating the mass of the residual hydrogen in proto-WDs. In fact, during the
third dredge-up carbon is carried into the convective envelope and, in turn, hydrogen
is brought down inside the star, where it is burned. Thus, the occurrence (or lack
thereof) of the third dredge-up affects the residual H envelope of the proto-WD when

it reaches its cooling track, impacting its structure and cooling time.

3. Theoretical models (e.g., Bono et al. 2020) show that at Z = 0.001, HB stars with
masses smaller than ~ 0.56 M, skip the thermal pulse AGB stage, where the third
dredge-up occurs. This is because their envelope mass is so small that the alternate
helium and hydrogen burning in shells surrounding the carbon-oxygen core cannot
occur. Completely or partially skipping the AGB phase guarantees the survival of a
residual hydrogen envelope in these stars when they evolve off the HB toward the WD
stage: Hence, they will evolve as WDs with stable H-burning and a significant delay

of their cooling time.

4. From stellar evolution theory it is also well known that HB stars with the above

mentioned mass and metallicity populate the blue tail of the observed HBs.

As aresult of this chain of events, significant populations of slowly cooling WDs are expected
in globular clusters with well populated and extended blue HB morphologies.

By showing that NGC 6752, a Galactic GC with blue extended HB morphology, hosts
a large sample (~ 70% of the total) of slowly cooling WDs, this work not only provides
new evidence for the existence of this class of WDs, but also gives strong support to the
picture above. Indeed, the fact that the same mixture of standard and slow WDs is able to
reproduce the WD LFs observed in both NGC 6752 and M 13, while 100% of standard WDs
are needed for M3 (see C21), demonstrates the link between the cluster HB morphology and
the presence of these stars, and provides empirical support to the proposed physical origin

of these objects (i.e., the fact that they skip the third dredge-up). In fact, the only major
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difference between M3 and the other two systems is the HB morphology: at odds with M3,
NGC 6752 and M13 have a (remarkably similar) blue-tail HB, which is populated by such
low-mass stars that they skip the third dredge-up and evolve in slowly cooling WDs.

While the WD cooling sequence in M13 samples luminosities down to log(L/Lg) ~
—1.7 (see C21), in NGC 6752 we reached luminosities one order of magnitude fainter,
corresponding to much longer delay times with respect to the standard predictions for a pure
cooling process. This is shown in Fig. 3.9, where the cooling time delay induced by stable
H-burning, with respect to standard models of WDs with no burning is plotted as a function
of the stellar luminosity. While the magnitude limit reached in M13 corresponds to a delay
of ~ 60 Myr, the limit achieved in NGC 6752 implies a delay time of ~ 300 Myr, meaning
that most of the faintest WDs in our adopted photometry have cooling ages of ~ 760 Myr,
instead of ~ 460 Myr as standard models would suggest (see Figure 3.4).

The figure also shows that the contribution to the energy budget provided by the stable
burning in the thin H-rich layer is essentially restricted tolog(L/Lg) > —4 for alow mass WD
(0.54 M) at intermediate metallicity (Z=0.001). According to the models, this luminosity
corresponds to a cooling age of approximately 3.5 Gyr, and during this time the accumulated
delay in the cooling process can be as large as 0.8 Gyr . An exhaustive exploration of
the entire H-burning phase down to magnitudes corresponding to at least log(L/Lgy) ~ —4
is thus required, to obtain an empirical measurement of the total amount of cooling delay

induced by this mechanism.

It is worth emphasizing that the predictions shown in Figure 9 refer to a single-mass
WD, whilst the modeling of the faintest end of the WD LF is much more complex. In
fact, the bright portion of the cooling sequence can be well approximated by a single mass
(~ 0.54M) cooling track, but at the faintest end the contribution of WDs with larger masses
must be taken into account to properly characterize the impact of the H-burning on the WD
LF. In the case of NGC 6752, which is the portion of the WD cooling sequence that is
expected to be affected by the presence of slow WDs? As discussed above, slowly cooling
WDs are the progeny of the (bluest) HB stars with mass below 0.56 M, that skip the AGB
thermal pulses. In 12-13 Gyr old clusters, the initial mass of stars on the RGB scales as
dM /dt = —0.02Ms/Gyr. Hence, given the current RGB mass in NGC 6752 (~ 0.8My,), we
expect that about 3 Gyr ago RGB stars had a mass around 0.86M. Under the reasonable
assumption that the amount of mass lost along the RGB is approximately constant for low-
mass stars of similar initial masses, this implies that about 3 Gyr ago (and even earlier in

the cluster life) all the core He-burning stars had a mass above 0.56 M and thus have all
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evolved through the thermal pulses along the AGB, producing 'normal’ WDs. Hence, all the
WDs with cooling age larger than 3 Gyr (which corresponds to mg275w ~ 31) are expected
to be normal WDs, and slowly cooling WDs are predicted to affect only the portion of the
WD cooling sequence brighter than mgy7sw ~ 31, with an importance that progressively
decreases at fainter magnitudes down to this limit.

While the results presented here and in C21 provide a solid demonstration of the existence
of slowly cooling WDs at intermediate metallicities (Z = 0.001), the extension of this
investigation to fainter magnitudes and other metallicity regimes is now necessary to fully
verify the theoretical predictions and provide an empirical measure of how common this
phenomenon is in stellar systems. This is of paramount importance for the correct use of the

WD cooling sequences as chronometers to measure cosmic ages.
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Chapter 4

The “canonical” White Dwarf Cooling

Sequence of M5

Mainly based on Chen et al. 2023, ApJ, accepted.

4.1 Introduction

White Dwarfs (WDs) constitute the ultimate evolutionary stage of stars with low and inter-
mediate initial mass (below 8 M, possibly up to 11M; e.g., Cérsico et al., 2019). This mass
range indeed includes the overwhelming majority (~ 98%; e.g., Winget et al. 2008; Woosley
etal. 2015) of stars in our universe. As ending point of stellar evolution, WDs gather tremen-
dous information about the evolutionary history of their progenitors. In addition, they are
characterized by relatively simple structures, thus providing the ideal laboratory for studying
the behaviour of matter in extreme high-density physical conditions (E. Garcia-Berro et al.,
1995).

WDs are thought to be the remnant core of a star that has terminated its thermonuclear
activity and has released its outer layers. Because tof the lack of energy production by
thermonuclear reactions or gravitational contraction, the evolution of WDs is generally
described as a progressive cooling process. Thus, WD aging is essentially characterized by
a progressive cooling and fading at fixed radius as a function of time (the so-called “cooling

time”). This provides a natural link between WD luminosities and their cooling ages, which
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is often adopted as a cosmic chronometer to measure the age of stellar populations in the
Galaxy (as the Galactic disk, globular and open clusters; see e.g., Bedin et al. 2010, 2023;
Bellini et al. 2010; Hansen et al. 2007; Mukremin Kilic et al. 2017).

However, recent theoretical models (Leandro G. Althaus et al., 2015) have shown that a
small amount of residual hydrogen (a few 10~*My,) left on the WD surface from the previous
evolutionary stages is sufficient to allow quiescent thermonuclear burning. This process
provides a non-negligible source of energy that can significantly decrease the cooling rate
with respect to that of normal WD, especially in the low-mass (< 0.6 M) and low-metallicity
(Z < 0.001) regime (Miller Bertolami et al., 2013; Renedo et al., 2010), thus generating a
new class of WDs that we named “slowly cooling WDs”. The cooling time-scale increase
is expected to enhance to number of WDs in the brightest portion of the cooling sequence,
with an observable modification of the shape of the WD Luminosity Function (LF). In turn,
this implies that the effect of possible residual hydrogen burning cannot be neglected in the
reading of the cooling time (hence, the WD age) along the cooling sequences, especially in
Galactic globular clusters (GGCs) that are the oldest and most metal-poor stellar populations

in the Milky Way (thus hosting populations of low-mass and low-metallicity WDs).

The first observational evidence of the existence of slowly cooling WDs has been pre-
sented by Chen et al. (2021) who compared the WD LFs of “twin clusters” (M13 and M3)
and discovered a significant WD excess in the former. These two clusters share many phys-
ical properties (e.g., the metallicity, age, central density, etc.; Dotter et al., 2010; Harris,
1996), with the notable exception of the Horizontal Branch (HB) morphology, which is
completely different in the two systems (Dalessandro et al., 2013b; Francesco R. Ferraro
et al., 1997). In fact, the HB morphology in M13 is characterized by an extended blue tail
(see also Francesco R. Ferraro et al. 1998), while no blue extension is present in the HB of
M3 (Buonanno et al., 1994; F. R. Ferraro et al., 1997). Chen et al. (2021) confirmed that the
HB morphologies are related to the presence or lack thereof of slowly cooling WDs, because
they correspond to quite different mass distribution: stellar masses increase from the blue
edge to the red edge of the HB, implying that most of the HB stars in M 13 are less massive
than that in M3. On the other hand, the stellar mass in the HB phase is the key parameter that
sets the subsequent evolution, in particular the occurrence of the third dredge-up, a mixing
process occurring during the Asymptotic Giant Branch (AGB), which is the evolutionary
phase immediately following the HB and preceding the WD stage. This process efficiently
mixes the material present in the envelope of AGB stars, bringing most of the hydrogen

deep into the interior where it is burned. As a consequence, a star experiencing the third
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dredge-up arrives to the WD stage essentially exhausted, with no residual hydrogen to burn.
Conversely, stars skipping this critical event, reach the WD stage with a residual hydrogen
envelope thick enough to allow stable thermonuclear burning, and this provides the WD with
an extra-energy production that delays its cooling. Theoretical models (Leandro G. Althaus
et al., 2015) demonstrate that extremely low-mass HB stars (less massive than 0.56M, at
intermediate metallicities) do not experience the third dredge-up. Thus, while all the (red)
HB stars in M3 are more massive than this value and are therefore expected to experience
the third dredge-up in AGB, approximately 70% of the stars in M13 populating the HB blue
tail are predicted to skip this event and thus produce slowly cooling WDs: this is exactly the
proportion needed to explain the difference detected in the two WD LFs. This scenario has
been fully confirmed by Chen et al. (2022) in the case of NGC 6752, which is a GGC with
almost the same metallicity and the same (extended blue) HB morphology of M 13, where,
consistently, ~ 70% of WDs have been found to be slowly cooling, and ~ 30% of them
are canonical WDs. The results obtained in M13 and NGC 6752 therefore provided firm
evidence of the existence of slowly cooling WDs and solid empirical support to the predicted
physical origin of these objects (i.e., the fact that they skip the third dredge-up in AGB). This
also consolidated the connection between the occurrence of this phenomenon and the HB
morphology: significant populations of slowly cooling WDs are expected in GCs with well

populated and extended blue-tail HB morphologies.

To further verify the scenario in the case of a cluster with no HB blue extension, in this
paper we use deep near-ultraviolet photometry secured with the HST to investigate the LF
of the brightest portion of the WD cooling sequence in M5. This is a luminous (My = —8.8)
and well studied GGC (e.g. F. R. Ferraro et al., 2012; B. Lanzoni et al., 2007a, 2016, 2018;
Miocchi et al., 2013; Nardiello et al., 2018; Pallanca et al., 2014; Piotto et al., 2015)),
relatively close to the Sun (at a distance of ~ 7.5 kpc). The HB morphology of M5 is similar
to that of M3, with no blue tail extension, and characterized by a rich population of RR Lyrae
(Arellano Ferro et al., 2016a,b). According to the scenario discussed above this should imply
that most of the HB stars in M5 experience the third dredge-up and end their evolution as

canonical WDs.

The paper is organized as follows: in Section 4.2, we describe the data reduction and
artificial star tests; the WD sample selection and analysis are presented in Section 4.3; the

discussion and conclusions of the work are provided in the Section 4.4.
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4.2 Data reduction

In this work, we use the deep and high-resolution photometric data in the near-ultraviolet
band, obtained with the HST/WFC3 camera in the UVIS channel. The dataset has been
acquired as a part of the HST Large Legacy Treasury Program (GO-13297, PI: Piotto; see
Piotto et al., 2015 and it is composed of 4 frames (two with exposure time fexp, = 689s, two
with fexp, = 690) in the F275W filter, and 4 frames (each with ze, = 306s) in the F336 W
filter.

For the photometric analysis we used UVIS exposures with “_flc” extension, which
are calibrated and corrected for Charge Transfer Efficiency (CTE). After the pre-reduction
procedure, which includes the extraction of the science images (chipl and chip2) from the
raw fits files and the application of the Pixel Area Map correction, in order to derive the
star magnitudes we performed a Point Spread Function (PSF) fitting following the so-called
“UV-route”. This is a photometric procedure specifically optimized for the detection of blue
and hot objects, such as hot HB stars, blue straggler stars, and WDs in crowded fields (see,
e.g., Dalessandro et al., 2013a,b; F. R. Ferraro et al., 1997, 2018; Francesco R. Ferraro
et al., 1997, 2001a, 2003a; B. Lanzoni et al., 2007a; S. Raso et al., 2017). In particular,
S. Raso et al. (2017) discussed the net advantages of using this UV-Guided search of the
sources with respect to the standard optical-driven selection, in order to derive complete
samples of blue and faint objects in high-density old clusters, where the optical emission
is primarily dominated by a large population of bright and cool (3500 — 5000 K) giants.
Specifically, in this paper we followed the approach described in M. Cadelano et al. (2019)
and Mario Cadelano et al. (2020)(but see also Chen et al. 2021, 2022; S. Raso et al. 2017;
Silvia Raso et al. 2020). The main idea of the procedure is to created a master list of sources
detected in the near-ultraviolet images and then force the detection in images acquired at

longer wavelengths (as blue and optical bands).

In short, we first selected about ~ 250 bright and unsaturated stars uniformly distributed
in the entire field of view to properly model the PSF function for each exposure. We then
applied the resulting model to all the sources detected above So- from the background, and
combined the stars appearing in at least 2 images, thus building the master list. Secondly,
we performed the “forced” photometry with DAOPHOT/ALLFRAME (Stetson, 1994) on all
the images at positions corresponding to the stars in the master list, even in a location where
the signal is below 5o. Finally, the magnitudes of all stars in each filter were homogenized,

and the magnitudes and corresponding errors were calculated from their weighted mean and
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standard deviation.

After correcting the instrumental positions for geometric distortions, we calibrated in-
strumental magnitudes to the VEGMAG system and aligned the instrument coordinates to
the International Celestial Reference System by cross-correlation with the reference catalog
of the HSTHST UV Globular Cluster Survey (Nardiello et al., 2018; Piotto et al., 2015).
We also executed an additional visual inspection to clean up the sample from fake sources
caused by saturation of extremely bright stars. As a result of the data reduction process, a

final catalog listing almost 40,000 stars has been finally obtained.

4.2.1 Color-magnitude diagram

The Color Magnitude Diagram (CMD) obtained for M5 is presented in Figure 4.1. As can
be seen, all the main evolutionary sequences are clearly defined and they appear negligibly
affected by contamination from field stars or background extra-Galactic sources. The CMD
extends from mpy7sw = 15 to mpa7sw =~ 25, spanning more than 10 magnitudes and thus
providing a panoramic over-view of the stellar population hosted in the cluster. As expected,
the near-ultraviolet CMD appears significantly different from the “classical” one in the optical
bands: the luminosity of red giant branch (RGB) stars is significantly suppressed (the RGB-
tip is at mpo7sw ~ 19), and the same holds for the AGB, which is clearly distinguishable from
the RGB in the colorrange 1.6 < (mpy7sw—mp336w) < 3. The luminosity in the F275W band
is instead dominated by HB stars, clearly visible at (mp275w —mp33ew) < 1.2. A well defined
sequence of blue straggler stars (see also B. Lanzoni et al., 2007a) is seen emerging from the
main sequence turn-off (MS-TO, at mpy75w ~ 19) and extends up to the HB at mpy75w ~ 16.
A copious population of RR Lyrae (observed at random phases) is also distinguishable as
a sort of stream of stars diagonally crossing the HB at 0.5 < (mpa75w — mp3zew) < 1.
The brightest portion of the WD cooling sequence appears as a well-defined and populated,
almost vertical sequence at (mp275w — mp3zew) ~ —0.8, extending for amost 6 magnitudes
from mpy75w ~ 25.5 up to mga7sw ~ 19.

The overall morphology of the CMD appears to be very similar to that observed in M3.
This can be easily appreciated in Figure 4.2, where the CMD of M3 (from Chen et al. 2021)
has been shifted to match the color and magnitude location of the evolutionary sequences of
MS5. Indeed, apart from the slightly different metal content ([Fe/H]= —1.5 and [Fe/H]= —1.3
for M3 and M5, respectively; see Harris 1996) that introduces some second-order differences,
the evolutionary sequences in the two clusters (M3 and MS5) are impressively similar. In

particular, the color extension of the HB is fully comparable, with the extremely blue part,
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Figure 4.1: The near-ultraviolet color-magnitude diagram of the 39114 stars detected in M5.
The various stellar populations are indicated. The two red lines delimitate the CMD region
where most of the RR Lyrae are found..
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Figure 4.2: CMD of M5 (left panel) compared to those of M3 (middle panel) and M13 (right
panel). CMDs of M3 and M13 (from Chen et al. (2021) have been shifted, respectively, by
Ampyrsw = —0.35 and AmF275w =+0.201in magnitude and by A(mF275W - mF336w) =+0.13
and A(mgy75w — mpyzew) = +0.07 in color.

at (mpy7sw — mrzew) < —0.1, being essentially not populated in both cases. For the sake
of comparison, in the same figure we also included the CMD of M13 (from Chen et al.
2021, shifted to match the color and magnitude location of the evolutionary sequences of
MS) which instead shows a clearly different HB morphology with a pronounced blue tail
population. The impressive similarity of the HB morphologies in M5 and M3 suggests an
analogous post-HB evolutionary path for the stars in these two clusters, surely different from
that expected in M13. Thus, on the basis of the HB morphology a population of canonical
WDs (similar to that found in M3) and no presence of slowly cooling WDs (as those observed
in M13) are expected in MS5.

4.2.2 Artificial star tests

In order to perform a meaningful quantitative study of the properties of the LF of faint
objects like WDs, a mandatory step is the empirical determination of the level of photometric
completeness of the WD cooling sequence at different levels of magnitudes and distances

from the cluster centre. This procedure should provide a first-order estimate of the amount
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Figure 4.3: Completeness parameter ® of the selected WDs as a function of the mpy75w
magnitude, with the radial distance from the cluster center color-coded as indicated in the
colorbar. The median uncertainty on @ is marked in the panel. All the WDs located on the
left of the vertical dashed line have completeness ® > 0.5.
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of sources lost during the data reduction process because of their intrinsic faintness and
the level of crowding of the surrounding environment. The evaluation of the photometric
completeness was performed by means of extensive artificial star experiments. The standard
recipe to perform these tests is described in detail in Bellazzini et al. (2002)(see also M.
Cadelano et al. 2020; Chen et al. 2021; Dalessandro et al. 2015), thus here we just summarize
the main steps of the procedure adopted for MS. As first step, we created a list of artificial
stars with an input F275W magnitude sampling the observed extension of the WD cooling
sequence. As apparent from Figure 4.1, the WD cooling sequence in M5 extends from
mpa7sw =~ 19 to mpy7sw = 25.5. For each of these stars a corresponding magnitude in the
F336W filter was assigned according to the mean ridge line of the WD cooling sequence
in the (mpa75w, mpa7sw — mpssew) CMD. A large number of artificial stars were generated
and then added to each real image with DAOPHOT/ADDSTAR software. All artificial stars
were placed into the images following a regular grid of 23 X 23 pixels (corresponding to
about 15 times the FWHM of the stellar sources). Note that to avoid an artificial increase
of the crowding conditions, only one artificial star was arranged in each cell. The entire
photometric analysis was then repeated following exactly the same procedure described in
Section 4.2. The procedure was then iterated several times to ensure a sufficiently large
sample and, at the end, more than 160,000 artificial stars were simulated in the entire field

of view that covers a region within approximately 90” from the cluster center.

To quantify the level of photometric completeness, the completeness parameter ® was
determined as the ratio between the number of artificial stars recovered N, by the photometric
analysis, and the number of stars that were actually simulated (number of input stars, N;).
Of course the value of @ is expected to be strongly dependent on both crowding (hence, the
distance from the cluster center) and luminosity: it commonly decreases in the innermost
regions of the clusters (due to the large stellar density) and at faint magnitudes. To properly
trace both these effects, we divided the sample of simulated stars in radial bins at different
distances from the cluster center (with steps of 5”) and in F275W magnitudes bins (in
steps of 0.5 mag) and, for each cell of this grid, we counted the number of input and
recovered stars, calculating the corresponding value of . The computed value of ® was
then assigned to each WD according to its radial position and magnitude. The size of the
adopted magnitude and radial distance steps was set to guarantee a reasonable statistics,
while maintaining a sufficiently high spatial resolution and sensitivity of the ® parameter
to the stellar luminosity. The uncertainties on the completeness value (0¢) were computed

by propagating the Poissonian errors, and typically are on the order of 0.05. The radial
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distances have been computed with respect to the center of gravity quoted in B. Lanzoni
et al. (2007a)(see also B. Lanzoni et al. 2010; Barbara Lanzoni et al. 2019; Miocchi et al.
2013 for the details on the method adopted to estimate GC centers), which is located at
right ascension ajz0p0 = 15" 18™ 33%.53, and declination & 2000 = +02°04’57”.06, with a 1o
uncertainty of 0.”5 in both the coordinates. The construction of such a completeness grid
allowed us to assign the appropriate @ value to each observed WD, with given F275W and
F336W magnitudes, and located at any distance from the cluster center. The behavior of
the completeness parameter as a function of the magnitude is shown in Figure 4.3 for all the
detected WDs. According to previous works, we limited the analysis of the WD LF to the
brightest portion of the cooling sequence (mpy75w < 23.5), where the completeness level is

larger than 50% at any cluster-centric distance.

4.3 Analysis

4.3.1 Sample selection and WD LF

Figure 4.4 shows a portion of the CMD of M5 zoomed in the WD region. Overplotted to
the data is the Carbon-Oxygen (CO) WD cooling track (M. Salaris et al., 2010) of a 0.54 Mg,
with hydrogen atmosphere. As apparent, it nicely reproduces the observed cooling sequence
even in its brightest portion. For the sake of comparison we also overplotted a 12.5 Gyr,
a-enhanced isochrone with metal abundance Z = 0.002 and helium mass fraction Y = 0.248
extracted from the BaSTI models (Pietrinferni et al., 2006; see also Hidalgo et al., 2018;
Pietrinferni et al., 2021), which well reproduces the MS-TO region of the cluster.

For a proper study of the LF, we selected a sample of bona fide WDs by following the
same procedure already adopted in previous papers (see Chen et al. 2021, 2022): (1) we
considered all the objects located within 30 from the mean ridge line of the WD cooling
sequence, with o being the photometric error at the corresponding magnitude level, and the
mean ridge line essentially corresponding to the 0.54Mg WD track; (2) as discussed above,
we conservatively retained only WDs with completeness level above 50%, thus limiting the
sample to WDs brighter than mgy7sw > 23.5 mag. This magnitude cut corresponds to a
cooling time of ~ 100 Myr, which is comparable to the threshold adopted in the case of M3
and M13 by Chen et al. 2022.

With the adopted selection criteria we selected a total of 311 WDs in MS. Their LF,
computed in bins of 0.5 magnitudes, is shown in Figure 4.5 for both the observed and the
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Figure 4.4: CMD of M5 zoomed in the WD Cooling sequence region. The analyzed WDs
are marked with black dots, and the cut-off magnitude is marked with the horizontal dashed
line located at mpy75w = 23.5. The red line is the cooling track of a 0.54Mg WD, along
which two reference cooling ages (10 and 100 Myr) are marked with red squares. The 12.5
Gyr old isochrone (with Z = 0.002 and helium mass fraction ¥ = 0.248) from the BaSTI
models (Hidalgo et al., 2018; Pietrinferni et al., 2021) well reproducing the cluster MS-TO
is also plotted 0.54M WD for reference.
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Figure 4.5: Observed (grey shaded) and completeness-corrected (blue) LF of the selected
WD sample in M5.

completeness-corrected samples (grey shaded and blue histograms, respectively). Itis worth
of noticing that the conservative criteria adopted for the sample selection strongly limit the
impact of incompleteness: the global correction to the adopted samples is smaller than 14%

(43 stars in total), with the completeness-corrected population of WDs counting 354 stars.

4.3.2 Comparing WD LFs

We can now compare the completeness-corrected WD LF of M5 with those previously
obtained for the two twin clusters M3 and M13 (see Chen et al., 2022). Intriguingly, both
the limiting magnitude and the total number of WDs selected in M5 are very similar to
those of M3. Indeed, this already suggests that the LFs observed in these clusters can
be compared directly, with no need of normalization factors. In addition, by adopting
the integrated apparent luminosity quoted by Harris (1996), and the distance modulus and
reddening values listed in F. R. Ferraro et al. (1999, see also Table 4.2), we found that the
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Figure 4.6: Completeness-corrected WD LF of M5 (blue circles), compared to that of
M3 (empty squares) and M13 (empty triangles). The apparent m7sw magnitude has been
transformed in absolute magnitude by adopting distance modulus and reddening of each
cluster (from F. R. Ferraro et al. 1999; see also Table 4.2).
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Table 4.1: Photometric and structural parameters of M5, M13 and M3

Cluster (m—-M)y E(B- V) Vi re c My Lsampled

M5 14.37 0.03 565 28" 166 -8.81 1.67x10°Lg
M3 15.03 0.01 6.19 22.7”7 185 -887 1.78x10°L,
M13 14.43 0.02 578 49.5” 132 -8.71 1.25x10°Lg

Table 4.2: V; is the total integrated V—band magnitude (from Harris, 1996); (m — M)y and
E(B — V) are, respectively, the distance modulus and reddening (from F. R. Ferraro et al.,
1999); My is the derived absolute magnitude; Lgampleq i the luminosity sampled by the
observations, obtained from the integration of the best fit king model to the star density
profile of each system (from Miocchi et al., 2013).

integrated absolute magnitudes of the three clusters are quite similar (~ —8.8; see Table
4.2), thus indicating comparable total masses and total numbers of stars. According to this
evidence, we then compared the three WD LFs in terms of absolute star counts (with no
normalization) as a function of the absolute F275W magnitude (mp275w). As can be seen
from Figure 4.6, the LFs of M3 and M5 appear to be very similar, and they are both clearly
different from the LF of M13.

To double check this result and for a more rigorous comparison (taking into proper
account the slightly different intrinsic richness of each cluster), we then determined the total
luminosity sampled by the adopted observations. The HST-WFC3 pointings sampled the
innermost ~ 90” from the center of each cluster. However, due to the different intrinsic
structures in terms of core radius and concentration (Miocchi et al. 2013; see Table 4.2),
this may correspond to different fractions of the total luminosity. Thus, We therefore
estimated the amount of total luminosity sampled at r < 90” in each system by integrating
the corresponding best-fit King model from Miocchi et al. (2013). The results are listed in
the last column of Table 4.2 and show that the differences are admittedly small (of the order
of 10— 15%). However, they go in the direction of making the WD LF of M5 more similar to
that of M3 and increase the difference with the LF of M 13, as clearly apparent from Figure
4.7, which shows the WD LFs normalized to the sampled luminosities in units of 10° L.
Thus the number of WDs per 10°L¢, sampled luminosity with a cooling time < 100 Myr
turns out to be are approximately an half (47 — 56%) of that counted in M13.
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Figure 4.7: Completeness-corrected WD LFs of M5 (blue circles), M13 (empty triangles),
M3 (empty squares) normalized to the sampled luminosity in units of 10° L, as a function
of the absolute F275W magnitude.
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Figure 4.8: Completeness-corrected WD LF of M5 (blue circles), compared to the theoretical
LF expected for a population of canonical (fast cooling) WDs (dashed line). The two LFs
are normalized to the total number of WDs detected in the brightest portion of the cooling
sequence (mpy75w < 21), indicated by the grey shaded region.
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4.4 Discussion and Conclusions

The scenario presented in Chen et al. (2021) (see also Chen et al. 2022) suggests the existence
of a special class of “slowly cooling WDs”, whose cooling rate is slowed down by some stable
hydrogen burning in a very thin, but massive enough (of the order of 10™*M¢; Renedo et al.
2010) residual hydrogen-rich layer on the WD surface. The observational manifestation
of these objects is an excess of WDs in the brightest portion of the LF, with respect to
what observed in clusters where they are not present, and to what expected from models of
“canonical” (fast cooling) WDs (e.g. M. Salaris et al., 2010) and Such an excess was indeed
detected in M 13 and NGC 6752, but not in M3.

A convincing picture of the physical origin of these objects must take into account that
the mass of any residual hydrogen in proto-WDs is regulated by the occurrence or not of the
third dredge-up during the AGB evolutionary phase Leandro G. Althaus et al. (2015). In fact,
during the third dredge-up, convection carries carbon up to the stellar surface, while hydrogen
is brought down inside the star, where it is burned. Thus, the occurrence of the AGB third
dredge-up is expected to generate proto-WDs with very small hydrogen envelopes, where
thermonuclear burning cannot take place: as a consequence, these stars generate canonical,
totally exhausted WDs. Conversely, stars able to skip the third dredge-up reach the WD stage
with a residual hydrogen envelope thick enough (with masses > 10™My) to allow stable
thermonuclear burning, and this process provides the WD with an extra-energy production
that delays its cooling process: slowly cooling WDs are thus generated. Chen et al. (2021)
convincily demonstrated that the occurrence of this phenomenon is linked to the cluster HB
morphology: significant populations of slowly cooling WDs are expected in GCs with well
populated and extended blue HB morphologies. In fact, the presence of an extended HB
blue tail indicates the existence of a significant fraction of stars with envelope mass so small
that the subsequent AGB phase (hence, the third dredge-up) cannot occur. Thus, in M13 and
NGC 6752 (both having blue tail HBs) ~ 70% of the HB stars are expected to completely
or partially skip the AGB, thus guaranteeing the survival of a significant residual hydrogen
envelope and the consequent generation of slowly cooling WDs. Conversely, in M3 (where
the HB morphology shows non extended blue tail) essentially all the HB stars are expected

to evolve along the AGB, experience the third dredge-up, and thus produce canonical WDs.

From the analysis presented in this paper, the WD LF observed in M5 appears to be
similar to that obtained by Chen et al. (2021) in M3. According to the scenario summarized

above, the WD cooling sequence of M5 is thus expected to be essentially populated by
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canonical WDs, whose progenitors all experienced the third dredge-up during the AGB
phase. This is fully consistent with the expected mass distribution along the HB in the two
clusters, which appears morphologically similar, with no extended blue tail (see Figure 4.2
and Dalessandro et al. 2013b for the HB mass function in M3).

To further corroborate this conclusion, we have compared the observed HB star distri-
bution in both the UV and F606W-(F606W-F814W) optical CMDs of M35, with theoretical
models from the BaSTI database (Pietrinferni et al., 2021). Specifically we used the 0.56 M,
a-enhanced HB tracks from Pietrinferni et al. (2006) at the cluster metallicity ([Fe/H]= —1.3)
to identify the position of stars with this mass along the HB of MS5. The adopted value marks
approximately the lower limit of the HB masses that eventually go on experiencing the third
dredge-up. To take into account the presence of a range of He abundances up to AY ~ 0.04
(see Milone et al. 2018), we employed tracks for both ‘normal’ (¥ = 0.248) and enhanced
(Y = 0.30) helium mass fractions. We found that only 10% (at most) of the HB stars have
mass smaller than 0.56 Mg, thus confirming that basically all cluster WDs are expected to
be canonically (fast) cooling objects.

Finally, we quantitatively tested this prediction by comparing the completeness-corrected
WD LF of M5 (blue circles in Figure 4.8) with a theoretical WD LF computed in the case
of 100% of canonical WDs (dashed line in the figure). The two LFs are normalized to the
number of WDs detected in the brightest portion of the cooling sequence (at mpa75w < 21:
grey shaded region in the figure). As expected, the WD LF of M5 turns out to be in excellent
agreement with the theoretical sequence, clearly demonstrating that the WD population in
this cluster with no blue HB tail is entirely constituted by canonical objects.

The the results presented in this work therefore provide further solid support to the
scenario traced in Chen et al. (2021, 2022) about the origin of slowly cooling WDs and their
link with the HB morphology of the parent cluster. The extension of this investigation to
clusters with extended HB blue tail in the extreme low metallicity regime ([Fe/H]= -2.2),
where the phenomenon is expected to reach its maximum efficiency, is now urged to fully
verify the theoretical predictions and provide an empirical measure of the impact of these

results on the use of the WD cooling sequences as chronometers to measure cosmic ages.
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Chapter 5

PSR J1641+3627F: A Low-mass He
White Dwarf Orbiting a Possible

High-mass Neutron Star in the Globular
Cluster M13

Mainly based on Cadelano, Chen et al. 2020, ApJ, 905:63 (9pp)

5.1 Introduction

5.1.1 Millisecond Pulsars

Millisecond pulars (MSPs) are rapidly spinning Neutron Stars (NSs) usually formed in binary
systems through mass-transfer from an evolving low-mass companion star (< 1.4 My; Alpar
et al., 1982; Bhattacharya et al., 1991; Lorimer et al., 2012). Active mass-transfer is
commonly observed in binaries with a NS primary, generally considered as the precursors of
MSPs (e.g. Archibald et al., 2010; F. R. Ferraro et al., 2015; Papitto et al., 2013; Stappers et
al., 2014; T. M. Tauris et al., 2006). Following the mass-transfer phase, the NS is reactivated
as a pulsar and it is usually observable in the radio bands, while the companion is expected to
be the core-remnant of an exhausted and stripped evolved star: a white dwarf with a He core
(He-WD; e.g. John Antoniadis et al., 2016a; M. Cadelano et al., 2019; Driebe et al., 1998;
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Francesco R. Ferraro et al., 2003b; Istrate et al., 2014b; Thomas M. Tauris et al., 1999).
Although this scenario has been firmly confirmed throughout the years, several deviations
from it have been highlighted with the discovery, for example, of MSPs with massive CO-
WD companions (e.g. Pallanca et al., 2013a; T. M. Tauris et al., 2011), double NS systems
(e.g. Jacoby et al., 2006; Ridolfi et al., 2019; T. M. Tauris et al., 2017) or eclipsing MSPs
with non-degenerate companion stars (e.g. Breton et al., 2013; M. Cadelano et al., 2015b;
Mucciarelli et al., 2013; Pallanca et al., 2010; Roberts, 2013; Roberts et al., 2018).

5.1.2 Neutron Star Masses

The bulk of the NS population has masses around 1.4 Mg. However, recent studies on the
NS mass function (John Antoniadis et al., 2016a) found evidence of a bi-modal distribution
peaked at 1.4 Mg and 1.8 M and suggested a limiting sustainable NS mass of > 2.018 Mg,
before the stellar structure collapses to form a black-hole. NS mass measurements are driven
by one of the most important and still unanswered question of modern physics: the behavior
of cold matter at densities larger than that of nuclear saturation. Indeed, this regime is found
in NS interiors, and constraining their still unknown equation of state therefore is one of the
key ingredient to answer such a long-lasting unsolved question (e.g. Bogdanov et al., 2019;
J. M. Lattimer et al., 2001; James M. Lattimer et al., 2007; Ozel et al., 2016; Steiner et al.,
2010). The increasing number of NS mass measurements and in particular the discovery of
very high-mass NSs (John Antoniadis et al., 2013; Cromartie et al., 2020; Demorest et al.,
2010; Fonseca et al., 2016) already helped to place constraints on the NS equation of state,
leaving however a vast range of possibilities. (John Antoniadis et al., 2016b; Ozel et al.,

2016, and references therein).

5.1.3 Pulsars in globular clusters and their companions

While MSPs are ubiquitous throughout the whole Galaxy, their formation rate is enhanced by
a factor of 103 in Globular Clusters (GCs). In fact, GCs are collisional systems where internal
dynamics promote the formation of exotic systems like blue straggler stars, cataclysmic
variables and MSPs (M. Cadelano et al., 2018; Campos et al., 2018; F. R. Ferraro et al.,
2009, 2016; Hong et al., 2017; Rivera Sandoval et al., 2018), the latter sometimes in
eccentric orbits with massive companions acquired by exchange encounters after the NS
was already recycled (e.g. Ridolfi et al., 2019, and references therein). This makes GCs the

ideal environment for studying exotic stellar systems, which can also be used as test particles
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in modelling the complex interplay between cluster internal dynamics and stellar evolution
(Cheng et al., 2019a,b; F. R. Ferraro et al., 2012, 2018, 2019). Moreover, they can provide a
wealth of information about the physical properties of the host cluster itself (e.g. F. Abbate
et al., 2018; Federico Abbate et al., 2019; P. C. C. Freire et al., 2017; Prager et al., 2017).

We are currently leading a long-term program aimed at identifying MSP companions
in Galactic GCs. This program led to several discoveries and characterization of He-WD
companions as well as non-degenerate and more exotic systems (M. Cadelano, 2019; M.
Cadelano et al., 2015a,b, 2017a, 2019; Cocozza et al., 2008; Francesco R. Ferraro et al.,
2001b, 2003b; Mucciarelli et al., 2013; Pallanca et al., 2010, 2013b, 2014), shedding light
on binary and stellar evolution under extreme conditions. In this work, we report on the
discovery of the companion star to the recently discovered PSR J1641+3627F (hereafter
M13F) in the GC M13 (L. Wang et al., 2020).

M13 (NGC 6205) is a low-density cluster located at about 7 kpc from the Sun (Harris,
1996, 2010 edition) and affected by a very low stellar extinction E(B — V) = 0.02 (F. R.
Ferraro et al., 1999). Its stellar population has an age around 13 Gyr (Dotter et al., 2010),
an intermediate-low metallicity of [Fe/H] = —1.5 (Carretta et al., 20092a) and an extended
blue horizontal branch (Francesco R. Ferraro et al., 1997). This cluster hosts six MSPs
(Hessels et al., 2007; Kulkarni et al., 1991; L. Wang et al., 2020): two are isolated NSs,
three are canonical systems likely having a WD companion and one is an eclipsing binary.
MI3F is one of the three canonical systems and was recently discovered with the FAST
radio telescope by L. Wang et al. (2020). It has a spin period of 3 ms and an almost
circular orbit of 1.4 days. The main properties of the system, useful for this work, are
summarized in Table 5.1. The binary orbital parameters result in a NS mass function
f =0.001108878 M. Such a value, assuming a typical NS mass of 1.4 Mg, implies an
extremely low minimum companion mass (corresponding to an edge-on orbit) of 0.13 Mg
and a median companion mass (corresponding to an inclination angle of 60°) of 0.16 M.
However, state-of-the-art binary evolution models (Istrate et al., 2014a,b, 2016) show that
companion stars with intermediate-low metallicities (such that of stars in M13) are very
unlikely to create a detached He-core WD less massive than ~ 0.18 M by the end of the
mass-transfer and the binary detachment. This is mainly due to the fact that low-metallicity
stars have shorter evolutionary timescales with respect to high-metallicity stars, and (having
smaller radii) they are able to fill their Roche-Lobe at later stages of the binary evolution.
This suggests that M13F could be a MSP with a non canonical companion star, i.e., a star

different from a He-WD. Alternatively, it could be either a nearly face-on system, or a binary
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Table 5.1: Main radio timing parameters for M13F¢, from L. Wang et al. (2020).

Parameter Value
Right ascension, & (J2000) 16" 41™ 445.6058(3)
Declination, ¢ (J2000) 36°28'16”.0034(2)
Angular offset from cluster center, 8, (") 19.8
Spin period, P (ms) 3.003500835979(8)
Orbital period, P, (days) 1.378005120(6)
Time of ascending node passage, T,5. (MID) 58398.0011780(7)
Projected semi-major axis, x (s) 1.251702(3)
Eccentricity, e 5(4)x107°
NS mass function, f (My) 0.001108878(8)

¢ Numbers in parentheses are uncertainties in the last digits quoted.

containing a NS more massive than 1.4 M (in these cases, in fact, the companion mass
would be larger than 0.18 My). All this motivates an investigation about the true nature and
mass of the companion to M13F.

The paper is outlined as follows: in Section 5.2 the data-set and data reduction procedure
are described; in Section 5.3 we present the identification of the companion star to M13F
and we compare its properties with those predicted by binary evolution models. Finally, in

Section 5.4 we draw our conclusions.

5.2 Data-set and Data Reduction

We used deep and high-resolution Hubble Space Telescope (HST) images obtained with the
Wide Field Camera 3 (WFC3) and the Advanced Camera for Surveys (ACS) under GO 12605
(PI: Piotto), GO 10775 (PI: Sarajedini) and GO 10349 (PI: Lewin). The adopted data-set
consists of a selection of images obtained with different filters covering a wavelengths range
from near-UV to optical. The complete log of the observations is reported in Table 5.2.
The photometric analysis was performed using DAOPHOT IV (Stetson, 1987) and adopt-
ing the so-called “UV-route” described in S. Raso et al. 2017 (see also M. Cadelano et al.
2019). First of all, we selected ~ 200 bright stars to model the point spread function of
each image. These models were then applied to all the sources detected at more than 5o
from the background level. Then, we created a master list of stars with objects detected in at
least half the F275W images. At the corresponding positions of these stars, the photometric
fit was forced in all the other frames by using DAOPHOT/ALLFRAME (Stetson, 1994).
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Table 5.2: Observations Log

Obs.ID Camera Filter Exposures

F275W 6x427 s

GO0 12605 WEFC3/UVIS F336W 4x350s
F438W 4x46s

GO 10775 ACS/WFC  F606W 1x7s;4x140s
F814W 1x7s;3x140s
F435W 1x120s;2x680s

GO 10349 ACS/WFC  F625W 1x20s;4x90s

F658N 1x120s;1x690s;1x800s

By adopting such a near-UV master list, the crowding effects due to the presence of giants
and turn-off stars are strongly mitigated and several blue stars like blue stragglers and white
dwarfs are recovered. Finally, for each star we homogenized the magnitudes estimated in dif-
ferent images, and their weighted mean and standard deviation have been adopted as the star
magnitude and its related photometric error. The instrumental magnitudes were calibrated to
the VEGAMAG photometric system by cross-correlation with the publicly available catalogs
of “The Hubble Space Telescope UV Legacy Survey of Galactic globular clusters” (Piotto
et al., 2015), of the “ACS Globular Cluster Survey” (Sarajedini et al., 2007) or by using
appropriate filter zero points and aperture corrections as described in Bohlin (2016).

The stellar detector positions were corrected for geometric distortion effects following
the prescriptions by Meurer et al. (2003) and Bellini et al. (2011). Finally, the corrected
positions were converted to the absolute coordinate system («,0) using the stars in common
with the Gaia DR2 catalog (Gaia Collaboration et al., 2018). The coordinate system of this
catalog is based on the International Celestial Reference System, which allows an accurate
comparison with the MSP positions derived from timing using solar system ephemerids,
since the latter are referenced to the same celestial system. The resulting combined 1o

astrometric uncertainty is < 0.1”.

5.3 The companion to M13F

5.3.1 Identification of the companion star

We searched for the optical counterparts to all the binary MSPs in the cluster by carefully
analyzing all the stars located within a 1” X 1” region centered on the radio positions.
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Figure 5.1: Left Panel: 2" x 2" region surrounding the position of M13F in a F275W image.
The red cross is centered on the MSP position while the red circle has a radius of 0.1”. The
only star located within this circle is the identified companion to M13F. Right Panel: same
as in the left panel, but for a F435W image.

For each of the candidate stars, we analyzed its position in the color-magnitude diagrams
(CMDs) and investigated the presence of photometric variability, possibly associated to
the binary orbital period. Unfortunately, no interesting candidates have been discovered
at the positions of M13B, M13D and MI13E. The detection of the counterparts to these
systems was likely hampered by the presence of saturated or very bright stars close to
their positions. On the other hand, we identified a promising candidate for the binary
system M13F. In fact, at a distance of only 0.02” from the radio position, we discovered an
extremely faint and blue star whose finding chart is reported in Figure 5.1. Despite its very
low luminosity, this object is detectable in all the available filters, with the only exception
of the F658N one. Its magnitudes and 1o uncertainties are: mpgy7sw = 23.65 + 0.10,
mr3szew = 23.9+0.1, mpazsw = 24.2+£0.2, mpazsw = 24.20+0.02, mpeoew = 24.35+0.07,
mpersw = 24.1 £ 0.1 and mpgiaw = 24.2 + 0.1, while for the F658N filter we derived a
lower limit of mrgsgy > 24.2. As shown in Figure 5.2, these magnitudes place the candidate
companion star along the red side of the WD cooling sequence, in a region compatible with
the expected location of WDs with a He core. The excellent agreement between the radio
and optical positions and its peculiar location in the CMDs allow us to safely conclude that

the detected object is the companion star to M13F.
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Figure 5.2: Left panel: (mpa75w, mpa7sw — mp3zew) near-UV CMD of M13. Right panel:
(mFa3sw, Mrazsw — Mmreasw) optical CMD of M13. In both panels, the position of the
companion star to M13F is highlighted with a red square and the error bars correspond to
the 10 confidence level uncertainties.
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5.3.2 Comparison with binary evolution models

In the previous section we confirmed that M13F is orbiting a WD. In order to get insights on
the properties of the companion star, it is useful to compare its observed magnitudes with
binary evolution models. First, in order to properly compare the observed and theoretical
frames, we checked the accuracy of the photometric calibration by comparing the observed
cluster sequences in the CMDs, such as the main sequence and the CO-WD sequence, with
isochrones and CO-WD cooling tracks. We generated from the BaSTI database (Pietrinferni
et al., 2004, 2006; M. Salaris et al., 2010) an isochrone reproducing a 13 Gyr old stellar
population (Dotter et al., 2010) with a metallicity [Fe/H] = —1.62 and [a/Fe] = 0.2,
together with a cooling track for a CO-WD with a canonical mass M = 0.55 M. Absolute
magnitudes were converted to be observed frame by adopting a distance modulus (m—M)g =
14.43, a color excess E(B — V) = 0.02 (Dotter et al., 2010; F. R. Ferraro et al., 1999) and
appropriate extinction coefficients calculated following the prescriptions by Cardelli et al.
(1989) and O’Donnell (1994). The two curves are shown in Figure 5.3. The excellent
agreement between the models and the observed sequences confirms the accuracy of the
photometric calibration and of the adopted cluster parameters. Moreover, the position of the
companion to M13F with respect to the CO-WD cooling track also suggests that it is likely

a WD with a He core, as expected from the canonical formation scenario of MSPs.

To derive the companion properties, we computed binary evolutionary models using the
open source stellar evolution code MESA(Paxton et al., 2011, 2013, 2015, 2018), version
12115, in a similar fashion to Istrate et al. (2014b, 2016). The initial binary parameters
consist of a 1.4 Mg NS, treated as point mass, and a 1.1 Mg donor star with a metallicity
of Z = 0.0005, compatible with that of the cluster. The new evolutionary models will be
soon publicly available (Istrate et al. 2020, in prep). The resulting tracks span a He-WD
mass range of 0.18 Mg — 0.4 Mg, a surface temperature range of 6000 K — 21000 K and
cooling ages! up to the cluster age. Theoretical bolometric luminosities were transformed
to HST magnitudes by using the Astrolib PySynphot package (STScl Development Team,
2013)2 and WD spectra templates by Koester (2010)(see also Tassoul et al., 1990; Tremblay
et al., 2009). A selection of these evolutionary tracks is shown in Figure 5.3, where we can
qualitatively infer that the track better reproducing the companion CMD positions is the one

corresponding to a mass of 0.23 M.

IThe WD cooling age is defined, according to Istrate et al. (2016), as the time passed since the proto-WD
reached the maximum surface temperature along the evolutionary track.
2https://pysynphot.readthedocs.io/en/latest/
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Figure 5.3: Same as in Figure 5.2 but zoomed on the WD region. The black curves are an
isochrone reproducing a 13 Gyr old stellar population and a cooling track for a CO-WD with
a mass of 0.55 Mg. The other curves are He-WD tracks with masses, from left to right, of
0.28 Mg, 0.25 Mg, 0.23 Mg, 0.20 Mg and 0.19 M computed similarly as in Istrate et al.
(2014b, 2016). Points at different cooling ages are highlighted with different symbols as
reported in the right panel legend.
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Table 5.3: Derived properties of the companion to M13F

Parameter Value
Mcom (M@) 0.23+£0.03
log g (cm/s?) 6.8+0.2
Reom (Ro) 0.033°9 04
Torr (K) 11500+ 50
Cooling Age (Gyr) 3+10r0.2+0.1
Proto-WD Age (Myr) 200“:‘}%%

From top to bottom: companion mass, surface gravity, radius,
surface temperature, cooling age and proto-WD age.

In order to get a quantitative derivation of the companion physical properties (such as its
mass, radius, age, surface gravity and temperature) we implemented an approach similar to
that described in M. Cadelano (2019). We defined a logarithmic likelihood £ to quantify the
probability of each point of each evolutionary track to reproduce the observed companion
magnitudes, as follows:

n% = —% (mf;—sz)z +In(276%) 5.1)

f f

where the index f runs through all the available filters, m  and 71 are the observed and the
model magnitudes in a given filter f, respectively, and ¢ 7 is the uncertainty on the observed
magnitude. The latter term also takes into account a 0.1 mag uncertainty on the cluster
distance modulus and a 0.01 mag uncertainty on the cluster color excess. The likelihood
< was also forced to zero wherever the predicted F6S8N magnitude was smaller than the
lower limit derived in the previous section. The resulting likelihood-weighted 1D and 2D
histograms are presented in the corner plot3 of Figure 5.4. For each of the WD parameters,
we derived the best values and related uncertainties as the 0.16, 0.5 and 0.84 quantiles of the

distributions. All these results are also listed in Table 5.3.

Results show that the companion to M13F is indeed a low-mass He-WD with a mass
around 0.23 M. As it can be seen in Figure 5.4, all the companion parameters have been
firmly constrained with the exception of the cooling age. Indeed, the 1D histogram of the
cooling ages show a clear bi-modal distribution. This feature is the result of a dichotomy in

the cooling timescales due to the occurrence of diffusion induced hydrogen shell flashes in

3https://corner.readthedocs.io/en/latest/ (Foreman-Mackey, 2016)
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Figure 5.4: Constraints on the mass, surface gravity, radius, surface temperature and cooling
age of the companion star to M13F. The 1D histograms show the likelihood weighted
distributions for each of the parameters. The three vertical dashed lines for each 1D histogram
correspond, from left to right, to the 0.16, 0.5, and 0.84 quantiles, respectively. The contours
in the 2D histograms correspond to 1o, 20 and 30 levels. The text at the top reports the
derived values for each parameter.
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the envelope of proto-WD with mass M > Mgy, ~ 0.2 Mg#. The systems which experience
such flashes will enter the cooling tracks with a thin hydrogen envelope. The WDs with
M < Mjyasn experience stable hydrogen shell burning during the proto-WD and enter the
cooling track with a thick hydrogen envelope. As the cooling timescale depends primarily
on the mass of the hydrogen envelope, a cooling dichotomy will be observed (see e.g. L. G.
Althaus et al., 2001a,b; Istrate et al., 2014b, 2016). This dichotomy clearly applies to our
results. Indeed, our models predict that the minimum mass for the flashes to occur at the
cluster metallicity is around 0.24 M. A closer inspection to the 1D and 2D likelihood
distributions of the cooling ages (Figure 5.4) reveals a prominent narrow peak centered
around 0.3 Gyr and a long tail extending up to ~ 5 Gyr. The narrow peak is associated
with masses larger than 0.24 M, which experience hydrogen flashes (fast cooling), while
the tail is associated with masses lower than 0.24 My, which burns hydrogen stably (slow
cooling). All this hampers a proper determination of the system age and we therefore report
both the cooling ages in the figure and in Table 5.3. Selecting only the narrow peak of the age
likelihood distribution, the corresponding companion mass is 0.26f(())"(())‘11 Mg. On the other
hand, the extended tail of the age likelihood distribution implies a mass of 0.22 + 0.02 M.
Unfortunately, not even the pulsar spin-down age can be used to better constrain the system
age, since its value has been proven to be highly unreliable (e.g. T. M. Tauris et al., 2012;
Thomas M. Tauris, 2012) and also depends on the intrinsic pulsar spin-down rate, which
cannot be easily determined for MSPs in GCs due to the contamination by the acceleration
induced by the cluster potential (e.g. Prager et al., 2017).

Although the data-set is composed of several multi-epoch images, we found no evidence
of photometric variability. While this could be due to the very poor and random orbital
period coverage provided by the available data-set, we stress that He WD companions only
rarely show variability, which is usually due to pulsations (global stellar oscillations) of the
WD itself (e.g. John Antoniadis et al., 2016a; M. Kilic et al., 2015; Maxted et al., 2013;
Parsons et al., 2020). Indeed, heating of the stellar side exposed to the MSP and/or tidal
distortions due to the NS tidal field are negligible , at odds with the case of non-degenerate
and tidally-locked companions stars (e.g. M. Cadelano et al., 2015b; Pallanca et al., 2010,
2014), although exceptions exist (e.g. Edmonds et al., 2001; Kaplan et al., 2012).

The companion mass here derived is based on the comparison between the WD observed

and predicted optical magnitudes and thus does not take into account the orbital properties

4Please note that this critical value strongly depends on the metallicity and physics of diffusion (Istrate
etal., 2016)
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of the system derived through radio timing. However, for He-WDs formed through the
stable mass-transfer channel, there is a very well known and tight correlation between the
binary orbital period and the mass of the proto-WD at the epoch of binary detachment (e.g.
Istrate et al., 2014b; Joss et al., 1987; Lin et al., 2011; Rappaport et al., 1995; Savonije,
1987; Thomas M. Tauris et al., 1999). Such a correlation, which mainly depends on the
companion star metallicity and, to a lesser extent, on other stellar parameters (e.g. mixing
length parameter, initial companion mass), has been also confirmed through observations
(e.g. Corongiu et al., 2012). The theoretical mass-period relation for various metallicities is
shown in Figure 5.5. One should note that compared to field stars, GC exhibit helium and «
elements enhancement which were ignored in this work, but might influence the mass-period
relation at a given metallicity. These effects will be studied in a future work. At the orbital
period of M13F and cluster metallicity (Z = 0.0005), the predicted mass for the forming
He-WD is ~ 0.21 Mg, in agreement with our results. Here it is assumed that the WD did
not lose a significant amount of mass during the proto-WD stage and that the current orbital

period is almost unchanged with respect to that at the epoch of the binary detachment.

5.3.3 Constraints on the NS mass

The determination of the companion mass together with the binary orbital parameters derived
through the radio timing analysis allows us to place constraints on the NS mass. In fact, the
masses of the binary components can be expressed as a function of the orbital parameters

through the NS mass function:

(Mco sini)? 3 4r?x3 (5.2)
(Mys + Mcom)?  GP?, .

where Mcoy and Mygs are the companion and the NS mass, respectively, i is the
orbital inclination angle, G the gravitational constant, x the projected semi-major axis and
Porp the orbital period. The right-hand side of this equation depends exclusively on
the binary orbital parameters (see Table 5.1) and thus its value is very well constrained:
f =0.001108878 + 0.000000008 M. On the other hand, the left-hand side of the equation
contains the measured companion mass and two completely unknown quantities: the NS mass
and the orbital inclination angle. Figure 5.6 shows the NS mass predicted by equation 5.2
as a function of both the companion mass and the orbital inclination angle. We find that a

0.23 +£0.03 My companion star could in principle imply the presence of a very massive NS.
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Figure 5.5: Orbital period at the end of the mass-transfer phase versus the mass of the proto-
WD. The various lines represent theoretical mass-period relations for Z=0.0001, Z=0.0005,
7=0.0032 and Z=0.0142 as predicted by binary evolution models (Istrate et. al in prep.).
The grey region represents the fitted mass-period relation by Thomas M. Tauris et al. (1999).
The orange solid line at Z=0.0005 is representative for the metallicity of M13. The red
square reports the position of the companion to M13F. We also included the positions of
the companions to J1342+2822B in M3 (M. Cadelano et al., 2019) and J1911-5958A in
NGC6752 (Corongiu et al., 2012), since the two clusters share approximately the same
metallicity of M13.
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In fact, Figure 5.6 reveals that if M13F is observed almost edge-on (i > 70°), than the NS
mass should be > 2.4 M. More precisely, the maximum NS mass, corresponding to i = 90°
1S Mns max = 3.1 £0.6 M. Such value is larger than ever measured for any massive NS and
larger than the maximum sustainable mass predicted by most of the theoretical equations of
state (e.g. Ozel et al., 2016). Therefore, it is unlikely that this system is observed at very
large inclination angle. On the other hand, assuming that binaries are randomly inclined with
respect to the observer, i.e. assuming a flat distribution of cos i, we find a median NS mass
(corresponding to i = 60°) of Mg mea = 2.4 £0.5 Mg (see right panel of Figure 5.6). Such
value would place M13F on the highest-mass side of the known NS mass distribution (e.g.
John Antoniadis et al., 2016b; Cromartie et al., 2020). All this suggests that either M13F is
observed at quite small inclination angles (i < 40°) or it hosts a massive NS. Indeed, under
the assumption of a flat distribution of cos i , there is a ~ 70% of probability that the compact
object mass is larger than 1.6 M, thus favoring the case of a massive NS. Finally, we further
investigate the possibility of having a standard NS mass coupled with a low inclination angle.
To this aim, we used a Monte Carlo Markov Chain sampler (Foreman-Mackey et al., 2019)
to explore the combination of NS masses and orbital inclination angles able to reproduce the
observed mass-function. We defined a standard Gaussian likelihood function to minimize
the difference between the left and right side of equation 5.2. We assumed an uniform
prior on the distribution of cosi and also a prior on the NS mass distribution following that
empirically derived by John Antoniadis et al. (2016b), which is roughly a double Gaussian
with a main component centered at 1.4 My and with a dispersion of about 0.1 My, and
a secondary component centered at 1.8 My and with a dispersion of about 0.2 M. The
posterior distribution is shown in Figure 5.7 and the results based on the 16/%,50,84!"
percentiles show that M13F could host a NS with an almost standard mass of 1.5 + 0.1 Mg

if orbiting with an inclination angle i = 4315 degrees.

5.4 Conclusions

PSR J1641+3627F is a binary MSP recently discovered in the GC M13 by observations
with the FAST radio-telescope (L. Wang et al., 2020). Its timing analysis revealed a 1.4 day
circular orbit and a NS mass function implying a minimum and median companion mass
of only 0.13 Mg and 0.16 M, respectively, under the assumption of a NS having with a
standard mass of 1.4 My. However, state-of-the-art binary evolution models suggest that

such low-mass companions are unlikely to be produced in a intermediate-low metallicity
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Figure 5.6: Left panel: companion mass as a function of the NS mass. The solid horizontal
line marks the best-fit value of the companion mass (M = 0.23 M) and the light-grey region
delimited by the two horizontal dashed lines marks its estimated uncertainty. The dark gray
shaded area is the region forbidden by the binary mass function (see equation 5.2), while the
dot-dashed colored lines are the curve obtained assuming different inclination angles. The
vertical line represents a canonical NS mass of 1.4 Mq. Right panel: NS mass as a function
of the cosine of the orbital inclination angle, for the estimated mass of the companion star: the
solid curve marks the combination of values allowed by the best-fit value of the companion
mass (0.23 M), while the light-grey region delimited by the two dashed curves marks the
combinations allowed within the uncertainty (see the legend). The right edge panel shows,
as reference, the NS mass distribution empirically derived by John Antoniadis et al. (2016b).
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Figure 5.7: Corner plots showing the 1D and 2D projections of the posterior probability
distribution of the NS mass and inclination angle of M13F. The 1D-histograms are the
marginalized probability distributions and the dashed lines corresponds to their 16,50/ ,84'"
percentiles. The bottom left panel is the joint 2D posterior probability distribution and the
contours corresponds to 107, 20 and 30 confidence levels.
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cluster such as M13. This is mainly due to the fact that lower metallicity stars are more
compact for the same He-core mass compared to higher metallicities (Istrate et al., 2016).
This suggests that M13F could host a non-canonical companion or, alternatively, that the
system is observed at nearly face-on orbits or that it hosts a high-mass NS. To shed light
on this, we used a combination of near-UV and optical observations obtained with HST to
identify the companion star. At a distance of only 0.02” from the radio MSP position, we
identified a faint and blue object located on the red side of the CMD region occupied by
the cluster WD cooling sequences and thus compatible with the expected position of He-
WDs. Our study therefore allowed us to exclude the first possibility and conclude that the
companion to M13F is a canonical He-WD. We exploited the HST multi-band photometry
also to constrain the companion properties from the comparison with binary evolutionary
models computed for M13 metallicity following the prescriptions in Istrate et al. (2016).
We found that the companion to M13F likely has a mass Mcoy = 0.23 £ 0.03 Mg. Itis
important to stress that this value is model-dependent, but different assumptions about the

binary and stellar evolution physics are expected to lead to only slightly different results.

Although our analysis does not allow to break the degeneracy between the inclination
angle and the NS mass, we could at least reduce the range of possibilities by combining the
derived companion mass with the binary orbital parameters. We find a maximum NS mass
(corresponding to an edge-on orbit, i = 90°) of My max = 3.1 £ 0.6 My and a median NS
mass (corresponding to i = 60°) of Mys meq = 2.4 £ 0.05 M. These high values suggest
that M13F is unlikely to be observed edge-on. Therefore we conclude that either M 13F hosts
a canonical NS with a mass ~ 1.4 M and is observed at nearly face-on inclination angles

around 40° or its NS is part of the growing class of high-mass NSs.

To break the degeneracy between a face-on orbit and a high-mass NS, independent
measurements of the companion mass and possibly of the orbital inclination are needed.
These quantities could in principle be constrained, for example, through the radio detection
of a Shapiro delay (e.g. Corongiu et al., 2012; Cromartie et al., 2020), in particular its
orthometric amplitude parameter /3 (see Paulo C. C. Freire et al., 2010). However, given
the extreme faintness of M13F, even in FAST data, it is unlikely that such a detection can
be made in the near future. Alternatively, the mass ratio between the two binary component
could be measured through spectroscopic observations that however, due to the companion

low-luminosity, are beyond the capabilities of the current generation of optical telescopes.

Unfortunately, the wavelength coverage and sampling of our observations is not enough

to perform a reliable SED fitting of the observed magnitudes with WD spectral templates.
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Although this technique could be useful to obtain an independent companion mass measure-
ment, additional observations at UV wavelengths (1 < 2700 A) are necessary to properly
constrain the surface gravity and radius of a WD by using this method. However, multi-band
and high quality observations sampling the whole wavelength range from UV to optical are

indeed feasible and could confirm in the future the companion mass here derived.
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Chapter 6

A young white dwarf orbiting
PSR J1835-3259B in the bulge globular
cluster NGC 6652

Mainly based on Chen et al. 2023, ApJ, accepted

6.1 Introduction

We are leading a long-term program aimed at identifying MSP in GCs through near-UV to
near-IR photometric and spectroscopic observations of their companion stars with the aim
of obtaining a complementary view of the binary properties and study their formation and
evolution in the ideal GC laboratory. This program led to the discovery and characterization
of several He-core WD companions (M. Cadelano et al., 2015a, 2019; Francesco R. Ferraro
et al., 2003b)), one of them possibly orbiting a high-mass NS (Mario Cadelano et al., 2020),
and several companions to spider MSPs (M. Cadelano et al., 2015b, 2017b; Cocozza et al.,
2006; Francesco R. Ferraro et al., 2001b; Mucciarelli et al., 2013; Pallanca et al., 2010,
2013b, 2014; Sabbi et al., 2003a,b).

Here we report on the identification and characterization of the companion star to
NGC 6652B based on high-resolution near-ultraviolet and optical observations obtained
from the Hubble Space Telescope (HST).
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Table 6.1: Observation Log of the data set.

obs. ID  F275W F336W F438W
690sx2  305sx2  60sx1

GO-13297 775sx2 313sx1  69sx1
800sx2 313sx3  86sx1

NGC 6652 is a GC located around 10 kpc from the Sun (Harris, 1996, 2010 edition), with
an age of 13.25+0.5 Gyr (Dotter et al., 2010), an intermediate metallicity of [Fe/H] = -0.75
and a small extinction of E(B-V) = 0.09 (Harris, 1996)(2010 edition) for a stellar system
located in the Galactic bulge. PSR J1835-3259A was the first binary MSP discovered in the
cluster by DeCesar et al. (2015) and it is characterized by a pulse period of 3.89 ms, an orbital
period of 9.25 days and a very high eccentricity e = 0.97. The MSP is orbiting a companion
with a minimum mass of about 0.7 My, which could be either a massive white dwarf or a
secondary NS. This system likely formed through an exchange encounter in the dense cluster
environment. Recently, a new binary MSP, namely J1835—-3259B (hereafter NGC 6652B)
has been discovered by Gautam et al. (2022). The NS is spinning at 1.83 ms and is located
in a 1.2 days long orbit with an extremely small eccentricity of about 3 x 107>, Zhang et al.
(2022) used observations obtained by the Fermi Gamma-ray Space Telescope and detected
a high-energy emission of the MSP as a source with a y-ray luminosity of 5 x 10** erg s~!.

This paper is organized as follows: in Section 6.2, we describe the data set and data
reduction; the identification and characterization of the companion star are presented in

section 6.3 and the conclusions are finally drawn in section 6.4.

6.2 Data Reduction

In this work, we used high-resolution and deep photometric data acquired with the HST
in the near-ultraviolet band, captured by the UVIS channel of the Wide Field Camera 3
(WFC3), the obtained archival data set is a part of the HST legacy survey of galactic globular
clusters under GO-13297 (PI: Piotto). There are 3 different filters used: F275W(near-UV),
F336W(U), and F438W(B), the observational log of the data set is listed in Table 6.1.

The data reduction was performed on the calibrated images with extension _f/c (UVIS
calibrated exposure including Charge Transfer Efficiency (CTE)), after pre-reduction includ-
ing Pixel Area Map correction.

In searching for the optical companion to PSR J1835-3259A and PSR J1835-3259B
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we adopted the so-called “UV-route", a photometric procedure specifically optimized for the
identification of blue and hot objects in crowded fields such as hot Horizontal Branch stars,
BSSs and WDs and widely used by our group in previous papers (see Dalessandro et al.
2013b; F. R. Ferraro et al. 1993, 1997; Francesco R. Ferraro et al. 1997, 2001a, 2003b).
Specifically, in this paper we followed the approach described in M. Cadelano et al. (2019)
and Mario Cadelano et al. (2020) (see also Chen et al. 2021, 2022; S. Raso et al. 2017;
Silvia Raso et al. 2020).

As the first step, about 250 bright and unsaturated stars were selected to model the Point
Spread Function (PSF) for each image, then the resulting models were applied to all the
sources detected above 4 o from the background. As a second step, we created a “master
list" of stars containing all the sources detected in at least half the F275W images. The
PSF-fitting of all the sources in the master-list was forced at the corresponding positions in
all the frames using DAOPHOT/ALLFRAME (Stetson, 1994). Finally, magnitudes obtained
for different stars were averaged and homogenized using DAOPHOT/DAOMASTER.

The instrumental magnitudes were calibrated to the VEGAMAG system by using ap-
propriate zero-points and aperture corrections!. After correction for geometric distortions
(Bellini et al., 2011), the coordinates were aligned to the International Celestial Reference
System by cross-correlation with the Gaia DR3 Catalog (Gaia Collaboration et al., 2022), To
this aim, we used the cross-correlation software CataXcorr? adopting a six parameter linear
transformation to convert the instrumental (x, y) positions to the (RA, Dec) absolute coor-
dinate system. The transformation residuals returned a combined astrometric uncertainty of

about 14 mas.

6.3 The companion to NGC 6652B

6.3.1 Identification of the companion star

To identify the optical counterpart of the MSP in the cluster, we carefully analyzed all the
stars in the region surrounding the two MSP positions. No stars are found at a position
compatible with PSR J1835-3259A. On the other hand, a peculiar bright and blue star is
found at 30 mas from timing position of NGC6652B. The resulting 1o radio timing and
optical uncertainty for this MSP is 17 mas (see Section 6.2 and Table 3 in Gautam et al.

thttps://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-calibration
2http://davide2.bo.astro.it/~paolo/Main/CataPack.html
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(2022)), therefore the two positions of the two sources turn out to be compatible within
1.80. Figure 6.1 shows the finding chart in the three different adopted filters. It can be easily
appreciate that the source closest to NGC6652B is a very blue star as its luminosity rapidly
decreases in redder filters. Nonetheless, the candidate is bright enough to be detected in all
the three filters with small uncertainties: mpa7sw = 21.77 £ 0.02, mpzzew = 21.93 + 0.04,
and mpq3gw = 22.62 + 0.07. Observations in the F606W and F814W filters are available
in the HST archive but we did not include them in the analysis since the companion is not
detectable due to nearby heavily saturated star.

Figure 6.2 shows the Color Magnitude Diagram (CMD) of the cluster in two different filter
combinations. Indeed, in both the color combinations shown in Figure 6.2, the candidate
companion star (highlighted with a large red square) is located in the CMD region between
the Main Sequence and the CO-WD cooling sequence (which is clearly visible in the left
panel at color mpa75w — mp3zew < 0). Considering the photometric errors, its position
turns out to be incompatible (at more than 100°) with both the MS and the CO-WD cooling
sequence. On the other hand this is the portion of the CMD , where the He-WD cooling
sequences are expected to lie. These WDs are the standard outcome of the mass-transfer
processes and typically found to be orbiting MSPs . Moreover, due to its luminosity we can
also expect that this is a relatively young WD. Thus on the basis of its peculiar position in the
CMD we can tentatively hypothesize that the companion to NGC6652B is a recently formed
He-WD.

The adopted data-set is composed of multi-epoch observations. We investigated the
magnitude of the counterpart in the different frames but we found no evidence of photometric
variability could be detected for the companion star. While this can be due to the poor
sampling of the binary orbit, He-WD companions only rarely show variability, which is
usually not related to the binary orbit but to stellar pulsations (e.g., John Antoniadis et al.
2016a; M. Kilic et al. 2015; Maxted et al. 2013; Parsons et al. 2020). Indeed, heating and/or
tidal distortions are negligible in the case of a WD companion (although exceptions exist,
see, e.g., Edmonds et al. 2001; Kaplan et al. 2012), while they become significant in the
case of non-degenerate and Roche-Lobe filling companions (e.g., M. Cadelano et al. 2015b;
Francesco R. Ferraro et al. 2001b; Pallanca et al. 2010, 2014).

6.3.2 Comparison with Binary evolution models

In order to confirm the hypothesis that the companion to NGC6652B is a He-WD, and to

derive its physical properties, we compared its position in the CMD with the prediction of
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Figure 6.1: 1.5” x 1.5” finding chart of the NGC6652B companion in the F275W, F336W,
and F438W filters. The red circle has a radius of 50 mas (~ 3sigma uncertainty), while
the center of the circle corresponds to the position of the MSP. It is clear that the candidate
counterpart (a white dwarf) gets fainter in redder filters, while most of the other stars get
brighter.

theoretical binary evolution models. As first step, the performed a calibration sanity-check
by comparing the observed standard evolutionary sequences (such as main-sequence and red
giants) with an isochrone extracted from BaSTI database (Hidalgo et al., 2018; Pietrinferni
et al., 2021) with an age of 13.25 Gyr (Dotter et al., 2010), a metallicity [Fe/H] = -0.8
(Harris, 1996, (2010 version)), and [a/Fe] = +0.4. We also compared the position of the
observed WD-CO cooling sequence with a theoretical cooling track extracted from BaSTI
database (Maurizio Salaris et al., 2022) for CO-WDs with a canonical mass of 0.55 M.
Absolute magnitudes were converted to the observed frame by adopting a distance modulus
of (m— M)y = 14.97 and a color excess of E(B—V) = 0.1 (in very good agreement with the
values quoted by Harris 1996) and using appropriate extinction coefficients from Cardelli
et al. (1989) and O’Donnell (1994). As shown in Figure 6.3, both the isochrone and the CO
WD cooling track nicely reproduce the observed evolutionary sequences, thus confirming
that the photometric calibration and cluster parameters are sufficiently precise to allow the
next step of exploration.

In order to constrain the properties of the companion star, we extracted binary evolution
models from the database described in Istrate et al. (2014b, 2016). These models follow the
evolution of a NS binary during the whole mass-transfer stage, the proto-WD and the WD
cooling stage. The resulting evolution tracks cover a large parameter space with a He WD

mass range of 0.17 My—0.4 M, a surface temperature of 5000 K - 20000 K, and cooling ages3

3Following Istrate et al. (2016), the WD cooling age is defined as the time passed since the proto-WD
reached the maximum surface temperature along the evolutionary track.
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Figure 6.2: CMDs of NGC 6652. Left-panel and right-panel are (m gy75w —mp3zew, ME275w)s
and (mpgy7sw — mpa3gw, mpa7sw) filter combinations, respectively. The He-core WD com-
panion to NGC6652B is marked with a red square in each panel. The error bars are smaller
than the red squares.
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Figure 6.3: Same CMD as figure 6.2, but the WD region is zoomed in. A theoretical cooling
track of a 0.55 My CO-WD and an isochrone of 13.25 Gyr stellar population are marked
with black lines, respectively. The other curves in color are cooling tracks of He WD with
masses of 0.17Mg, 0.18Mg, 0.19M,0.22M, from left to right, where the cooling age are
marked with different symbols in tracks as reported in legend.
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down to the cluster age. By using the Astrolib Pysynphot Package* (STScl Development
Team, 2013) and WD spectra templates (Koester, 2010; Tassoul et al., 1990; Tremblay
et al., 2009), the theoretical bolometric luminosities were converted to the HST-WFC3
magnitudes. A selection of the evolutionary tracks are plotted in Figure 6.3. As expected,
all the tracks are located along the red side of the C-O WD sequence. The CMD position
of the companion star to NGC6652B is nicely reproduced in both the filter combinations by
the lowest available He-WD mass of 0.17 M, thus confirming that the identified star is an
He-WD. Unfortunately, the available evolutionary tracks do not properly cover the extreme
He-WD low mass end (for M < 0.17 My). This hampers a detailed characterization of the
uncertainties (see M. Cadelano et al. (2019) and Mario Cadelano et al. (2020)). However,
the main physical properties of the companion star can be safely derived from the best-fit He-
WD track mass (0.17 M) and deriving conservative uncertainties exploiting the available
grid of higher mass tracks. In doing so the companion star turned out to have a mass of
0.17 + 0.02 Mo, a surface gravity of logg = 5.7 + 0.3 cm s~2, a surface temperature of
T.rr = 11500 £ 1900 K and a very young age of only 200 + 100 Myr. This confirms that
the companion to NGC6652B is a recently formed He-WD. For such He-WD, the proto-WD
timescale, i.e. the time spent by the companion star from the Roche-Lobe detachment to the
beginning of the cooling phase is expected to last 1.2 + 0.2 Gyr. Although this value slightly
depends also on the NS mass and companion metallicity, it suggests that the mass-transfer
phase in this system stopped around 1.4 Gyr ago, then the companion went through a long
bloated proto-WD stage in which a significant fraction of the hydrogen in the envelope was
burned through stable burning, while the star contracted eventually entering in the WD

cooling sequence.

To further investigate the evolution of this system, we analyzed the growth rate of the
He core of stars with different masses at the cluster metallicity extracted from the PARSEC
v2.0 database (Costa et al., 2019a,b; Nguyen et al., 2022). Assuming the cluster age of
13.25 + 0.5 Gyr (Dotter et al., 2010), the sum of the companion cooling age and proto-WD
age suggests that this system experienced the end of the mass-transfer phase (i.e. Roche-Lobe
detachment) when the cluster was 11.9 = 0.5 Gyr old. Back then, only stars with masses
between 0.86 Mg and 0.88 M had sufficient time to grow a He core with a mass comparable
with that of the companion star (see left hand panel of Figure 6.4). This pose a firm constrain
of the mass of the progenitor companion star. Stars with mass in the range 0.86 My and

0.88 My have developed a 0.17 + 0.02 M He-core during the very early stages of the red

4Pysynphot: https://pysynphot.readthedocs.io/en/latest/
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Figure 6.4: Left panel: He core mass as a function of the stellar mass as predicted by
the evolutionary tracks from PARSEC v2.0 (Costa et al., 2019a,b; Nguyen et al., 2022).
The black dashed curve and the light orange shaded area represent the values for an age of
11.9+0.5 Gyr, corresponding to the cluster age at the epoch of Roche-Lobe detachment. The
horizontal line (and blue band) marks the mass of the He WD companion to NGC6652B.
Right panel: the black curves are the evolutionary track for 0.88 M and 0.86 M, stars from
left to right, respectively. The red portion of the track highlights the phase where the star had
a He core with a mass comparable with the one measured for the companion star. The blue
point marks the region of the tracks ~ 1 Gyr before the Roche-lobe detachment, when the
mass transfer probably started. Finally, the green cross marks the region where the exhausted
He-core starts growing.

giant branch phase (see right hand panel of Figure 6.4). Assuming that the mass-transfer
phase lasted at most 1 Gyr, then this process started when the companion star evolved to the

sub-giant branch stage.

6.3.3 Constrains on the NS mass

With the determination of companion star mass, one can combine binary orbital parameters,
derived through the radio timing, to constrain the mass of NS from the mass function
(Andrew G. Lyne et al., 1998) :

4n? @dsindi mdsindi
My, Me, 1) = = 6.1
f( )4 c ) G Pi (mp + mc)2 ( )

where m,, m., are the NS and companion mass, respectively, i is the orbital inclination

angle, a the projected semi-major axis and P,,, the binary period. The above equation
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Figure 6.5: Left-hand panel: NS mass as a function of the companion star mass. The best-fit
value of the companion mass is marked with a solid vertical line, and the corresponding
uncertainties are delimited by two dashed lines. The color dotted-dashed curves indicate
the NS mass - companion mass relation at different inclination angles, while the shaded
area is the region forbidden by the mass-function. Right-hand panel: The NS mass as a
function of the cosine of the inclination angle for the estimated mass of the companion star.
The solid curve are values predicted by the best-fit value of the companion mass, while the
light-gray shaded region delimited by the two dashed curves are the values allowed within
the companion mass uncertainty. The rightmost panel shows, as reference, the NS mass
distribution empirically derived by John Antoniadis et al. (2016b).

contains two unknown quantities, namely the NS mass and the orbital inclination angle. The
NS mass as a function of the companion mass and inclination angles are shown in Figure 6.5,
where it can be seen that the range of NS masses allowed by the known companion mass
excludes the possibility of a high-mass NS. In fact, in the case of an edge-on binary, the NS
mass is constrained between 1.1 Mg and 1.6 M. Lower inclination angles would result in
lower NS mass ranges. In principle, a canonical mass NS of Mys = 1.4 Mg can be obtained

with a large inclination angle of about i = 80 — 90°.

We also used a Markov Chain Monte Carlo sampler (Foreman-Mackey et al., 2019) to
further constrain the mass and inclination angle of the MSP. Following Mario Cadelano et al.
(2020), we defined a Gaussian likelihood function to minimize the difference between the

middle and right sides of Equation 6.1. We assumed a uniform prior on the distribution
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Figure 6.6: Constraints on the mass of the NS and the inclination angle

of NGC 6652B.

The 2D panel shows the posterior probability distribution of the two parameters, and the
contours are the 10, 207, and 30~ confidence levels. The 1D histograms are the marginalized
probability distributions of the two parameters, where the solid blue and black dashed lines

are the best values and their related uncertainties.
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of cosi and also a prior on the NS mass distribution following the one derived by John
Antoniadis et al. (2016b). The posterior distribution is shown in Figure 6.6, and the results
based on the 16, 50", and 84'" percentiles show that NGC6652B is likely a NS with a
standard mass of 1.44 + 0.06 M, in a binary seen with a large inclination angle. In fact,
the probability distribution of the inclination angle reaches the maximum values for edge-on
orbits. We therefore assumed that the best value for the inclination angle corresponds to
the maximum in the probability distribution and its lower uncertainty to the 16" percentile:
i (deg) = 88*2..

6.4 Conclusions

We used deep, high-resolution near-ultraviolet HST observations to study the binary MSPs
in NGC 6652. By using the so-called “UV-route" approach, we searched for the companions
to the binary MSPs in the cluster. At the corresponding position of NGC6652B we found a
blue object located along the red side of the brightest portion of the WD cooling sequence.
This is a He-WD, i.e. the exhausted core of an evolving star which lost its envelope likely due
to the mass transfer onto the NS. The comparison with binary evolution models revealed that
the companion star is a newly formed He WD with a cooling age of only 200+ 100 Myr and a
mass of 0.17 +£0.02 M. The companion underwent a bloated proto-WD phase which lasted
1.2 +£ 0.2 Gyr. Therefore the Roche-Lobe detachment occurred ~ 1.4 Gyr ago, when the
cluster was 11.9 Gyr old. The progenitor star of such a young and low-mass WD was likely
a ~ 0.87 M, star which developed a He core with a mass of 0.17 My during the first stages
of the evolution along the red giant branch, before the Roche-Lobe detachment. Therefore
the progenitor star lost ~ 0.7 Mg during its evolution in the binary system. Assuming that
the mass-transfer stage lasted < 1 Gyr, it begun when the progenitor star evolved along the
sub-giant branch phase, naturally increasing its radius due to the standard stellar evolution,
eventually filling its Roche-Lobe and starting the mass-transfer onto the NS primary.

Combining together the companion mass here derived and the binary orbital properties
derived through radio timing, we found that this system likely hosts a NS with a mass of
1.4 My seen at an almost edge-on orbit. The NS mass so derived is very similar to the
canonical values expected and measured for these objects (e.g. Antoniadis et al. (2016b)).
Since the companion lost ~ 0.7 Mg during the mass-transfer, the derived NS mass suggests
that the mass-transfer phase was highly non-conservative.

A described by Gautam et al., 2022, NGC 6652A is an unusually bright pulsar, with
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the pulsed component representing only a small amount of the total emission. This was
inferred from the fact that it appears much more strongly in interferometric images than in
the pulsed profile. This is consistent with the type of pulse profile, which seems to consist
of two sinusoids, where it s not clear whether there is a real zero of emission. This already
suggests that the pulsar is unusual. This was confirmed by Zhang et al., 2022: their detection
of gamma-ray pulsations shows that this MSP is unusually energetic: it is only the third
pulsar in a GC detected in gamma rays, after NGC 6624A (P. C. C. Freire et al., 2011) and
M28A Johnson et al., 2013. From the orbital period derivative of the pulsar, Gautam et al.,
2022 estimated that the intrinsic spin-down of the pulsar (Pin) is less than 6.7 x 10720,
If the pulsar had that spin-down, it would have a characteristic age (7.) of 0.43 Gyr and a
gamma-ray efficiency of 0.12. The latter number indicates that P, cannot be much smaller,
otherwise the gamma-ray efficiency would be closer to 1.0. This means that 7, cannot be
much larger than 0.43 Gyr.

The idea of a young, energetic MSP revealed by the gamma-ray emission (and consistent,
or at least not not contradicted by the timing) is therefore in perfect agreement with your
detection of a young WD companion. The cooling age we derive (0.2 + 0.1 Gyr) is smaller
than the characteristic age (7. > 0.43 Gyr). This is to be expected, because 7, is computed
assuming that the initial spin period is much smaller than the current spin period. For a MSP
with a spin period of 1.83 ms, this is highly unlikely. For the much more probable case that
the initial spin period was similar to what it is today, then the age of the pulsar is smaller than
suggested by 7, and more in agreement with the cooling age. The detection of a young WD
companion is therefore valuable because it confirms the general picture of an exceptionally
young, powerful MSP.

This work further confirms the strong and fruitful synergy between the new radio tele-
scopes (such as MeerKat and FAST), and space telescopes (such as HST and JWST). Such
a synergy allows to obtain a comprehensive view on the properties and evolution of binary
MSPs in GCs through the observation of both the NS primaries in the radio bands and the

companions in the optical bands.
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Chapter 7

Summary and Conclusions

This thesis is devoted to the study of the WD populations of GGCs and it articulated in two
main branches: (1) the study of the Luminosity Function (LF) of the brightest portion of the
White Dwarf Cooling Sequence (WDCS) in four clusters (namely, M3, M13, M5 and NGC
6752), and (2) the search for degenerate companions to binary Millisecond pulars (MSPs) in
two clusters (namely, M 13 and NGC 6652).

The results obtained in the context of first branch have yielded to the observational
discovery of “slowly cooling WDs” and the presentation of a convincing scenario to explain

their formation. This is described in Chapters 2, 3 and 4.

1. Chapter 2: The first observational evidence of slowly cooling WDs, revealed
in the “twin clusters” M13 and M3. As first step of this project, we selected
two GGCs (namely, M13 and M3) that share many physical properties (e.g., age,
metallicity, mass etc.) and are therefore considered as “twins” systems. The main
exception to this similarity concerns the morphology of their Horizontal Branch (HB):
a remarkable blue extension of the HB is observed in M13, while it is absent in
M3. Thanks to a “UV-guided” PSF photometry of the available HST data sets,
high-quality color-magnitude diagrams (CMDs) were obtained for the two clusters.
In both cases the bright portion of the WDCS is well defined and populated. We
assessed the completeness of the observed WD samples through extensive artificial

star experiments. Then, we compared the completeness-corrected WD LFs of the
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two systems, each one properly normalized the overall respective cluster populations,
finding a significant excess of WDs in M13 with respected to those counted in M3 at
the same level of magnitude. This observational evidence and the comparison with the
predictions of “standard” WD cooling models suggest that the WD cooling process is
significantly slowed down in M 13, while it agrees with the theoretical expectations in
M3. Noteworthy, this result is well consistent with the different HB morphologies of
the two systems. In fact, the HB blue tail of M 13 is populated by low-mass stars that
skip the Asymptotic Giant Branch (AGB) phase and therefore do not experience the
third dredge-up, a deep convection event during which most of the hydrogen in the
envelope is brought to the inner layers and there burned. This implies that most of
the WDs in M13 have a residual hydrogen envelope thick enough to guarantee stable
thermonuclear activity, at least during the early phase the WDCS, which yields to a
significant increase of their cooling time. Conversely, all the HB stars in M3 (where
no HB blue extension is observed) experience the AGB phase and the third dredge-up,
thus remaining with not enough hydrogen in their envelope and evolving as “standard”

(purely cooling) WDs

2. Chapter 3: Confirming the existence of slowly cooling WDs in NGC 6752. As
next step, we investigated the WDCS in NGC 6752, a GGC with metallicity and HB
morphology similar to those of M13. After performing the data reduction and artificial
star tests, a high-quality and completed sample of WDs has been obtained. To properly
take into account the different cluster total masses, we have normalized the WD LFs
to the number of Red Giant Branch (RGB) stars counted in the two systems. The
RGB populations have been selected in a perfectly coherent way because, after the
application of just a small shift in magnitude, the overall morphology of the CMD of
M13 nicely matches that of NGC 6752. Except for reaching much fainter magnitudes,
the WD LF of NGC 6752 impressively agrees with that of M 13, with the portions in
common being almost indistinguishable. In addition, it is inconsistent with theoretical
predictions for a population of purely cooling WDs, while it is properly reproduced by
models that include ~ 70% of slowly cooling WDs, as in M13. This provides strong
evidence that the two clusters share the same type of WD populations, suggesting that
also NGC 6752 hosts a relevant fraction of slowly cooling WDs, and further confirm
the relation between the presence of these stars and a blue tail HB morphology.

3. Chapter 4: confirming the link between slowly cooling WDs and the HB morphol-
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ogy in MS. As a further check, we investigated the WDCS in NGC 5904 (MS5), which
is a GC with a HB morphology similar to that of M3, but with slightly larger metallicity
(A[Fe/H]~ +0.2 dex). By using the same approach described above, we obtained the
UV-CMD of M5, which shows a well defined WDCS. We also performed artificial
star tests to evaluate the completeness along the entire extension of the WDCS. Taking
into account that the different metallicity of the two clusters prevents a direct com-
parison of their evolutionary sequences in the CMD, to avoid introducing biases in
the normalization process, we normalized the WD LFs to the cluster total luminosity.
The results show that the WD LFs in the two systems are similar, thus suggesting that
also M5 is mainly populated by canonical WDs, coherently with its (no blue tail) HB
morphology.
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Figure 7.1: Left: Near-ultraviolet color-magnitude diagrams of the pair M5 and M3, reported
in the absolute plane by adopting the distance modulus and reddening from F. R. Ferraro et al.
(1999). Right: WD-LFs normalized to the cluster light sampled by the HST observations
(blue and red points for MS and M3, respectively) . The solid line is the model expectation
for a population of pure “standard” WDs.

The results are summarized in Figure 7.1 and Figure 7.2 where the CMDs and the WD-LF
are shown for the two pairs of clusters investigated: Figure 7.1 show the couple M5 and M3
both with a not extended HB and both showing a WD-LF fully consistent with that expected
for a population of standard WDs. In Figure 7.2 the case of the pair M13-NGC6752 is
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Figure 7.2: Left: Near-ultraviolet color-magnitude diagrams of the pair M13 and NGC6752
reported in the absolute plane by adopting the distance modulus and reddening from F. R.
Ferraro et al. (1999). Right: Cumulative WD-LFs normalized to the number of RGB (red
and blue heavy solid line for M13 and NGC6752, respectively). The black solid line is the
model expectation for a population of pure “standard” WDs, while the black dashed line
(that nicely reproduces the observed distribution) is the behavior expected for a population
of 70% of slowly cooling WDs.

illustrated: the two clusters share the same extended blue HB-morphology and the WD-LFs
turned out to be consistent with a content of ~ 70% of slowly cooling WDs.

This thesis therefore presented the first observational evidence of a new class of WDs,
which we named “slowly cooling WDs”, in GCs showing an HB morphology with a long blue
tail. These stars were predicted by Leandro G. Althaus et al. (2015), but never observed yet.
Indeed, following stellar evolutionary models, stars less massive than ~ 0.56 M, evolve along
the blue extension of the HB and then skip the AGB evolutionary phase, which immediately
precedes the WD stage. This implies that they do not experience the third dredge-up, and
keep a very thin hydrogen-rich shell (with a mass of the order of 0.0001 M) where stable
thermonuclear burning occurs: this is an active energy source that slows down their cooling
process. Hence, slowly cooling WDs look similar to their canonical sisters (i.e., they are
indistinguishable from their photometric properties), but have significantly longer cooling
times, which makes them ‘“accumulating” in the CMD in the bright-end of the cooling
sequence. Finally, such a scenario has been solidly assessed by the observational results

obtained in this thesis, through an unprecedented analysis of the WD cooling sequences in a
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few GGCs. The extension of this investigation to clusters with extended HB blue tail in the
extreme low metallicity regime, where the phenomenon is expected to reach its maximum
efficiency, is the next step of this investigation, necessary to fully verify the theoretical
predictions and provide an empirical measure of the impact of these results on the use of the
WD cooling sequences as chronometers to measure cosmic ages.

The results obtained in the second research branch have yielded to the discovery of two
new optical companions to binary MSPs. This is another very promising research field
dealing with WD properties, since a degenerate exhausted object (an He or a CO WD) is
expected as natural outcome of the evolutionary path that re-accelerates a neutron star to
generate a MSP. In fact, following the canonical scenario, MSPs are thought to be originated
in binary systems where a neutron star accretes matter (and angular momentum) from a
companion star. At the end of the accretion process, the neutron star is re-accelerated at
millisecond spin periods (hence, a MSP is born) and only the degenerate core of the peeled
companion stars (i.e., a He or CO WD) remains bound to the MSP in the binary system.
However, non-degenerate companion stars have been found in a few cases, thus indicating
that the formation of MSPs likely is more complex than previously thought, and it is possibly
affected also by internal dynamical processes occurring in GCs. Hence, the identification and
the characterization of the optical companions to binary MSPs is crucial to get information
on the MSP formation channels (and epoch). Moreover, it opens the possibility to estimate
the mass of the companion star, which can be combined with the orbital properties of the
system and provide invaluable constraints to the neutron star mass.

The present thesis work has contributed to this fascinating research field by identifying
the companion stars to two binary MSPs in the GCs M 13 and NGC 6652. They are both He-
core WDs, according to the canonical recycling scenario. The mass of the WD companion
in M13 suggests that the neutron star could be as massive as 2.4 + 0.5 M, while the WD
cooling age estimated in the case of NGC 6652 puts a constrain on the epoch of the accretion

process that re-accelerated the MSP. This has been described in Chapters 5 and 6.

1. Chapter 5: Discovery of a low-mass He-core white dwarf orbiting a possible
high-mass neutron star in M13. PSR J1631+3627 (hereafter M13F) is a new MSP
discovered in M13. We used the photometric catalog of M 13 to search for the optical
companion to M13F, at the same position as the radio source, a faint WD was found
(F275W = 23.7). After a comparison with He WD cooling models, we estimate that
it has a mass of 0.23 + 0.03 M. Combining the results with published constraints on

the orbital parameters obtained through pulsar timing, we estimate the pulsar mass to
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be Mysmea = 2.4 £ 0.5 My with a inclination angle of 60° or 1.5 + 0.1 Mg with a

inclination angle of around 40°.

2. Chapter 6: Discovery of a young WD orbiting a neutron star in NGC 6652.
PSR J1835-3259B (hereafter NGC 6652B) is the second MSP discovered in NGC
6652, which is a old GC with intermediate metallicity, located in the Galactic bulge.
After performing a UV-guided search for the companion star in the available HST
data set, we found on object at the same position to the radio signal, lying in the He
WD region of of the cluster CMD. From theoretical cooling tracks, we estimated the
physical properties of this star: itis a He WD with a mass of 0.17+0.02 Mg, and a very
short cooling time (only 200 Myr), suggesting a very recent formation epoch for the
MSP. By combining this information with the neutron star mass function, we estimated
that the neutron star has a canonical mass of 1.4 + 0.1 M with a low-inclination angle
of ~ 88°.
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define the RGB “reference population” in the observed and realigned CMDs
of M13 and M3. The number of red giants counted in each cluster is also

marked. The mean errors (1 s.e.m.) are alsomarked. . . .. ... ... ..

WD cooling time for models with and without hydrogen burning. Com-
parison between the cooling times of a low metallicity, 0.54 My WD with
and without hydrogen-burning (Leandro G. Althaus et al., 2015) (solid and
dashed lines, respectively). The red segment marks the difference in the
cooling time at the luminosity of the faintest WD considered in this study,
log(L/Ls) = —1.7 and reports the absolute difference between the two
cooling time values (60 Myr), corresponding to a 75% increase if hydrogen-

burning is active, with respect to the ‘standard’ (no-burning) case. . . . . .
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2.10 HB and AGB populations in M3 and M13. a, UV-CMD of M13 zoomed in

3.1
3.2

3.3

3.4

3.5

3.6

the HB region. The extreme-HB (E-HB) and the 7 candidate AGB-manqué
stars are highlighted as blue circles. b, AGB and HB selection boxes in
the optical- and UV-CMD (top and bottom panels, respectively) for the two
clusters. The population star counts are also marked in each panel. The

mean photometric errors (1 s.e.m.) are also marked in all panels. . . . . . .

Near-UV Color Magnitude Diagram (CMD) of NGC 6752. . . . . ... ..
Observed (Co-added mpr7sw, mey7sw — mezzew CMDs of NGC 6752 (black
dots) and M13 (red dots, from C21). A magnitude shift Ampgy75w = —1.04
and a color shit A(mgy75sw — mp3szew) = 0.04 have been applied to the CMD
of M13 to match that of NGC 6752. . . . . . .. ... ... ... .. ...
Distribution of the WD completeness parameter @, as a function of the
F275W magnitude. The 622 selected WDs are plotted as blue circles: they
all have @ > 0.45, while those fainter than mgy75w = 24.5, or located at
distances smaller than 10” from the cluster center (empty circles) have been
excluded from the analysis, to avoid the risk of inappropriate completeness
COITECLIONS. . . « . v v v v vttt e et e e e e e e e e e
CMD on NGC 6752 zoomed on the WD cooling sequence, with the WD
samples selected for analysis denoted by black dots. The red lines are the
same set of theoretical models used in C21 to reproduce the evolutionary
sequences observed in M13: a 12.5 Gyr old isochrone from the BaSTI
dataset (Pietrinferni et al., 2006) well fitting the cluster MS, and the cooling
sequence of a 0.54M hydrogen atmosphere CO-WD from M. Salaris et al.
(2010). The red squares flag three cooling ages along the cooling track. The
dashed horizontal line marks the adopted magnitude limit of the analyzed
WD sample, corresponding to a cooling age tcoo < 460 Myr. . . . . . . ..
Observed and completeness-corrected luminosity functions (shaded and blue
histograms, respectively) obtained from the selected WD sample (black dots
mFigure 3.4). . . . . .
Selection box (black line) of the RGB sample (blue dots) in NGC 6752. The
box is equal to that used in M13 (but for the color and magnitude shifts
needed to align the two CMDs; see Figure 3.2). The number of RGB stars
has been used as normalization factor of the WD samples to account for the

different intrinsic richness of the two clusters. . . . . . . . . .. . ... ..
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3.7

3.8

3.9

4.1

4.2

4.3

Completeness-corrected WD differential LFs, normalized to the number of
RGB reference stars, for NGC 6752 (blue circles) and M 13 (red circles). The

same magnitude shift adopted in Fig. 3.2) has been applied to the LF of M13. 58

Left panel: WD cumulative LF of NGC 6752, corrected for completeness
and normalized to the number of RGB stars (thick blue line), compared to the
results of Monte Carlo simulations including 100% standard WDs (dashed
line), 100% slowly cooling WDs (dotted line) and a combination of 30%
standard WDs and 70% slowly cooling WDs (black solid line). Right panel:
the same for M13 (red thick line, from C21). . . ... ... ... .. ...

Top panel: Contribution of stable H-burning (via PP and CNO chain) to the
luminosity of a low metallicity (Z=0.001), low mass (0.54 My) WD as a
function of the luminosity. Bottom panel: Delay in the cooling time induced
by stable H-burning, with respect to a model without burning. The two
vertical lines mark the luminosity reached in NGC 6752 (present work) and
inMI3(C21). . . . . . e

The near-ultraviolet color-magnitude diagram of the 39114 stars detected
in M5. The various stellar populations are indicated. The two red lines

delimitate the CMD region where most of the RR Lyrae are found.. . . . . .

CMD of MS5 (left panel) compared to those of M3 (middle panel) and
M13 (right panel). CMDs of M3 and M13 (from Chen et al. (2021) have
been shifted, respectively, by Ampy7sw = —0.35 and Ampr7sw = +0.20 in
magnitude and by A(mp275w —mp3zew) = +0.13 and A(mpy75w — mE33ew) =
+0.071incolor. . . . . . . ..

Completeness parameter @ of the selected WDs as a function of the mpy75w
magnitude, with the radial distance from the cluster center color-coded as
indicated in the colorbar. The median uncertainty on @ is marked in the
panel. All the WDs located on the left of the vertical dashed line have
completeness @ > 0.5. . . . . . ... ...
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4.4

4.5

4.6

4.7

4.8

5.1

5.2

CMD of M5 zoomed in the WD Cooling sequence region. The analyzed
WDs are marked with black dots, and the cut-off magnitude is marked with
the horizontal dashed line located at mgy75w = 23.5. The red line is the
cooling track of a 0.54Ms WD, along which two reference cooling ages (10
and 100 Myr) are marked with red squares. The 12.5 Gyr old isochrone (with
Z = 0.002 and helium mass fraction Y = 0.248) from the BaSTI models
(Hidalgo et al., 2018; Pietrinferni et al., 2021) well reproducing the cluster
MS-TO is also plotted 0.54M, WD for reference. . . . . . . ... ... ..

Observed (grey shaded) and completeness-corrected (blue) LF of the selected
WD samplein M5. . . . . ...

Completeness-corrected WD LF of M5 (blue circles), compared to that of M3
(empty squares) and M 13 (empty triangles). The apparent m7sw magnitude
has been transformed in absolute magnitude by adopting distance modulus
and reddening of each cluster (from F. R. Ferraro et al. 1999; see also Table
42). e

Completeness-corrected WD LFs of M5 (blue circles), M13 (empty trian-
gles), M3 (empty squares) normalized to the sampled luminosity in units of
10° Lo, as a function of the absolute F275W magnitude. . . . .. ... ..

Completeness-corrected WD LF of M5 (blue circles), compared to the theo-
retical LF expected for a population of canonical (fast cooling) WDs (dashed
line). The two LFs are normalized to the total number of WDs detected in
the brightest portion of the cooling sequence (mpy75w < 21), indicated by
the grey shadedregion. . . . . . . .. ... L L Lo

Left Panel: 2" x 2" region surrounding the position of M13F in a F275W
image. The red cross is centered on the MSP position while the red circle
has a radius of 0.1”. The only star located within this circle is the identified

companion to M13F. Right Panel: same as in the left panel, but for a F435W

Left panel: (mpgy7sw, mrysw — mp3szew) near-UV CMD of M13. Right
panel: (mp43s5w, mpazsw — Mreasw) optical CMD of M13. In both panels,
the position of the companion star to M13F is highlighted with a red square

and the error bars correspond to the 10~ confidence level uncertainties. . . .
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5.5

Same as in Figure 5.2 but zoomed on the WD region. The black curves are
an isochrone reproducing a 13 Gyr old stellar population and a cooling track
for a CO-WD with a mass of 0.55 M. The other curves are He-WD tracks
with masses, from left to right, of 0.28 My, 0.25 My, 0.23 Mg, 0.20 My
and 0.19 My computed similarly as in Istrate et al. (2014b, 2016). Points at
different cooling ages are highlighted with different symbols as reported in

theright panel legend. . . . . . . . . . ... .. ... ... ... ... ...

Constraints on the mass, surface gravity, radius, surface temperature and
cooling age of the companion star to M13F. The 1D histograms show the
likelihood weighted distributions for each of the parameters. The three
vertical dashed lines for each 1D histogram correspond, from left to right,
to the 0.16, 0.5, and 0.84 quantiles, respectively. The contours in the 2D
histograms correspond to 1o, 20- and 30 levels. The text at the top reports

the derived values for each parameter. . . . . . . . ... ... ... ....

Orbital period at the end of the mass-transfer phase versus the mass of
the proto-WD. The various lines represent theoretical mass-period relations
for Z=0.0001, Z=0.0005, Z=0.0032 and Z=0.0142 as predicted by binary
evolution models (Istrate et. al in prep.). The grey region represents the
fitted mass-period relation by Thomas M. Tauris et al. (1999). The orange
solid line at Z=0.0005 is representative for the metallicity of M13. The red
square reports the position of the companion to M13F. We also included the
positions of the companions to J1342+2822B in M3 (M. Cadelano et al.,
2019) and J1911-5958A in NGC6752 (Corongiu et al., 2012), since the two
clusters share approximately the same metallicity of M13. . . . . . . . . ..
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5.6 Left panel: companion mass as a function of the NS mass. The solid hori-

5.7

6.1

6.2

zontal line marks the best-fit value of the companion mass (M = 0.23 M)
and the light-grey region delimited by the two horizontal dashed lines marks
its estimated uncertainty. The dark gray shaded area is the region forbidden
by the binary mass function (see equation 5.2), while the dot-dashed colored
lines are the curve obtained assuming different inclination angles. The ver-
tical line represents a canonical NS mass of 1.4 M. Right panel: NS mass
as a function of the cosine of the orbital inclination angle, for the estimated
mass of the companion star: the solid curve marks the combination of values
allowed by the best-fit value of the companion mass (0.23 M), while the
light-grey region delimited by the two dashed curves marks the combina-
tions allowed within the uncertainty (see the legend). The right edge panel
shows, as reference, the NS mass distribution empirically derived by John
Antoniadis et al. (2016b). . . . . . . . . ...

Corner plots showing the 1D and 2D projections of the posterior prob-
ability distribution of the NS mass and inclination angle of M13F. The
1D-histograms are the marginalized probability distributions and the dashed
lines corresponds to their 16'",50/",84'" percentiles. The bottom left panel is
the joint 2D posterior probability distribution and the contours corresponds

to 1o, 20 and 30 confidence levels. . . . . . . . . . . .. ... .. ....

1.5”x1.5” finding chart of the NGC6652B companion in the F275W, F336W,
and F438W filters. The red circle has a radius of 50 mas (~ 3sigma
uncertainty), while the center of the circle corresponds to the position of the
MSP. It is clear that the candidate counterpart (a white dwarf) gets fainter in

redder filters, while most of the other stars get brighter. . . . . . ... ...

99

107

CMDs of NGC 6652. Left-panel and right-panel are (m gy75w—m p33ew, ME275W),

and (mpa75w — mFpasgw, mpa75w) filter combinations, respectively. The He-
core WD companion to NGC6652B is marked with a red square in each

panel. The error bars are smaller than the red squares. . . . . . . ... ...

154



LIST OF FIGURES

6.3

6.4

6.5

Same CMD as figure 6.2, but the WD region is zoomed in. A theoretical
cooling track of a 0.55 My CO-WD and an isochrone of 13.25 Gyr stellar
population are marked with black lines, respectively. The other curves
in color are cooling tracks of He WD with masses of 0.17Mg, 0.18M,
0.19M,0.22M,, from left to right, where the cooling age are marked with

different symbols in tracks as reported inlegend. . . . . . . ... ... ..

Left panel: He core mass as a function of the stellar mass as predicted by the
evolutionary tracks from PARSEC v2.0 (Costa et al., 2019a,b; Nguyen et al.,
2022). The black dashed curve and the light orange shaded area represent
the values for an age of 11.9 £ 0.5 Gyr, corresponding to the cluster age at
the epoch of Roche-Lobe detachment. The horizontal line (and blue band)
marks the mass of the He WD companion to NGC6652B. Right panel: the
black curves are the evolutionary track for 0.88 Mg and 0.86 M, stars from
left to right, respectively. The red portion of the track highlights the phase
where the star had a He core with a mass comparable with the one measured
for the companion star. The blue point marks the region of the tracks ~ 1 Gyr
before the Roche-lobe detachment, when the mass transfer probably started.
Finally, the green cross marks the region where the exhausted He-core starts
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Left-hand panel: NS mass as a function of the companion star mass. The
best-fit value of the companion mass is marked with a solid vertical line,
and the corresponding uncertainties are delimited by two dashed lines. The
color dotted-dashed curves indicate the NS mass - companion mass relation
at different inclination angles, while the shaded area is the region forbidden
by the mass-function. Right-hand panel: The NS mass as a function of the
cosine of the inclination angle for the estimated mass of the companion star.
The solid curve are values predicted by the best-fit value of the companion
mass, while the light-gray shaded region delimited by the two dashed curves
are the values allowed within the companion mass uncertainty. The rightmost
panel shows, as reference, the NS mass distribution empirically derived by
John Antoniadis et al. (2016b). . . . . . . . . . . .. ... .
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6.6 Constraints on the mass of the NS and the inclination angle of NGC 6652B.
The 2D panel shows the posterior probability distribution of the two param-
eters, and the contours are the 1o, 20, and 30 confidence levels. The 1D
histograms are the marginalized probability distributions of the two parame-
ters, where the solid blue and black dashed lines are the best values and their

related uncertainties. . . . . . . . . . ... ..

7.1 Left: Near-ultraviolet color-magnitude diagrams of the pair M5 and M3, re-
ported in the absolute plane by adopting the distance modulus and reddening
from F. R. Ferraro et al. (1999). Right: WD-LFs normalized to the cluster
light sampled by the HST observations (blue and red points for M5 and M3,
respectively) . The solid line is the model expectation for a population of
pure “standard” WDs. . . . . ... o

7.2 Left: Near-ultraviolet color-magnitude diagrams of the pair M13 and NGC6752
reported in the absolute plane by adopting the distance modulus and redden-
ing from F. R. Ferraro et al. (ibid.). Right: Cumulative WD-LFs normalized
to the number of RGB (red and blue heavy solid line for M13 and NGC6752,
respectively). The black solid line is the model expectation for a population
of pure “standard” WDs, while the black dashed line (that nicely reproduces
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