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Abstract

Recently, a new class of white dwarfs (“slowly cooling WDs”) has been identified in the globular cluster M13. The
cooling time of these stars is increased by stable thermonuclear hydrogen burning in their residual envelope. These
WDs are thought to be originated by horizontal branch (HB) stars populating the HB blue tail that skipped the
asymptotic giant branch phase. To further explore this phenomenon, we took advantage of deep photometric data
acquired with the Hubble Space Telescope in the near-ultraviolet and investigate the bright portion of the WD
cooling sequence in NGC 6752, another Galactic globular cluster with a metallicity, age, and HB morphology
similar to M13. The normalized WD luminosity function derived in NGC 6752 turns out to be impressively similar
to that observed in M13, in agreement with the fact that the stellar mass distribution along the HB of these two
systems is almost identical. As in the case of M13, the comparison with theoretical predictions is consistent with
~70% of the investigated WDs evolving at slower rates than standard, purely cooling WDs. Thanks to its relatively
short distance from Earth, NGC 6752 photometry reaches a luminosity 1 order of a magnitude fainter than the case
of M13, allowing us to sample a regime where the cooling time delay, with respect to standard WD models,
reaches ~300 Myr. The results presented in this paper provide new evidence for the existence of slowly cooling
WDs and further support to the scenario proposing a direct causal connection between this phenomenon and the
HB morphology of the host stellar cluster.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Hertzsprung Russell diagram (725); White
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1. Introduction

White dwarfs (WDs) are the final evolutionary stage of the
vast majority (~98%) of stars in the universe (Winget &
Kepler 2008). Indeed, all stars with an initial mass below 8 M.,
with a possible extension to 11 M, are expected to end their
evolution as WDs (Woosley & Heger 2015; Cérsico et al.
2019). 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.

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 toward 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

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

adopted as a cosmic chronometer to constrain the age of several
populations of our Galaxy, including the disk, globular, and
open clusters (e.g., Hansen et al. 2007; Bedin et al. 2010;
Jeffery et al. 2016; Kilic et al. 2017).

However, recent models (Althaus et al. 2015) show that even
an extraordinary small amount of residual hydrogen (a few
107*M..) left over from the previous evolutionary stages is
sufficient to allow quiescent thermonuclear burning. This can
provide a nonnegligible source of energy that slows down the
cooling rate, especially in the low-mass (<0.6 M.,) and low-
metallicity (Z < 0.001) regimes, which are typical of globular
clusters (GCs) in the Galactic halo. In turn, an increased
evolutionary timescale 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) ultradeep photo-
metric data acquired in the near-ultraviolet (near-UV) for M3
(NGC 5272) and M13 (NGC 6205). These two Galactic GCs
are considered “twin” systems because they have very similar
iron abundance ([Fe/H]~ —1.5), age (t~ 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
MI13 with respect to M3, and showed that the detected
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Table 1
Main Physical Parameters of NGC 6752

Parameter References
EB—V) 0.046 + 0.005 Gratton et al. (2005)

0.040 Harris (1996) (2010 edition)
[Fe/H] —1.48 £0.01 Gratton et al. (2005)

—1.54 Harris (1996) (2010 edition)
(m — M)y 13.13 Ferraro et al. (1999)
Age (Gyr) 12.5 £0.75 Dotter et al. (2010)
logvy (Le/ pc3) 5.04 Harris (1996) (2010 edition)
log t.. (yr) 6.88 Harris (1996) (2010 edition)

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., Ferraro et al. 1997a; Dalessandro et al.
2013): 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 the 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 experien-
cing 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
(Althaus et al. 2015). Most of the stars in MI13 (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 causally 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 a metal abundance
and HB morphology very similar to those of M13 (see its
main parameters in Table 1). NGC 6752 and MI3 also
share a very low value of the R, parameter, defined as the
ratio between the number of AGB and that of HB stars:
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Ry = Nagg/Nug =0.06-0.07 (Sandquist & Bolte 2004; Cho
et al. 2005; Cassisi et al. 2014). This is consistent with the
findings of 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. 2013).

Because of its similarity with M13 in terms of metallicity
([Fe/H] ~ —1.5; Gratton et al. 2005), age (¢ ~ 12.5 Gyr;e.g.,
Salaris & Weiss 2002; Dotter et al. 2010; 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 2 describes the
adopted data reduction, calibration, and completeness correc-
tion procedures. The analysis of the WD cooling sequence and
LF is presented in Section 3, which is followed by the
discussion of the results and conclusions in Section 4.

2. Data Reduction

The high-resolution photometric data set of NGC 6752 used
in this work has been acquired in the 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 500s, and 1 x 30 s).

The photometric analysis was carried out on the _flc images
(which are the UVIS calibrated frames, also corrected for
charge transfer efficiency), after applying the Pixel Area Map
(PAM) correction. We used DAOPHOT 1V (Stetson 1987) to
follow the so-called “UV-route,” which consists of first
searching for stellar sources in the near-UV images, then
force-fitting the source detection at the same positions of the
UV-selected stars in longer wavelength images (Ferraro et al.
1997b, 2001, 2003; Raso et al. 2017; Dalessandro et al.
2018b, 2018a; Cadelano et al. 2019, 2020a). This procedure
allows the optimal recovering of blue and faint objects, like
WDs, because the crowding effect generated by giants and
main-sequence turnoff (MS-TO) stars (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 So 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

8 Note that Campbell et al. (2013; see also Campbell et al. 2017) claimed that

all stars of second generation (i.e., with [Na/Fe] < 0.2; see 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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Figure 1. Near-UV color-magnitude diagram (CMD) of NGC 6752.

the positions corresponding to the master list stars, by using
DAOPHOT/ALLFRAME (Stetson 1994). Finally, the magni-
tudes 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, 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 nonstellar objects (background galaxies)
mainly affecting the faintest end of the sample. All stars with a
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 detections
and artifacts in the regions surrounding heavily saturated stars
(Annunziatella et al. 2013).

2.1. Color-Magnitude Diagram and Comparison with M13

The final (mgy75w, ME275W — ME336W) cOlor—magnitude diagram
(CMD) of NGC 6752 is shown in Figure 1. It spans approximately
11 mag, providing us with a full view of the cluster stellar
population down to nearly mgy75w = 25, and with a clear definition
of all the evolutionary sequences. As expected in the UV band, the
luminosity of red giant branch (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 mag in the CMD.

The comparison with Figure 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
subgiant 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
Ampy7sw = —1.04 20.02 and a small color shift A(mgr7sw —
Mmp3zew) = +0.04 £ 0.01 are required to move the CMD of M13
onto that of NGC 6752. The measured differences are compatible
with the shorter distance (~3 kpc closer; Ferraro et al. 1999) and
the larger reddening (6E(B — V) =0.02—0.03; see Table 1 and
Harris 1996) of NGC 6752 with respect to M13. Indeed the
superposition provides an impressive match of all the evolu-
tionary sequences, including the cooling sequence (see Figure 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 — ME3zew) < 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.

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
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Figure 2. Observed coadded mga75w, mp27sw — Mezzew CMDs of NGC 6752 (black dots) and M 13 (red dots, from C21). A magnitude shift Amp,75w = —1.04 and a
color shit A(mga75w — Mmeszew) = 0.04 have been applied to the CMD of M13 to match that of NGC 6752.

account the photometric completeness of the WD cooling
sequence at different magnitudes and different distances from
the cluster center. This is particularly 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 (Ferraro et al. 2003), consistently with its
post core collapse classification.’

To estimate the photometric completeness, we performed
artificial star experiments following the prescriptions described
in detail in Bellazzini et al. (2002; see also Dalessandro et al.
2015; Cadelano et al. 2020b), which 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
(mF275w, mF275w*mF336w) 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 2. To avoid artificial crowding, the added
stars were placed into the frames in a regular grid of 23 x 23
pixels (corresponding to about 15 times the FWHM of stellar
sources), each cell containing only one artificial star during

® The advanced stage of dynamical evolution of this system is further certified

by the high radial concentration of its blue straggler stars (see Lanzoni et al.
2016; Ferraro et al. 2018), which is a powerful indicator of dynamical age (the
“dynamical clock™; see Ferraro et al. 2012, 2018, 2019, 2020).

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 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 corresp-
onding 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 (o) were then
computed by propagating the Poissonian errors, and typically are
on the order of 0.05. As coordinates of the center of gravity we
adopted the values quoted in Ferraro et al. (2003): Cgray is
located at ayog0 = 19M10™52504, 82000 = —59°59/04” 64 with
a typical lo uncertainty of 0”5 in both agago and §y000. The
Cqrav has been computed by averaging the coordinates of all stars
detected in the central portion of the cluster (see Lanzoni et al.
2007, 2010, 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
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Figure 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.

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 Figure 3 for
all the detected WDs. By excluding the overcrowded innermost
region (r < 10”) and the faintest end (mgr75w > 24.5) of the
cooling sequence (empty circles in the figure), we obtain a
well-sampled population of 622 WDs with a completeness
level larger than 45% (blue circles).

3. Analysis and Results
3.1. Sample Selection and WD LF

The impressive match between the CMDs of NGC 6752 and
MI13 shown in Figure 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, Figure 4 shows the cooling track of a
0.54 M, carbon—oxygen core WD with a hydrogen atmosphere
(DA-type) from 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. 2021) 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 ¢ 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 mgy75w < 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 M 13, 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.
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Figure 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 Gyr old isochrone from the BaSTI data set
(Pietrinferni et al. 2006) well fitting the cluster MS, and the cooling sequence of
a0.54 M, hydrogen atmosphere carbon—oxygen WD from 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 7.0 < 460 Myr.

T T T T T T ]
0L NCCE752 E

[ 705 WDs i

150 |- i

_ y
100 —
50 - |

0 —————y 1 i | 4 7 4 A
19 20 21 22 23 24
Mpgosw

Figure 5. Observed and completeness corrected luminosity functions (shaded
and blue histograms, respectively) obtained from the selected WD sample
(black dots in Figure 4).

The adopted selection criteria provide a total of 622 WDs in
NGC 6752. The LFs computed in bins of 0.5 mag are shown in
Figure 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 6. 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 2). The number of RGB stars
has been used as a normalization factor of the WD samples to account for the
different intrinsic richness of the two clusters.

3.2. Comparing the WD LF of NGC 6752 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 &
Buzzoni 1986). Taking advantage of the excellent match
obtained between the CMDs of the two clusters (see Figure 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 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 Figure 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 M13, 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
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Figure 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 Figure 2 has been applied to the
LF of M13.

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 experi-
ence the thermal pulse AGB stage during which the third
dredge-up occurs. We can thus assume that, as in M13,
approximately 70% of the WD progenitors in NGC 6752 end
their evolution with hydrogen envelopes thick enough (a few
107*M.) to guarantee stable hydrogen burning during the
subsequent WD cooling stage. The same proportion between
standard and slowly cooling WDs (~30% and 70%, respec-
tively) is therefore expected in the two clusters.

To quantitatively test this prediction, the left panel of
Figure 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 the RGB, to the HB and then
the WD stages, specifically computed by adopting the HB mass
distributions determined for M3 and MI13 (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 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 ~107>7 L.,
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.

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 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 M13 (red thick line, from C21).

1. The energy support responsible for slowing down the
cooling process is provided by stable hydrogen burning
in the WD external layers, which is made possible by the
presence of a hydrogen-rich residual envelope containing
enough mass (on the order of a few 1074 M; see, e.g.,
Renedo et al. 2010). More standard WDs like those in M3
have a hydrogen content below the threshold for
hydrogen burning ignition, and thus progressively cool
in time with no sources of active energy production.

2. According to 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 hydrogen 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
hydrogen 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 a result 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 M13, 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
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 luminos-
ities down to log(L/Ly) ~ —1.7 (see C21), in NGC 6752 we
reached luminosities 1 order of magnitude fainter, corresp-
onding to much longer delay times with respect to the standard
predictions for a pure cooling process. This is shown in
Figure 9, where the cooling time delay induced by stable
hydrogen 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 MI13
corresponds to a delay of ~60Myr, 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 4).

The figure also shows that the contribution to the energy
budget provided by the stable burning in the thin hydrogen-rich
layer is essentially restricted to log(L/L,) > —4 for a low-
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 hydrogen
burning phase down to magnitudes corresponding to at least
log(L/Ly) ~ —4 is thus required, to obtain an empirical
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Figure 9. Top panel: contribution of stable hydrogen burning (via PP and CNO
chain) to the luminosity of a low-metallicity (Z = 0.001), low-mass (0.54 M)
WD as a function of the luminosity. Bottom panel: delay in the cooling time
induced by stable hydrogen 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).

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, while 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 approxi-
mated by a single-mass (~0.54 M) 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
hydrogen 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 a 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 = — 0.02 M, Gyr~'. Hence,
given the current RGB mass in NGC 6752 (~0.8 M), we
expect that about 3 Gyr ago RGB stars had a mass around
0.86 M.,. 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
helium burning stars had a mass above 0.56 M, and thus have
all evolved through the thermal pulses along the AGB,
producing “normal” WDs. Hence, all the WDs with a cooling
age larger than 3 Gyr (which corresponds to mgy7sw ~ 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 mpgy75w ~ 31, with an importance that progres-
sively decreases at fainter magnitudes down to this limit.

Chen et al.

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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